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Preface to ”Food Waste Valorization”

During the industrial processing of agricultural or animal products, large amounts of waste

are produced. According to the Food and Agriculture Organization of the United Nations (FAO),

one-third of all food production is wasted globally, and in particular, 1.3 billion tons of food produced

for human consumption is wasted per year, representing an economic loss of EUR 800 billion.

This waste, generated in large amounts throughout the year, can be considered the most abundant

renewable resource on earth. Due to the high availability and richness in components of these raw

materials, there is a great interest in their reuse, both from economical and environmental points

of view. This economical interest is based on the fact that a high quantity of such wastes could be

used as low-cost raw materials for the production of new value-added compounds, with further

production cost reductions. The environmental concern is derived from their composition, especially

agro-industrial wastes, that can contain potentially toxic compounds, which may cause deterioration

of the environment when uncontrolled wastes are burned, left on the soil to decay naturally, or

buried underground. Moreover, these materials exhibit both high biochemical oxygen demand

(BOD) and chemical oxygen demand (COD) values, and give rise to serious pollution problems if not

properly discarded. Recycling and the transformation of food waste represents a great opportunity

in supporting sustainable development through their conversion into value-added products through

the fermentation process. In fact, appropriate waste management is recognized as an essential

prerequisite for sustainable development, contributing to the attainment of the global Sustainable

Development Goals (SDGs 12 and 13).

The Special Issue focuses on new food waste fermentation technologies and value-added

products resulting from food waste fermentation, such as enzymes, feed additives, biofuels, animal

feeds, as well as other useful chemicals or products, food grade pigments, and single-cell protein

(SCP), enhancing food security and environmentally sustainable development.

The manuscripts collected represent a great opportunity for adding new knowledge to the

scientific community as well as for the industry.

Giuseppa Di Bella and Alessia Tropea

Editors
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fermentation

Editorial

Food Waste Valorization
Alessia Tropea

Department of Research and Internationalization, University of Messina, Via Consolato del Mare, 41,
98100 Messina, Italy; atropea@unime.it

Abstract: During the industrial processing of agricultural or animal products, large amounts of waste
are produced. These wastes, generated in large amounts throughout the seasons of the year, can
be considered the most abundant renewable resources on earth. Due to the large availability and
richness in components of these raw materials, there is a great interest in their reuse, both from an
economical and environmental point of view. This economical interest is based on the fact that a
high quantity of such wastes could be used as low-cost raw materials for the production of new
value-added compounds, with a further production cost reduction. The environmental concern is
derived from their composition, especially the agro-industrial wastes that can contain potentially
toxic compounds, which may cause deterioration of the environment when uncontrolled wastes are
either burned, left on the soil to decay naturally, or buried underground. Moreover, these materials
exhibit both high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) values
and give rise to serious pollution problems if not properly discarded. Recycling and transformation of
food wastes represent a great opportunity in supporting sustainable development by their conversion
into value-added products through the fermentation process.

Keywords: waste management; biofuel production; circular economy; sustainability; single cell
protein; fermentation; value-added product; food and feed production; yeast; probiotics

1. Food Waste Valorization

Food waste is becoming a growing and important concern at both local and global
levels [1,2]. According to the Food and Agriculture Organisation of the United Nations
(FAO), one-third of all food production is lost or wasted globally, equivalent to 1.3 billion
tons of food produced for human consumption wasted per year with an economic loss
of EUR 800 billion [3]. About 44–47% is represented by fruit, vegetable, meat, and fish
produced every year and wasted [4]. Because of the large availability and the composition
of food waste, there is an increasing interest in their recycling and valorization.

Appropriate waste management is recognized as an essential prerequisite for sustain-
able development, contributing to the attainment of the global sustainability goals (SDGs 12
and 13). In this regard, Tsai et al. [5] reported an interesting study focused on the promotion
policies and regulatory measures for the valorization of mandatory recyclable food waste
from industrial sources in Taiwan, where the central governing agencies jointly promul-
gated some regulatory measures for promoting the production of bio-based products from
the industrial food waste valorization such as animal feed, soil fertilizer, and bioenergy [5].

Additionally, food waste has a high potential due to its chemical composition, mainly
represented by carbohydrate polymers such as starch, proteins, lipids, cellulose, and other
microelements [6–9]. Due to this composition, it can be classified as a low-cost, high
potency second-generation feedstock [1]. Recycling and bioconversion of food wastes
represent a great opportunity in supporting sustainable development by their conversion,
through a microbial fermentation process, into value-added products such as enzymes,
feed and food additives, fertilizer, biofuels, animal feeds as well as other useful chemicals
or products, food grade pigments, and single cell protein (SCP), enhancing food security
and environmentally sustainable development [10–21].
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2. Food Waste Valorization by Biofuel and Bioenergy Production

Due to its richness in moisture, carbohydrate polymers, and other constituents, food
waste has been used as an excellent feedstock for the production of biofuel and bioenergy
via microbial conversion [22,23]. The production of bioenergy from food waste would not
only solve the environmental hazards resulting from the incineration of plants and sanitary
landfill sites but would also mitigate the emissions of greenhouse gases while replacing the
usage of fossil fuels with bioenergy [5].

Biomass such as rice husk, one of the most important crop residues around the world,
can be converted by biochemical and thermochemical methods into useful products, as
described by Tsai et al. [24]. Among the several methods applicable, pyrolysis is one of the
most commonly used thermochemical conversion processes that involves the decomposi-
tion of biomass in the absence of air or oxygen at an elevated temperature [25]. The resulting
biochar can be further used as solid fuel, carbon material, soil amendment, environmental
adsorbent (biosorbent), functional catalyst, or feedstock for chemicals, depending on its
final applications [26]. The study pointed out that rice husk-based biochar could be used
as a material in environmental applications for water conservation, wastewater treatment,
and soil amendment [24].

Pandit et al. [16] reviewed the bioenergy production using various types of agro-
industrial wastewaters and agricultural residues utilizing the microbial fuel cell (MFC),
also highlighting the techno-economics and lifecycle assessment of MFC, its commercial-
ization, along with challenges. The use of different agricultural wastes and wastewater
containing different industrial-by products for bioelectricity production in MFC seems to
be a promising and alternative source of renewable energy generation. Moreover, it has
been shown that different varieties of agricultural wastes and wastewater can be utilized
using several different MFCs to enhance bioenergy production; thus, the conversion of
agro-waste into bioenergy can be carried out by both biochemical and thermochemical
MFC routes [16].

Another important issue concerning food waste biovalorization for bioethanol pro-
duction is the substrate composition and the nutrients available for the microorganisms
employed. It is well known that ethanol production is mainly dependent on glucose
concentration (the theoretical alcohol yield is about 0.5 g of ethanol per g of glucose) and
the yeast inoculums concentration, but nutrient supplementation is also an important
parameter to take into consideration, since an adequate amount of specific nutrients, such
as trace elements, vitamins, and nitrogen, often poor in agricultural waste, can significantly
improve yeast viability and resistance to the medium, stimulating ethanol production
performances [21,27]. Therefore, alcoholic fermentation is a complex biological process
involving various operating factors, and the use of the classical “one factor at a time”
approach for enhancing the final yield, could be time-consuming due to the large number
of experiments to perform. In this regard, to implement an efficient fermentation process
using industrial by-products, a predictive tool was investigated by Beigbeder et al. [17]
to optimize the production of ethanol from non-treated sugar beet molasses by designing
and developing a central composite design coupled with response surface methodology
(CCD-RSM) statistical approach to investigate the effect of three fermentation process
parameters (initial sugar, yeast, and nutrient concentrations) on ethanol productivity while
considering several operating parameters such as ethanol yield and sugar utilization rate.
Moreover, the second-order mathematical model obtained through the CCD-RSM was
tested to evaluate its ability to make accurate predictions based on specific desired process
outputs. The application of the CCDRSM statistical approach allowed to maximise the
production of ethanol from non-sterilised sugar beet molasses using Saccharomyces cerevisiae
while scaling up the experimental results up to a 100 L bioreactor scale [17].

3. Food Waste Valorization for Food and Feed Production

Feedstock and food waste, mostly represented by agricultural sources, can be used in
single cell protein (SCP) production and are suitable as protein supplements in either food or

2



Fermentation 2022, 8, 168

feed [21]. Single cell protein technology carried out by microorganisms is designed to solve
worldwide protein shortages, and it has shown a great advantage because it is independent
of climate, soil characteristics and, not the least, on available land [28]. Moreover, concerns
regarding the ethical and environmental implications of meat consumption have increased
the demand for meat substitutes. Recently, the use of filamentous fungi as a commercial
food product has gained considerable attention, due to its high protein content, the presence
of essential amino acids and easy digestibility [29].

A solid-state fermentation (SSF) process carried out by the edible fungus Neurospora
intermedia using bread waste as feedstock for the production of a protein-rich food product
has been investigated by Brancoli et al. [30]. The study proposed the SSF process to be
implemented as a stand-alone business, or on-site in small-scale bakeries to recover their
otherwise discarded surplus bread and has integrated environmental considerations of the
development of a fungal food product, showing which scenario has the best environmental
performance and highlighting trade-offs and the parts of the process that are hotspots
and should be in focus when optimizing the process. The research can contribute to a
sustainable way to handle wasted bread, consistent with a circular economy, and it provides
a broader base for the developers of the technology to make sustainable decisions during
process optimization [30].

Food waste valorization is also addressed to their bioconversion in animal feed.
Tropea et al. [14] reported a fermentation process using non-sterilized fish wastes, sup-
plemented with lemon peel as a filler and prebiotic source, carried out by combined starter
cultures of Saccharomyces cerevisiae and Lactobacillus reuteri for bio-transforming these by-
products into a high protein content supplement, rich in healthy microorganisms, for
aquaculture feeds. The final fermented product, low in spoilage microorganisms and rich
in healthy microorganisms, showed a content of protein and lipids suitable for aquafeed,
reducing the problem of a lack of protein sources for aquaculture by encouraging the
conversion of fish waste and lemon peel into feed [14].

An interesting review on the utilization of pomaces, waste generated from the pressing
of fruits and olives to obtain juices and olive oil, was reported by Munekata et al. [31],
where the valorization of this waste as a feed supplement for animal production was
deeply investigated. The advances in incorporating and optimizing the use of pomaces in
animal feed by generating silages and feeds that improve animal health represent a relevant
alternative to using fermented pomaces. Growth performance can be affected, whereas
animal health status can be improved. The absence of negative effects and the improvement
in the nutritional quality of the foods obtained from animals fed with fermented pomaces
is another favorable characteristic to support this strategy [31].

The evaluation of the effects of the feed obtained via fermentation on final consumers
was investigated by Panyawoot et al. [32]. Their study has been evaluated the effect of
fermented discarded durian peel, a seasonal fruit growing widely in tropical countries,
with Lactobacillus casei, cellulase, and molasses separately or in combination in total mixed
rations on feed utilization, digestibility, ruminal fermentation, and nitrogen utilization
in growing crossbreed Thai Native–Anglo-Nubian goats. The study showed that the dis-
carded durian peel fermented with a combination of molasses and L. casei had significantly
greater nutrient digestibility and propionate concentration, while estimated methane pro-
duction, the acetate-to-propionate ratio and urinary nitrogen decreased when compared
with untreated discarded durian peel. Therefore, a combination-treated discarded durian
peel with molasses and L. casei could add 25% of dry matter to the diet of growing goats
without a negative impact [32].

4. Crude Enzymes, Nutrient Supplements and Biopolymers Production from
Food Waste

Agricultural or animal food wastes, thanks to their natural composition, can represent
an important substrate to be used as a source of enzymes, food-grade pigments, nutrient
supplements, or biopolymers. Munekata et al. [31] reported an interesting review on the

3
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use of pomace from food processing for the production of high-addedvalue products via
fermentation processes as a strategy applied to obtain carotenoids, fatty acids, linolenic
acid, and polyphenols. The authors reviewed, in terms of industrial processes, the pro-
duction of high-added value products, in particular from grape, apple, and olive, such
as enzymes and organic acids for application in food processing as well as in other areas
of relevant application such as the development of functional foods or the production of
volatile compounds for improving the aroma of food products. The review also highlights
the limitations in terms of industrial application and the additional studies that are re-
quired to define strategies for using the high-added value compounds obtained from the
fermentation/biotransformation of pomaces in the development of food products [31].

The ability of “generally recognized as safe” (GRAS) microorganisms to secrete en-
zymes extracellularly along with featuring properties, such as high catalytic activity and
reaction rate, has been demonstrated in the study of Lappa et al. [33]. The study indi-
cates the successful development of a novel cheese whey valorization approach within
the concept of circular bio-economy. A two-stage operation was established to generate
crude enzymatic consortia via fungal solid-state fermentations with Aspergillus awamori.
Fermentation conditions were optimized, and a novel biocatalyst was effectively secreted,
and subsequently implemented to hydrolyze whey lactose, formulating a nutrient substrate
for fermentative bioconversions. Bacterial cellulose production was also conceptualized
as a transitional compound for subsequent functional food formulations, along with the
protein fraction, to complement the sustainability and circularity of the process [33].

Another interesting study aimed to promote an integrated bio-refinery approach fully
exploiting discarded whey from buffalo milk has been carried out by Alfano et al. [34]. In
their work, they evaluated the permeate and retentate of ultra-filtered whey, both provided
by a local dairy factory in the Campania region, where cheese manufacturing is one of
the main industrial activities in the food sector. The permeate was further processed to
investigate a potential downstream approach for obtaining reusable water with a low
organic load. The retentate was evaluated to identify further potential biotechnological
applications of buffalo milk whey. In particular, it was investigated as the main substrate for
the growth of a probiotic strain showing several potential biomedical usages, Lactobacillus
fermentum. Furthermore, it was investigated for the identification of active molecules for
tissue repair induction by using wound healing assays on mammalian cells. The study
pointed out that the concentrated ultra-filtered retentate could represent suitable support
for the growth of probiotic strain, Lactobacillus fermentum, having an adequate sugars and
proteins content; moreover, it was demonstrated to stimulate epidermis (keratinocyte)
regeneration and therefore meaning potential applicability as an ingredient in skincare
products [34].

The production of microbial pigments as bio-pigments for the food industry has been
gradually increasing, and the evaluation of whey as an alternative low-cost sustainable
fermentative substrate has been investigated by Mehri et al. [35]. The study refers to the
production of red colour pigment by Monascus purpureus suitable for the food industry,
using raw, demineralized and deproteinized whey as substrates by simultaneous hydrol-
ysis and fermentation. The authors carried out interesting research on the evaluation
of several factors affecting pigment production, such as fermentation pH, initial lactose
concentration, monosodium glutamate (MSG) concentration as the nitrogen source, inocu-
lation ratio, mycelial development, and pigment synthesis kinetics of the microorganism
employed. This study pointed out that demineralized whey is a sustainable substrate in
the fermentation process of the M. purpureus red pigment [35].

The use of a biosurfactant produced by Bacillus cereus as an additive in a cookie formu-
lation, evaluating the nutritional benefits of its addition, the non-toxicity, the antioxidant
potential and the effects on the physicochemical properties as well as the texture of the prod-
uct has been reported by Durval et al. [36]. The study demonstrated that the biosurfactant
produced by B. cereus grown in a medium containing waste frying oil has the potential to be
used as a bioemulsifier in food systems. The addition of the biosurfactant in the formulation
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of cookies showed no drastic changing in the final product as the biosurfactant-containing
formulations showed energetic and physical characteristics similar to those of the standard
formulation. The biosurfactant was non-toxic and showed considerable antioxidant activity.
Moreover, it demonstrated promising results as an ingredient for a flour-based product in
terms of the physical, physicochemical, and textural properties of the cookies formulated,
also ensuring good preservation [36].

Asimakopoulou et al. [18] carried out a study by assessing wheat straw from Greek
agricultural residues as a feedstock for the growth of the heterotrophic microalga Cryptheco-
dinium cohnii and the accumulation of polyunsaturated omega-3 fatty acids (PUFAs), more
specifically docosahexaenoic acid (22:6n-3,DHA). The work reports an efficient, holistic
approach for the integrated valorization of all sugar-containing fractions of biomass to-
wards the production of this valuable product through fermentation, representing the first
report demonstrating, as a proof of concept, the valorization of all sugar streams towards
the production of omega-3 fatty acids from non-edible sources [18].

Food waste valorization through fermentation processes represents an interesting way
of obtaining new value-added products in the cosmetic and pharmaceutical fields also.
Ferracane et al. [37] carried out a study aimed to produce and evaluate the different ripening
stages of soaps produced with non-edible fermented olive oil (NEFOO soap), evaluating
the pH, color, and solubility. The results obtained were compared with those obtained
from soaps produced with extra virgin olive oil (EVOO soap). The study pointed out an
innovative method to produce “alternative” olive oils on a large scale, exploiting non-edible
drupes currently used to produce fodder, natural fertilizer, and energy biomass [37].

The glucan and pectin contents detected in the green husks of walnuts grown in two
different soil and climate areas of Southern Italy (Montalto Uffugo e Zumpano) were inves-
tigated for potential use in food, cosmetics, and pharmaceutical fields by La Torre et al. [38].
The authors reporteda biovalorization of this waste material in their study and also inves-
tigated the spectroscopic, morphological and thermal characterizations of the extracted
high-value compounds in order to evaluate if the different pedoclimatic conditions of the
two areas could affect both the content of glucans and pectins and their functional uses [38].

Finally, a new perspective on the bioremediation of industrial effluents was demon-
strated by Costa et al. [39]. In the study, the authors reported the implementation of
Aspergillus oryzae, a fungal strain widely exploited as an amylase producer, for the biore-
mediation of starch in industrial paper mill wastewater by carrying out submerged fer-
mentation technologies (SmF) and solid-state fermentation (SSF). A. oryzae was found to
grow on non-conventional media such as paper mill wastewater. The SSF of A. oryzae was
performed on rice hulls. In the bioremediation of paper mill wastewater, for removing
starch, the fungus maintains its amylase activity and uses reducing sugars as metabolic
substrates [39].
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Abstract: Growing concern about circular bioeconomy and sustainable development goals (SDGs)
for the valorization of food waste has raised public awareness since 2015. Therefore, the present
study focused on the promotion policies and regulatory measures for the valorization of mandatory
recyclable food waste from industrial sources in Taiwan, including the animal/plant production
farms and food-processing plants. According to the official data on the annual statistics during
the period of 2015–2019, it showed that the food waste from alcoholic beverage manufacturers (i.e.,
lees, dregs, or alcohol mash) and oyster farms (i.e., waste oyster shell) accounted for about half
(about 250,000 metric ton) of industrial food waste generation in Taiwan. In order to effectively
reduce the burdens on incinerators/landfills and their environmental impacts, the central governing
agencies jointly promulgated some regulatory measures for promoting the production of biobased
products from the industrial food waste valorization like animal feed, soil fertilizer, and bioenergy.
These relevant acts include the Waste Management Act, the Fertilizer Management Act, the Feed
Management Act, and the Renewable Energy Development Act. In addition, an official plan for
building the food waste bioenergy plants at local governments via anaerobic digestion process, which
was estimated to be completed by 2024, was addressed as a case study to discuss their environmental
and economic benefits.

Keywords: industrial food waste; valorization; biorefinery; bioenergy; biobased materials;
promotion policy

1. Introduction

Growing concern about circular bioeconomy, hunger, resource conservation, and
sustainable development associated with food loss and waste (FLW) has raised public
awareness in recent years [1,2]. With t he changes in diet habits and the improvement of
living standards, many food waste has been generated from residential, commercial, and
institutional sources, such as retails, wholesales, restaurants, hospitals, schools, and hotels,
as well as from industrial sources like food processing plants, animal-breeding farms,
crop/vegetable/fruit farms, and employee lunchrooms [3,4]. The discarded food often
contained vegetable leaves, leftover meals and grains, fruit peelings, dairy, oils/grease,
salts, and water. Due to its constituents like lignocelluloses, protein, and oils and grease,
such wastes without valorization for the production of value-added materials and/or
bioenergy would imply the resource depletion and wastage. Moreover, the environmental
concern could be derived from their compositions, which may cause negative effects on
the environment (e.g., odors, vectors, emission gas emissions, or climate change) if they
are illegally disposed of in dumping sites or fields [5]. In addition, these food discards
may be rich in the moisture and nutrient compositions, thus causing wastewater discharge
with high biochemical oxygen demand (BOD) and/or chemical oxygen demand (COD)
values in the landfill leachate [6]. For these reasons, the valorization of food waste has
become increasingly important in recent years due to the United Nations (UN) Sustainable
Development Goals (SDGs) and national regulatory requirements [7]. Therefore, the reuse
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of food waste as a valuable resource for the production of materials, fertilizer, and biofuels
has been reviewed recently [7,8].

As mentioned above, FLW has become one of vital issues raised by great public concern.
In order to provide a target-oriented blueprint for peace and prosperity to all countries in the
near future (2030), the United Nations (UN) announced 17 Sustainable SDGs on 25 December
2015 [9], reflecting the increased global awareness for the environmental issues. In this regards,
the Target 12.3 of the SDGs, thus, calls for halving per capita global food waste at retail and
consumer levels by 2030, as well as reducing food losses along the production and supply
chains. In line with the international trends, the Taiwan government announced the Taiwan’s
Sustainable Development Goals in July 2019 [10], including the goals for 2030 and targets for
2020. Regarding FLW, the 12th Goal is “Responsible Consumption and Production”, which
involves the Goal 12.3 by reducing food lose in the supply-chain side and also reducing food
wastage in the consumer side, and the Goal 12.4 by reducing (food) waste generation through
green production and also promoting (food) waste valorization and its technological capacity.
In addition, the 7th and 13th Goals in the Taiwan’s SDGs aims at taking actions for providing
renewable energy and combating climate change, respectively, which were also relevant to
the food waste issue.

According to the official definition in Taiwan, waste can be categorized into general
(urban) waste and industrial waste. Under the circular economy principle, the central
governing agency (i.e., Environmental Protection Administration, EPA) in Taiwan has
implemented the Four-in-One Resource Recycling Plan over the past two decades [11,12],
which combined the efforts by communities, recycling enterprises, local governments, and
the Recycling Fund. It showed that the urban waste recycling rate has increased from
about 10% in 2000 to over 56% in 2019 [13]. Regarding the kitchen waste (including waste
cooking oil) management, the Taiwan EPA promulgated the regulations of governing
the valorization of food waste from non-industrial (urban) and industrial sources by
designating it as a mandatory recyclable waste under the authorization of the Waste
Management Act (WMA) [14,15]. Furthermore, over ten items of food waste valorization
(or reuse) from industrial sources have defined by the central responsible agencies under
the authorization of the WMA, including the Council of Agriculture (COA), Ministry of
Finance (MOF), and Ministry of Economic Affairs (MOEA) [16]. Currently, most of the
industrial food waste items were reused as valuable feedstocks for animal feed, organic
fertilizer, or biomass energy. Meanwhile, the EPA also provided the subsidies for local
governments to establish their valorization (animal feed) programs for the prevention of
African swine fever (ASF) spread because the virus can persist in the kitchen waste without
high- temperature (>90 ◦C) cooking [15]. Moreover, the burden on municipal solid waste
(MSW) incineration plants and sanitary landfills can be reduced in recent years [15].

Regarding the regulatory and promotional measures for mandatory valorization of
food waste from the industrial sources, few studies were discussed previously [4,17].
Mirabella et al. [4] reviewed the valuable compounds and fuels derived from the solid and
liquid waste in the food processing industry but lacked the promotion policies or regulatory
measures for the food waste valorization. Naziri et al. [17] reported the valorization of the
major agrifood (i.e., olive oil, wine, and rice) industrial by-products and waste from Central
Macedonia in Greece for the recovery of value-added compounds (e.g., antioxidants) for
food applications. As compared to other countries [18,19], the food waste valorization
with high recycling rate in Taiwan may be a learnable case due to the adaptation of “zero
waste and resource recycling” policy. In the previous studies [15,20], the author focused
on the regulatory and promotion measures for the valorization of food waste from the
non-industrial sources like residential and service sectors. Therefore, the present study will
put emphasis on the promotion policies and regulatory measures for the valorization of
food waste from industrial sources (hereinafter industrial food waste) in Taiwan. Therefore,
the aim of this study was twofold. First, the updated data on the statistics and status of
industrial food waste generation and treatment in Taiwan will be addressed in Section 3.1 to
analyze the trends. Second, the promotion policies and regulatory measures for industrial
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food waste valorization were studied subsequently based on the joint-efforts by the central
governing authorities under the authorization of the WMA. In addition, a case study was
addressed to highlight the environmental and economic benefits regarding the valorization
of urban food waste for the production of bioenergy by anaerobic digestion in Taiwan.

2. Data Mining

In this work, the statistical database, promotion policies, and regulatory measures,
and case study relevant to industrial food waste valorization were accessed on the official
yearbooks and relevant websites, which were briefly summarized below.

• Activity (statistics and status) of industrial food waste generation

According to the annual yearbook of environmental protection statistics [13], the
updated data on the statistics and status of industrial food waste generation and treatment
in Taiwan were analyzed in the present study.

• Promotion policies and regulatory measures for industrial food waste valorization

The information about the promotion policies and regulatory measures for industrial
food waste valorization was accessed on the relevant website [16], which was built by the
Ministry of Justice (MOJ).

• Case study: Production of bioenergy from the anaerobic digestion of urban food waste

An official plan for establishing biogas-to-power plants from the urban food waste was
addressed to highlight the environmental and economic benefits of food waste valorization
by anaerobic digestion in Taiwan [21].

3. Results and Discussion
3.1. Status of Industrial Food Waste Generation in Taiwan

According to the project (“Food Use for Social Innovation by Optimizing Waste Pre-
vention Strategies”) funded by the European Commission [22], the definition of food waste
refers to “any food, and inedible parts of food, removed from the food supply chain to be re-
covered or disposed”. In this regards, food waste will be often generated from the retailers,
consumers, and food service providers or food processing manufacturers due to the expira-
tion, discard during the sorting operation, leftover, and other wastage reasons [23]. Figure 1
shows the categories of food waste based on its generation sources. In the present study, the
industrial sources referred to the agricultural farms (e.g., s laughterhouse, hatchery, oyster
farm, aquafarm, and truck farm), and animal-based or plant-based food processing plants
or sites. By contrast, the non-industrial sources included the residential, commercial (e.g.,
office, retail, wholesale, warehouse and distribution, hotel, and restaurant), and service
(e.g., hospital) and institutional (school) facilities [3].

Figure 1. Food waste category and its generation sources.

In order to manage food waste from the industrial sources efficiently, the Taiwan EPA
announced that the se sources with over specified amount of food waste generated annually
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were required to submit their industrial waste management plans by on-line reporting
system based on the requirements of the WMA. According to the on-line reports during
the period of 2015–2019 [24], Table 1 listed the reported amounts of industrial food waste,
showing that the organic food waste from alcoholic beverage manufacturers (i.e., lees,
dregs, or alcohol mash) and inorganic food waste from oyster farms (i.e., waste oyster shell)
accounted for about half (about 250,000 metric ton) of industrial food waste generation
in Taiwan. Table 2 showed the reported amounts of kitchen waste and waste cooking oil
during the period of 2015–2019, which were categorized into the industrial sources and
non-industrial sources. Obviously, the amount of kitchen waste generation was mostly
from the non-industrial sources, indicating a stable amount of about 600,000 metric tons.
It should be noted that the significant increases in kitchen waste generation from indus-
trial sources and waste cooking oil from non-industrial sources in 2017 was attributed to
the regulatory requirements due to the “food safety scandal” event and circular bioecon-
omy promotion [14,15]. It can be seen that total reported amounts of waste cooking oil
significantly increased from 12,877 metric tons in 2015 to 29,507 metric tons in 2019.

Table 1. Current status of industrial food waste generation during the period of 2015–2019 [24].

Food Waste Type
Generation Amount (Metric Ton)

2015 2016 2017 2018 2019

Animal-based residues 19,399 26,306 30,262 36,264 46,400

Dead livestock and poultry 41,809 43,904 44,759 45,427 45,617

Fishery residues 2235 2454 2135 2049 1921

Food processing waste 31,200 31,300 31,952 32,515 14,610

Fruit and vegetable residues 26,382 25,599 26,554 28,848 22,593

Lees, dregs, or alcohol mash 149,207 152,061 139,973 142,029 127,453

Livestock and poultry slaughtering scraps 31,518 48,308 52,522 61,271 64,410

Pig hair 737 717 697 817 788

Plant-based residues 37,018 38,162 42,525 42,607 51,039

Waste oyster shell 131,196 123,966 139,068 128,574 116,352

Table 2. Current status of kitchen waste and waste cooking oil generation during the period of
2015–2019 [24].

Food Waste Type
Generation Amount (Metric Ton)

2015 2016 2017 2018 2019

Kitchen waste

Industrial sources 155 1850 42,040 64,755 70,195

Non-industrial sources 609,706 575,932 551,332 594,992 498,045

Sum 609,861 577,782 593,372 659,747 568,240

Waste cooking oil

Industrial sources 11,278 15,523 16,085 15,853 15,772

Non-industrial sources 1599 3978 12,591 12,315 13,735

Sum 12,877 19,501 28,676 28,168 29,507

3.2. Promotion Policies for the Valorization of Food Waste from Industrial Sources

Regarding the on-line reporting amount and the regulatory measures for the reuse
(or valorization) status of food waste from the non-industrial (residential and commercial)
sources in Taiwan, the data during the period of 2010–2017 have been addressed in the
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previous study [15]. Table 3 further updated the data [13], indicating that the increasing
trend in composting valorization during the period of 2015–2019 could be due to the
driving force by the “food safety scandal” event in September 2014 and the prevention of
African swine fever (ASF) spread since 2019 [25]. Under the authorization of the WMA,
the Taiwan EPA subsequently promulgated and/or revised some promotion policies for
the valorization of mandatory recyclable food waste (including kitchen waste and waste
cooking oil) from all sources to avoid entering the food chain and the 24 larger-scale MSW
incineration plants [14]. According to the regulatory definition, the valorization (or reuse)
of food waste refers to the production of value-added resources like organic fertilizer,
animal feed, and biomass energy. From the regulatory joint-efforts by the central governing
authorities [16], including EPA, COA, MOF, and MOEA, Tables 4 and 5 summarized the
regulatory measures for the valorization (or reuse) options of urban food waste (kitchen
waste and waste cooking oil) and industrial food waste, respectively.

Table 3. Amounts of urban kitchen waste in terms of recycling method over the past decade in Taiwan 1.

Year Composting Pig Feed Others Sum

2015 197,107 408,524 4076 609,706

2016 197,307 372,280 6346 575,932

2017 204,598 343,906 2828 551,332

2018 231,676 358,229 5087 594,992

2019 246,367 237,849 13,828 498,045

1 Source [13]; Unit: metric ton.

3.2.1. Promotion Policies for the Production of Value-Added Materials from Food Waste

Over the past two decades, industrial ecology concepts, including Cradle to Cradle
(C2C) and circular economy, played a prevailing role in the waste management [4]. The
approach for the “zero waste” aimed at reusing the food waste as raw material (or feedstock)
for new products and applications. In Taiwan, the promotion policies for the production of
value-added materials from food waste were based on the legislations by the governing
authorities, including the Council of Agriculture (COA), the Ministry of Economic Affairs
(MOEA), and the EPA [16]. Therefore, the central governing agency (i.e., COA) jointly
promulgated some regulatory measures for ensuring the bio-products from the food
waste valorization under the acts, including the Fertilizer Management Act, the Feed
Management Act, and the Animal Industry Act. Based on the Fertilizer Management
Act, the organic fertilizer produced from food waste must meet the specifications for the
soil-based nutrients/compositions like organic matter, nitrogen and phosphorus, and the
limits of toxic metals, including arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu),
mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn).

Table 4. Regulatory measures and generation sources for urban food waste (kitchen waste and waste cooking oil) valoriza-
tion under the authorization of the Waste Management Act (WMA).

Central Governing Agency
(Taiwan) Food Waste Type Valorization Option Generation Source

Environmental Protection
Administration (EPA)

Kitchen waste

- Feed
- Feedstock for feed
- Feedstock for organic fertilizer
- Feedstock for cultivation medium (soil)
- Feedstock or fuel for renewable (biomass) energy

Residential, commercial
and industrial sources

Waste cooking oil

- Feed for soap
- Feedstock for stearic acid
- Feedstock for biodiesel
- Feedstock for fatty acid methyl ester (blending

with fuel oil)
- Feedstock or fuel for renewable (biomass) energy

Residential, commercial
and industrial sources
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Table 5. Regulatory measures and generation sources for industrial Food waste valorization under the authorization of the WMA.

Central Governing
Agency (Taiwan) Food Waste Type Valorization Option Generation Source

Council of Agriculture
(COA)

Waste oyster shell
- Feedstock for (mineral supplement) feed

(after crushing)
- Feedstock for fertilizer (after crushing)

Oyster farm

Fruit and vegetable
residues

- Feedstock for organic fertilizer
- Edible directly for livestock and poultry

Fruit and vegetable
wholesale market

Pig hair

- Feedstock for feed
- (Not to be used as feed ingredients for ruminants)
- Feedstock for organic fertilizer
- Pig hair product

Slaughterhouse

Livestock and
poultry

slaughtering scraps

- Feedstock for feed
- (Not to be used as feed ingredients for ruminants)
- Feedstock for organic fertilizer
- Feedstock or fuel for biomass energy

Slaughterhouse

Dead livestock
and poultry

- Feedstock for feed
- (Not to be used as feed ingredients for ruminants)
- Feedstock for organic fertilizer
- Feedstock or fuel for biomass energy

Animal farm, breeder, meat
wholesale market,
or slaughterhouse

Broken eggs or
hatching waste - Feedstock for organic fertilizer

Animal farm, egg washing field,
egg (washing) warehouse,
hatchery, breeding poultry

production site

Ministry of Finance
(MOF)

Lees, dregs, or
alcohol mash

- Feed
- Feedstock for feed
- Feedstock for organic fertilizer
- Feedstock for organic cultivation medium

Alcoholic beverage
manufacturer

Ministry of Economic
Affairs (MOEA)

Plant-based
residues

- Feed
- Feedstock for feed
- Feedstock for organic fertilizer
- Feedstock for organic cultivation medium
- Feedstock for biomass energy

Food & drinking manufacturer

Animal-based
residues

- Feed
- (Not to be used as feed ingredients for ruminants)
- Feedstock for feed
- Feedstock for organic fertilizer
- Feedstock for organic cultivation medium
- Feedstock for biomass energy

Food manufacturer

3.2.2. Promotion Policies for the Production of Bioenergy from Food Waste

Due to its richness in moisture, carbohydrate polymers and other constituents (e.g.,
protein, and lipids), food waste has been used as an excellent feedstock for the production
of various kinds of value-added biobased materials and/or biobased products via microbial
conversion, including methane, hydrogen, ethanol, organic acids, and bio-fertilizers [26,27].
More importantly, the production of bioenergy from food waste would not only solve the
environmental hazards from the MSW incineration plants and sanitary landfill sites but
will also mitigate the emissions of greenhouse gases while replacing the usage of fossil
fuels by bioenergy. In Taiwan, the promotion policy for the production of bioenergy from
food waste was based on the legislation of the Renewable Energy Development Act (REDA)
in 2009, which was recently revised in 2019. Among the promotion measures in the REDA,
the central governing agency (i.e., MOEA) shall announce the so-called feed-in tariff (FIT)
rates for all types of renewable energy annually, which were reviewed or amended in
considering related factors like technical progress in power generation, changes in cost
and renewable electricity goal achievement. Table 6 listed the FIT rates for promoting
electricity generation from biomass-to-power (via anaerobic digestion process or not) and
waste-to-power in Taiwan since 2010. It showed an increasing trend from 2.0615 NT$/kW-h
in 2010 to 5.1176 NT$/kW-h in 2021 for the biomass-to-power by anaerobic digestion. The
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MOEA will open up the business model for the direct supply and transfer of green power
generation, and also guarantee the fixed 20-year rate which renewable electricity can be
converted at the feed-in tariff (FIT) officially announced.

Table 6. Variations of feed-in tariff (FIT) for biomass-to-power and waste-to-power in Taiwan since 2010.

Year
FIT (NT$/kW-h) a

Biomass-to-Power by AD Biomass-to-Power by Non-AD Waste-to-Power

2010 2.0615 2.0615 2.00879

2011 2.1821 2.1821 2.6875

2012 2.6995 2.3302 2.8240

2013 2.8014 2.4652 2.8240

2014 3.2511 2.5053 2.8240

2015 3.3803 2.6338 2.8240

2016 3.9211 2.7174 2.9439

2017 5.0087 2.6000 3.9839

2018 5.0161 2.5765 3.8945

2019 5.0874 2.5765 3.8945

2020 5.1176 2.6871 3.9482

2021 5.1176 2.6884 3.9482
a 1 NT$ ≈ 0.035 US$ (2020).

In order to diversify food waste treatment options and also reduce the burdens on the
MSW incineration plants and sanitary landfills in Taiwan, the EPA revised the relevant
regulation (“Regulations for Collection, Clean-up and Treatment of General Waste”) on
3 November 2017 and announced the new regulation (“Management Regulations for Reuse
of Common Industrial Waste”) on 8 January 2018. The former regulation added the energy
recovery of food waste and other organic residues to one of the specified treatment methods.
The food waste and waste cooking oil were listed for the industrial waste reuse items in
the latter regulation. Their reuse options have been listed in Table 4. Afterwards, the
EPA further launched the Resource Recycling and Reuse Plan in 2018, which was based
on the cross-departmental action strategies and promotion measures under the Taiwan’s
SDGs [10]. In this regards, the EPA has assisted five municipal governments to build food
waste bioenergy plants since 2018, which will be further addressed as a case study to
discuss their environmental and economic benefits in the subsequent section.

3.3. Official Plan for the Production of Bioenergy from the Anaerobic Digestion of Urban Food Waste

In Taiwan, industrial waste refers to waste that is generated from industrial activities
(or sources), but excludes waste generated by the employees themselves. In this regards,
food waste (e.g., kitchen waste and waste cooking oil) derived from industrial sources can
be listed as general (urban) waste. In order to reduce the negative impacts of food waste
on MSW incineration plants and/or sanitary landfills, the Taiwan EPA has been funding
local governments in developing diverse treatment options to increase the food waste
processing capacity. For instance, the EPA has subsidized the installation of over 50 sets
of food waste pretreatment (i.e., shredding and drying) composting plants since 2003. In
recent years, the EPA is subsidizing the establishments of food waste-to-bioenergy plant in
the five special municipalities, including Taichung City, Taoyuan City, Taipei City, New
Taipei City, and Kaohsiung City [21]. Table 7 listed the comparisons of five municipalities
in Taiwan, showing that the variations of food waste generated per capita in 2019 were
very large. Among these biogas-to-power plants, the first case in Taichung City has been
completed and was in operation because this site was to revitalize the old composting
plant. Taoyuan City planned to finish the construction of its plant by the end of July 2021,
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and all plants were estimated to be completed by 2024. Upon completion, these plants can
process 230,000 metric tons of food waste per year for about 14.5 million citizens and also
generate 41,970,000 kW-h electricity per year. The expected power generation not only
gains an annual revenue of NT$214.79 million from selling electricity based on the FIT rate
of 5.1176 NT$/kW-h, but also reduces the emissions of carbon dioxide by 21,363 metric
tons according to the official carbon emission factor of 0.509 kg CO2/kW-h [28].

Table 7. Comparisons of five municipalities in Taiwan.

Item Taipei City Kaohsiung City New Taipei City Taichung City Taoyuan City

Area (km2) 271.8 2951.9 2053.6 2214.9 1221.0

Population (Million) 2.61 2.77 4.03 2.82 2.26

Year of establishment 1967 1979 2010 2010 2014

District 12 28 29 29 13

Food waste generation 1 (metric ton) 61,849 30,319 124,178 41,147 34,308

Amount of food waste generated
per capita (kg/capita) 23.7 10.9 30.8 14.6 15.2

1 Source [13].

4. Conclusions

In Taiwan, industrial food waste was listed as one of “mandatory” recyclables under
the authorization of the WMA for the production of biobased products like organic fertilizer,
animal feed, and bioenergy (or biogas). This circular bioeconomy option would not only
solve the environmental hazards from the traditional treatment options but will also mitigate
the emissions of greenhouse gases while replacing the usage of fossil fuels by biobased
materials and bioenergy. In this work, the findings showed that the organic food waste
from alcoholic beverage manufacturers (i.e., lees, dregs, or alcohol mash) and inorganic
food waste from oyster farms (i.e., waste oyster shell) accounted for about half (about
250,000 metric ton) of industrial food waste generation in Taiwan during the period of 2015–
2019. Under the jointly efforts and legislations by the central governing agencies (i.e., EPA,
COA, and MOEA), current regulatory and technological measures for converting industrial
food waste into organic fertilizers, animal feed, biofuels, or electricity have resulted in the
significant benefits from the environmental and economic viewpoints. In order to achieve
the Taiwan’s SDGs, one of official plans was to build five large-scale bioenergy plants at
local governments via anaerobic digestion of food waste, which were estimated to process
230,000 metric tons annually and also generate 41,970,000 kW-h electricity per year. On
completion by 2024, the expected power generation not only gains an annual revenue of
NT$214.79 million from selling electricity based on the FIT rate of 5.1176 NT$/kW-h, but
also reduces the emissions of carbon dioxide by 21,363 metric tons according to the official
carbon emission factor of 0.509 kg CO2/kW-h. Obviously, the regulatory measures for
industrial food waste valorization in Taiwan play a critical role in providing environmental,
economic and energy benefits, which will be more adopted in industries.
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Abstract: Rice husk (RH) is one of the most important crop residues around the world, making its
valorization an urgent and important topic in recent years. This work focused on the production
of RH-based biochars at different pyrolysis temperatures from 400 to 900 ◦C and holding times
from 0 to 90 min. Furthermore, the variations in the yields and pore properties of the resulting
biochars were related to these process conditions. The results showed that the pore properties (i.e.,
BET surface area and porosity) of the resulting RH-based biochar were positively correlated with the
ranges of pyrolysis temperature and holding time studied. The maximal pore properties with a BET
surface area of around 280 m2/g and porosity of 0.316 can be obtained from the conditions at 900 ◦C
for a holding time of 90 min. According to the data on the nitrogen (N2) adsorption–desorption
isotherms and pore size distributions, both microporous and mesoporous structures exist in the
resulting biochar. In addition, the EDS and FTIR analyses also supported the slight hydrophilicity on
the surface of the RH-based biochar due to the oxygen/silica-containing functional groups. Based
on the findings of this work, the RH-based biochar could be used as a material in environmental
applications for water conservation, wastewater treatment and soil amendment.

Keywords: rice husk; pyrolysis; porous biochar; pore property; surface composition

1. Introduction

The most common biomass feedstocks for the production of energy and carbon ma-
terials are plant, wood, agricultural waste or crop residues, which are mainly composed
of water, lignocellulosic components (lignin, hemicellulose and cellulose), extractives and
ash [1]. Notably, the energy-containing biomass is derived from the sun by converting at-
mospheric carbon dioxide (CO2) and water into carbohydrates (or lignocelluloses) through
photosynthesis, thus mitigating greenhouse gas (GHG) emissions by displacing fossil fuel
use. In this regard, the valorization of biomass for fuels and chemicals was motivated
mainly by the benefits of renewable resources, global warming (environmental protection)
and social economy [1]. For example, biomass has been considered as a carbon-neutral
feedstock or fuel from the viewpoint of the carbon cycle principle regarding the envi-
ronment. Furthermore, biomass can be converted by biochemical and thermochemical
methods into useful products [2]. Pyrolysis, one of the commonly used thermochemical
conversion processes, involves decomposition of biomass in the absence of air or oxygen at
an elevated temperature [3]. The resulting biochar can be further used as solid fuel, carbon
material, soil amendment, environmental adsorbent (biosorbent), functional catalyst or
feedstock for chemicals, depending on its final applications [4–9].

In Asia, rice is the most important crop, suggesting that rice husk is an important crop
residue because it accounts for around 20% of grain weight. Approximately 150 million
metric tons of rice husk are produced annually based on the world production of paddy rice
(i.e., 750 million metric tons) [10]. According to the agricultural statistics [11], it was thus
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estimated that around 0.4 million metric tons of rice husk are generated annually in Taiwan.
Due to its richness in silica and lignocellulosic constituents [12], the biomass is currently
used for bioenergy (or solid fuel) in rice milling plants, as a paving/bedding material
in poultry farms, animal feed and as a soil amendment in different forms in agricultural
lands to increase soil fertility and crop productivity [13–15]. Rice husk is directly reused
without converting it into useful materials by thermochemical or biochemical processes. As
compared to uncontrolled burning on fields, these direct reuse approaches do not valorize
the energy content of the material and may generate toxic emissions without leading to
valuable applications such as porous carbon materials.

In order to increase the pore properties, mediate environmental pollution and also
mitigate the carbon dioxide release as GHG forms by valorizing rice husk, the potential to
enhance the porous structure of resulting biochar products at limited pyrolysis conditions
has been widely investigated [16–26]. Vassileva et al. pyrolyzed rice husk at 250, 350, 480
and 700 ◦C at a heating rate of 4 ◦C/min and subsequently maintained this temperature
for 4 h [16]. Jindo et al. charred rice husk for 10 h at different temperatures (400–800 ◦C)
at a heating rate of 10 ◦C/min [17]. Phuong et al. investigated the effects of pyrolysis
temperature (350, 450 and 550 ◦C) and heating rate (10 and 50 ◦C/min) on the yield and
properties of the resulting biochar derived from rice husk [18]. Ahiduzzaman and Sadrul
Islam produced rice husk biochar at 650 ◦C for 60 min, which was further activated to
produce activated carbon [19]. Wei et al. prepared rice husk biochars at 300, 500 and 750 ◦C,
which were used as adsorbents for comparing the adsorption performance of herbicide
metolachlor with their physicochemical characteristics [20]. Zhang et al. reported the
physicochemical properties of rice husk biochars prepared under different temperatures
(200–800 ◦C) at a fixed heating rate of 10 ◦C/min and then kept for 60 min [21]. Dissanayake
et al. conducted pyrolysis experiments on rice husk at 350, 500 and 650 ◦C at a heating
rate of 10 ◦C/min [22]. In this case, the experiment at 350 ◦C took around 2 h to complete
pyrolysis, while the experiments at 500 ◦C and 650 ◦C completed the process in around
25 min after reaching the pyrolysis temperature. Jia et al. produced rice husk biochar under
300, 400, 500, 600 and 700 ◦C (heating rate of 15 ◦C/min) for 3 h [23]. Shi et al. investigated
adsorption interactions between lead ion and biochars produced at 300, 500 and 700 ◦C [24].
Singh et al. used rice husk biochars, prepared at 300, 450 and 600 ◦C, as adsorbents of
nutrient nitrogen (i.e., urea), showing the huge sorption potential of the biochar due to
high functionality and porosity [25]. Saeed et al. performed a pyrolysis experiment at
a constant temperature of 500 ◦C for 60 min [26]. It is clear that the pore properties of
rice husk biochar will be more developed at higher pyrolysis temperatures because of the
greater formation of turbostratic crystallites [27]. Regarding the applications of rice husk
biochar, it has been used as an effective adsorbent for the removal of trichloroethylene [28],
a good medium for the growth of soursop (Annona muricata L.) seedlings [29] and a soil
amendment for increasing nutrient retention [30,31].

In Taiwan, rice husk biochar has been extensively applied to agricultural soils for
enhancing soil fertility and crop yields in recent years due to the promotion of organic
farming [30]. However, these biochars showed poor pore properties [32]. For example,
the values of the Brunauer–Emmett–Teller (BET) surface area were lower than 5 m2/g.
In addition, few studies on the production of rice husk biochar at higher temperatures
(e.g., 900 ◦C) for different holding times have been reported in the literature, as mentioned
above. Therefore, this work focused on investigating the variations in the yields and
pore properties of rice husk biochar in the pyrolysis process as a function of tempera-
ture (400, 500, 600, 700, 800 and 900 ◦C) and residence time (0, 30, 60 and 90 min) at a
commonly used heating rate (10 ◦C/min). The instrumental analyses, including nitrogen
adsorption–desorption isotherms, true density (gas pycnometry using helium displacement
principle), scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS)
and Fourier-transform infrared spectroscopy (FTIR), were performed to determine the
physicochemical properties of the resulting rice husk biochar.
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2. Materials and Methods
2.1. Material

Rice husk (RH), used as a precursor for producing biochar, was obtained from an
agricultural research and extension station (Pingtung County, Taiwan). The as-received
biomass was cut by a rotary knife-type shredder. The shredded RH was further sieved
to a broad range of mesh screen sizes, ranging from mesh no. 20 (opening size of 0.841
mm) to mesh no. 40 (opening size of 0.420 mm). The sieved RH was first dried in a forced
air-circulation oven and then used for the pre-pyrolysis test involving thermogravimetric
analysis (TGA) and the pyrolysis experiments. In line with the previous study [33], the
dried RH contained high contents of carbon (45.28 wt%), hydrogen (5.51 wt%), oxygen
(~44 wt%, estimated) and silicon (3.90 wt%), indicating that this biomass has a moderate
calorific value (16.4 MJ/kg) [12].

2.2. Pre-Pyrolysis Test via Thermogravimetric Analysis (TGA)

In order to obtain the proper pyrolysis temperature range of the dried RH, a thermal
analyzer (TGA-51; Shimadzu Co., Japan) was used to obtain the TGA data. Around
0.2 g of the RH sample was placed on a quartz crucible and then heated externally to a
maximum temperature of 1000 ◦C at a fixed rate of 10 ◦C/min under a nitrogen (N2) flow
rate of 50 cm3/min. During the TGA operation, ongoing data on the sample weight and
temperature were collected to determine the thermal stability and reaction mechanism
by the curves of TGA and its derivative thermogravimetry (DTG). The TGA curve was
normalized based on the weight of RH sample fed.

2.3. Pyrolysis Experiments

Based on the TGA/DTG data (discussed in Section 3.1), the pyrolysis temperature
had to be above 400 ◦C because the peak temperature of DTG was found to be around
380 ◦C. This result was consistent with those reported by Johar et al. [34], indicating
the complete devolatilization of hemicellulose and cellulose at around 400 ◦C. Therefore,
the pyrolysis experiments were performed by the matrix combinations of temperature
(400–900 ◦C, increased by the interval of 100 ◦C) and holding time (0–90 min, increased by
the interval of 30 min) in the present study. Herein, a null holding time means that the
heating was stopped (powered off) when the specified temperature was reached. Based
on previous studies for producing biochar [35–40], a vertical fixed-bed electric furnace is
suitable equipment for the production of biochar from various biomass feedstocks. For
each pyrolysis experiment, around 5 g of the RH sample was pyrolyzed at a heating rate of
around 10 ◦C/min under an inert atmosphere by passing N2 flow rate of 500 cm3/min. The
biochar yield was obtained from the difference between the initial RH sample weight and
the resulting biochar weight based on the weight of RH sample fed. In order to describe
the RH-based biochar (i.e., BRH), the resulting biochar was denoted as BRH-pyrolysis
temperature-holding time. For example, the product BRH-400-30 refers to the pyrolysis
conditions at temperature of 400 ◦C for holding time of 30 min.

2.4. Physicochemical Properties of Resulting Biochar

In this work, an accelerated surface area and porosimetry system (ASAP 2020; Mi-
cromeritics Co., USA) was used to determine the pore properties of the BRH products,
including the Brunauer–Emmett–Teller (BET) surface area, pore volume and pore size
distribution. Herein, the calculation of specific surface area was performed using the BET
equation, using a range of relative pressure from 0.05 to 0.30. The total pore volume was
taken as the nitrogen liquid volume adsorbed at a relative pressure of ca. 0.995. Using
the t-plot method, the data on micropore area and micropore volume were obtained by
the Halsey equation [41]. According to the definition by the International Union of Pure
and Applied Chemistry (IUPAC) [41], micropores refer to pores with an internal diameter
or width of less than 2 nm. Mesopores are defined as pores with an internal diameter or
width between 2 and 50 nm. Regarding the pore size distributions of the BRH products,
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the Barrett–Joyner–Halenda (BJH) method was employed to calculate them in the range
of mesopores and small macropores from experimental N2 isotherms (desorption branch)
using the Kelvin model of pore filling [41].

The porosity of a material is defined as the ratio of the total pore volume to the
apparent volume of the particle or powder (excluding inter-particle voids). Therefore, this
property can be estimated by subtracting the ratio of particle (apparent or skeletal) density
to true density from 1 [42,43]. In this work, a gas (helium) pycnometer (AccuPyc 1340;
Micromeritics Co., USA) was used to determine the true density. Although mercury (Hg)
porosimetry is often used to measure particle density due to the high surface tension of Hg,
this property was estimated by using the measured data on the true density and total pore
volume [43].

The textural morphology on the surface of the BRH product was observed by the
SEM system (S-3000N; Hitachi Co., Japan). Prior to the SEM analysis, the BRH sample
was coated by a conductive gold film using an ion sputter (E1010; Hitachi Co., Japan). An
accelerating potential of 15.0 kV (electron beam) in a vacuum chamber was applied to the
specimen surface during the SEM analysis. In addition, EDS analysis was used to quantify
the elemental compositions rapidly and simply when scanning the BRH sample during the
SEM analysis.

The oxygen-containing functional groups on the surfaces of the BRH products were
analyzed by FTIR (FT/IR-4600; JASCO Co., Japan). Prior to the FTIR analysis, the dried
BRH sample was mixed with spectroscopic-grade potassium bromide (KBr) powder, and
then ground in an agate mortar. The finely uniform mixture (around 1 wt% BRH) was
pressed in a hydraulic machine to form a disc with a diameter of ca. 1.2 cm and thickness
of ca. 1 mm. The FTIR spectra were obtained by scanning with a wave number range of
4000–400 cm−1 and a resolution of 4 cm−1.

3. Results and Discussion
3.1. Thermogravimetric Analysis (TGA) of Rice Husk (RH)

As mentioned above, a pre-pyrolysis test of the RH sample was carried out by a
thermal analyzer under an inert atmosphere at a fixed heating rate of 10 ◦C/min. The
test conditions were very similar to the pyrolysis experiments for producing RH biochar.
Figure 1 presents the TGA/TGA curves for the RH sample, showing that the significant
degradation temperature was less than 400 ◦C. As shown, there were two apparent peaks
and one shoulder as the pyrolysis temperature increased from room temperature to 400 ◦C.
In the first peak, mass loss should occur in the form of water vapor (moisture) between 60
and 200 ◦C. For a lignocellulosic biomass, hemicellulose and a smaller amount of cellulose
may be the most labile polymeric components as compared to lignin [1]. This implies that
the TGA shoulder appeared at a temperature of around 300 ◦C, which is lower than that of
lignin. During the stage of pyrolysis, the complex reactions (e.g., cracking, condensation)
involve depolymerization and scission, thus causing a continual mass loss in the form of
vapors such as moisture, CO2 and volatile organics [44]. The final peak around 400 ◦C can
be attributed to the thermal degradation of most cellulose and a smaller amount of lignin.
In order to produce porous biochar from RH, the pyrolysis experiments thus started from
400 ◦C, where more lignin was pyrolyzed to form the products of char and tar. At higher
temperatures (400–1000 ◦C), the mass loss can be attributed to the thermal degradation of
most lignin and inorganic minerals (e.g., carbonates, chlorides, oxides) [26].
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Figure 1. Thermogravimetric analysis (TGA) curve (blue color) and derivative thermogravimetry 
(DTG) curve (red dash line) of rice husk (RH) at a heating rate of 10 °C/min. 
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Figure 2. Variation in the yield of resulting RH-based biochar as a function of temperature. 
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3.2. Yields and Pore Properties of Resulting Biochar
3.2.1. Yields of Resulting Biochar

The biochar yield was calculated by the ratio of biochar mass to RH mass loaded into
each pyrolysis experiment (around 5 g). As the pyrolysis temperature increased, more
condensable products were formed as water and organic components, but there remained
less carbonized solids as biochar due to the complex degradation reactions in progress.
Figure 2 illustrates the variation in the yield of the resulting RH-based biochar as a function
of temperature (400–900 ◦C) for a holding time of 30 min, indicating a decreasing trend.
Although not shown here, the yields of the resulting RH-based biochar prepared at 900 ◦C
for four holding times (0, 30, 60 and 90 min) also indicated this trend.
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3.2.2. Pore Properties of Resulting Biochar

The potential applications of biochar for water retention, sorption of contaminants
and as a habitat for microorganisms are strongly dependent on its pore properties, which
include specific surface area, density, porosity and morphology [45]. In the present study,
all pore properties of the biochar samples were based on N2 gas adsorption–desorption
at −196 ◦C and helium gas displacement. Table 1 lists the pore properties of the resulting
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biochar (BRH series), which included the BET surface area (SBET), total pore volume (Vt),
true density (ρs), particle density (ρp) and porosity (εp). Although particle density can be
determined by a mercury (Hg) pycnometer due to the high surface tension of Hg and its
inability to enter any pore of the porous sample [41], it was calculated by the values of total
pore volume and true density in the present study [42].

ρp = ρs/(Vt × ρs + 1) (1)

Table 1. Pore properties of resulting RH-based biochar.

Biochar a
BET Surface

Area b

(m2/g)

Total Pore
Volume c

(cm3/g)

True Density
d (g/cm3)

Particle
Density e

(g/cm3)
Porosity f (–)

BRH-400-30 35.4 0.049 1.662 1.537 0.075
BRH-500-30 210.9 0.161 1.643 1.299 0.209
BRH-600-30 225.6 0.145 1.717 1.375 0.199
BRH-700-30 219.5 0.157 1.852 1.435 0.225
BRH-800-30 244.3 0.154 1.987 1.521 0.234
BRH-900-30 258.6 0.196 2.071 1.473 0.289
BRH-900-0 242.8 0.175 2.075 1.522 0.266
BRH-900-30 258.6 0.196 2.071 1.473 0.289
BRH-900-60 274.6 0.222 2.074 1.420 0.315
BRH-900-90 278.9 0.223 2.076 1.419 0.316

a Sample notation indicated the resulting biochar (BRH-temperature-time) produced at the temperature of
400–900 ◦C for a holding time of 0–90 min using 5 g dried rice husk (RH).b BET surface area (SBET) was based
on relative pressure range of 0.05–0.30.c Total pore volume (Vt) was obtained at relative pressure of around
0.99.d True density (ρs) was measured by the helium displacement method. e Particle density (ρp) was calculated
from the total pore volume (Vt) and true density (ρs).f Particle porosity (εp) was calculated from the particle
density (ρp) and true density (ρs).

Furthermore, the porosity (εp) can be obtained by subtracting the ratio of particle
density to true density from 1 [43]:

εp = 1 − (ρp/ρs) (2)

As listed in Table 1, there were obvious variations in the pore properties of the biochar
as a function of pyrolysis temperature (400–900 ◦C) and holding time (0–90 min). Similar to
numerous studies [45,46], there was a positive correlation between the BET surface area (or
porosity) and pyrolysis temperature. When the pyrolysis temperature increased from 400
to 900 ◦C, there was greater formation of pyrogenic amorphous biochar [27], thus causing
a greater pore space or more pores with the pyrolysis temperature as charring intensity
increased. Noticeably, the pore properties of the biochar continuously increased as the
pyrolysis temperature increased up to 900 ◦C (for a fixed holding time of 30 min), or as
the holding time was extended up to 90 min (at a fixed pyrolysis temperature of 900 ◦C).
This implies that the structural breakdown of the resulting biochar produced at higher
temperatures, probably due to sintering or fusion [45], was not observed in this work [47].
In the present study, the process parameter of pyrolysis temperature had a more significant
effect on the pore properties of biochar as compared with the holding time (or reaction
residence time). This is because the extent of physical changes (e.g., mass loss) for the
biochar was highly dependent on the temperature during pyrolysis processing (seen in
Figure 1). From the viewpoint of efficient energy use, the pyrolysis conditions at 500 ◦C for
30 min may be suitable for the production of RH-based biochar with a high BET surface
area of 211 m2/g when compared with the resulting biochar (BET surface area of 279 m2/g)
prepared at 900 ◦C for 90 min.

The BET surface area of the resulting biochar was also linked to its N2 adsorption–
desorption isotherms, which can be further transformed into its pore size distribution based
on the BJH method [41]. Figure 3 depicts the N2 adsorption–desorption isotherms and pore
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size distributions of the resulting biochar prepared at various pyrolysis temperatures for
a holding time of 30 min. Furthermore, Figure 4 shows the similar characteristics of the
resulting biochars prepared at 900 ◦C for different holding times. As shown in Figures 3
and 4, the corresponding N2 adsorption–desorption isotherms and pore size distributions
of the resulting biochars were consistent with those in Table 1. Furthermore, the biochar
pyrolyzed at higher temperatures showed more pronounced pore development, including
micropores and mesopores. Therefore, these biochars possess the so-called Type I and
Type-IV shapes (isotherms) [41]. This mesoporous feature will be beneficial in providing
water retention, adsorption capacity and microbial growth space.
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biochar prepared at 900 ◦C for various holding times.

In order to observe the porous texture of the resulting biochar, SEM analyses at 15 kV
were performed on its gold-coated surface with different magnifications (i.e., 200 and 1000).
As shown in the SEM images (Figure 5), the representative biochar (i.e., BRH-900-30) has
fine pores on the surface. These pores will be more formed from gas vesicles at higher
pyrolysis temperatures, resulting in better pore properties such as specific surface area
and porosity (Table 1). In addition, the resulting biochar also exhibits a rigid, irregular
and rough surface due to its rigid silica composition and the rigorous carbonization at a
higher temperature (i.e., 900 ◦C) for a longer holding time (i.e., 30 min). In this regard, the
RH-based biochar may be a good medium for possible applications in water retention and
wastewater treatment in the soil environment due to its highly porous structure.
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Figure 5. SEM images (×200, left; ×1000, right) of the resulting biochar (BRH-900-30).

3.3. Chemical Characterization of Resulting Biochar

As described in Section 2.4, the EDS system, which is commonly used alongside
SEM, was used to enable semi-quantitative elemental analysis on the surface of the result-
ing biochar. Figure 6 shows an EDS spectrum from the resulting biochar (BRH-900-30),
observing the presence of carbon (C), oxygen (O) and silicon (Si). As a preliminary quan-
tification, the corresponding contributions to the elemental composition are 18.15, 4.66 and
40.19 wt%, respectively. The presence of C and O in the RH-based biochar should arise
from its lignocellulosic precursor (i.e., RH). The most significant peak is assigned to the
presence of Si due to the high content of silica (SiO2) in the RH. The rich presence of silica
in the RH-based biochar can be further identified by X-ray diffraction (XRD) [48] or X-ray
photoelectron spectroscopy (XPS) analysis [49].

Fermentation 2021, 7, x FOR PEER REVIEW 9 of 12 
 

 

  
Figure 5. SEM images (×200, left; ×1000, right) of the resulting biochar (BRH-900-30). 

3.3. Chemical Characterization of Resulting Biochar 
As described in Section 2.4, the EDS system, which is commonly used alongside 

SEM, was used to enable semi-quantitative elemental analysis on the surface of the re-
sulting biochar. Figure 6 shows an EDS spectrum from the resulting biochar 
(BRH-900-30), observing the presence of carbon (C), oxygen (O) and silicon (Si). As a 
preliminary quantification, the corresponding contributions to the elemental composi-
tion are 18.15, 4.66 and 40.19 wt%, respectively. The presence of C and O in the 
RH-based biochar should arise from its lignocellulosic precursor (i.e., RH). The most 
significant peak is assigned to the presence of Si due to the high content of silica (SiO2) in 
the RH. The rich presence of silica in the RH-based biochar can be further identified by 
X-ray diffraction (XRD) [48] or X-ray photoelectron spectroscopy (XPS) analysis [49]. 

 
Figure 6. EDS spectrum of the resulting biochar (BRH-900-30). 

In general, the chemical characteristics of biochar mainly comprise aromatic C and 
inorganic minerals, which are dependent on the starting feedstock and pyrolysis condi-
tions applied. The presence of functional groups on the surface of biochar plays a vital 
role in the soil and water environments. For example, the addition of biochar to soil has 
been proven to enhance the sorption capacities for heavy metal ions by the electrostatic 
attraction [45], which can be attributed to the high contents of oxygen-containing func-
tional groups on the surface due to the negatively charged surface. The FTIR spectrum 
of the resulting biochar (BRH-900-30) shown in Figure 7 has the following features 
[23,50,51]. The peak at 3460 cm−1 can be assigned to the presence of adsorbed water and 
hydrogen-bonded biochar O-H groups. The band between 1500 and 1700 cm−1 could be 
attributed to C=O stretching or C=C groups in aromatic rings. The sharp peak around 
1385 cm−1 could be assigned to the symmetric deformation band of –CH3 groups. The 

Figure 6. EDS spectrum of the resulting biochar (BRH-900-30).

In general, the chemical characteristics of biochar mainly comprise aromatic C and
inorganic minerals, which are dependent on the starting feedstock and pyrolysis conditions
applied. The presence of functional groups on the surface of biochar plays a vital role in the
soil and water environments. For example, the addition of biochar to soil has been proven
to enhance the sorption capacities for heavy metal ions by the electrostatic attraction [45],
which can be attributed to the high contents of oxygen-containing functional groups on
the surface due to the negatively charged surface. The FTIR spectrum of the resulting
biochar (BRH-900-30) shown in Figure 7 has the following features [23,50,51]. The peak
at 3460 cm−1 can be assigned to the presence of adsorbed water and hydrogen-bonded
biochar O-H groups. The band between 1500 and 1700 cm−1 could be attributed to C=O
stretching or C=C groups in aromatic rings. The sharp peak around 1385 cm−1 could
be assigned to the symmetric deformation band of –CH3 groups. The peak at around
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1115 cm−1 could be the stretching vibration of C-O and the vibration of silica bonds. Si-O
framework bands at around 1115 cm−1 and below 800 cm−1 were evident [17]. These FTIR
results were in accordance with those in the EDS analysis (Figure 6), enhancing the slight
hydrophilicity on the surface of the RH-based biochar. These functional groups will impact
the soil pH and interaction with ionic contaminants in soil, causing higher cation exchange
capacity (CEC) and adsorption capacities for cations (e.g., metal ions).
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4. Conclusions

In this work, a series of biochars were prepared from RH at various pyrolysis con-
ditions, which were designed by the matrix of temperature (400–900 ◦C) and holding
times (i.e., 0–90 min) based on the results of a pre-pyrolysis test by TGA. The pore prop-
erties (i.e., BET surface area and porosity) of the resulting RH-based biochar were clearly
positively linked to the studied ranges of pyrolysis temperature and holding time. The
maximal pore properties with the BET surface area of around 280 m2/g could be obtained
from the conditions at 900 ◦C for a holding time of 90 min. The porosity of the optimal
biochar was as high as 0.316. In addition, the resulting biochar showed characteristic of
microporous and mesoporous structures based on the N2 adsorption–desorption isotherms
and pore size distributions. The results of the EDS and FTIR analyses also supported
the slight hydrophilicity on the surface of the RH-based biochar due to the richness in
oxygen/silica-containing functional groups. Based on the physicochemical properties
determined, the RH-based biochar could be an excellent material for possible applications
in water conservation, wastewater treatment and soil amendment.
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Abstract: In recent years, there has been a significant accumulation of waste in the environment, and
it is expected that this accumulation may increase in the years to come. Waste disposal has massive
effects on the environment and can cause serious environmental problems. Thus, the development of
a waste treatment system is of major importance. Agro-industrial wastewater and waste residues are
mainly rich in organic substances, lignocellulose, hemicellulose, lignin, and they have a relatively
high amount of energy. As a result, an effective agro-waste treatment system has several benefits,
including energy recovery and waste stabilization. To reduce the impact of the consumption of fossil
energy sources on our planet, the exploitation of renewable sources has been relaunched. All over
the world, efforts have been made to recover energy from agricultural waste, considering global
energy security as the final goal. To attain this objective, several technologies and recovery methods
have been developed in recent years. The microbial fuel cell (MFC) is one of them. This review
describes the power generation using various types of agro-industrial wastewaters and agricultural
residues utilizing MFC. It also highlights the techno-economics and lifecycle assessment of MFC, its
commercialization, along with challenges.

Keywords: agricultural waste; wastewater; microbial fuel cell; techno-economic; commercialization

1. Introduction

Today, several challenges are besieging the environment, and as such, an equal mea-
sure to address such challenges must be in place to counter environmental and ecological
degradation [1]. For example, in maintaining a clean and safe environment, waste reduction
and recovery of valuable products [2] and/or their repurposing is a must [3]. Nutrient-rich
agro-waste is usually produced from agro-processing industries [4]. Similarly, one of the
major wastes is agro-based wastewater containing many carbon-based compounds [5],
which in turn affects the receiving water bodies when released untreated [5]. Agricul-
tural residues are also considered one of the most prominent substrates in energy and

31



Fermentation 2021, 7, 169

carbon source content. Their sugars are obtained either via treatment with dilute acids
or enzymes [6].

An example of an important agricultural residue is wheat straw containing about
34–40% cellulose organic carbon content, hemicellulose containing about 21–26% of organic
carbon, and lignin-containing about 11–23% of organic carbon. All of these can undergo hy-
drolysis yielding wheat straw hydrolysate, generating a substantial amount of electricity in
a microbial fuel cell (MFC) [7]. Similarly, raw corn stover is another important agricultural
waste that contributes immensely to the production of electricity when a single-chamber
MFC is used. However, the treatment thereof was effective, but the power output was
much lower compared to MFC in which glucose is used as a substrate [8].

Agricultural waste, even in agro-industrial wastewater, is produced during agriculture
produce pre-harvesting, harvesting, and processing activities. Agricultural processing
activities and industrial food processing operations contribute to agro/food-waste and
wastewater generation. Agricultural waste can easily undergo biodegradation as it contains
a high level of organic matter and many other different macro-and micro-nutrients suitable
for microbial growth. Many agro-industrial wastewaters also contain a high concentration
of organic pollutants, including a large amount of waste effluent produced from livestock
and agro-products processing [9]. However, these agricultural residues and wastewater
can be considered new alternative sources of renewable energy that can be converted into
biofuels, biogas, bioelectricity, bio-bricks, fertilizer, and biochar [9] suitable technology
such as MFCs, among others.

1.1. The Availability of Various Agricultural Waste

Various types of agro-waste can be found in the environment, which depends upon
the source and availability. They can be derived from many different sources such as
municipal solid waste works, livestock excrements, lignocellulosic and agro-wastes, food
crops, etc. Thus, such waste can be classified into four main generations based on their
ability to produce different types of products [6]:

First-generation: This comprises various classes of food crops such as wheat, corn,
rice, and sorghum. The direct utilization of these crops as a primary feedstock of interest is
often associated with energy generation and the production of various products. However,
one of the major challenges associated with this generation is the competition between its
utilization in fuel and food production. Fuel production is viewed to be of a higher return
on investment than food production.

Second-generation: This generation generally consists of lignocellulosic wastes like sugar-
cane bagasse, wood chips, crop residues, and organic waste that can be employed to generate
bioenergy using different waste beneficiation techniques. This type of waste is associated
with the overcoming of major limitations identified with the first-generation biomass.

Third generation: Microalgal biomass, which is used in engineered energy source produc-
tion systems as a feedstock. Hence, its cultivation can easily be achieved in lagoons and open
ponds using a high nitrogenous compound containing agro-waste containing wastewater.

Fourth generation: This type of biomass is from metabolically engineered species such
as bacteria, including algae generated from cleaner disposal, or emissions control processes
such as CO2 capture systems. This increases the value of this generation as it can be used
in high-value product production associated with higher polymeric hydrocarbon content
requirements or any other bioenergy products.

1.2. Current Status of Agricultural Wastes

A majority of agro-wastes are usually derived from oilseed crops, wheat, rice, fruits,
and vegetable processing. This usually causes several health-related problems to the
human population, animals, and the environment, particularly whereby their means of
disposal is through landfilling. Even though most of the chosen techniques are cheap
and easy to implement, there is a harmful impact on downstream agro-systems and
environmental outcomes due to toxic leachate production. This further contributes to
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adverse climatic conditions as other unwanted gaseous by-products are also produced.
Additionally, combustion also generates different types of disturbances to the environment,
including smoke that simultaneously causes air pollution by releasing greenhouse gases
contributing to global warming. Furthermore, smog is also produced and does mobilize
particulate matter into the atmosphere, with the residual as haltering the soil’s physical,
chemical, and biological structure, including microbial community. Therefore, a necessary
major intervention is needed for the sustainable disposal of agro-waste. This can take
the form of sustainable energy technology development and generation in renewable
energy technology.

1.3. Characteristics of Agricultural Wastes and Wastewaters

Today, agro-wastes are known as the best alternative source for renewable energy
production. This depends upon their classification and physicochemical properties, as they
consist of different proportions of lignocellulosic hemicellulosic, including lignin in some
complex and hardy agro-waste materials. These play an important role in converting the
agro-waste to hydrolysate used in bioenergy production processes. The properties con-
ferred to agro-waste depends upon its sources’ location, climatic conditions, characteristics,
etc. Thus, the physical and chemical properties of such agro-waste are discussed in the fol-
lowing sub-sections. Carbohydrates (2300–3500 mg/L), sugars (0.65–1.18 percent), proteins
(0.12–0.15 percent), and starch (65–75 percent) are discharged in starch processing wastew-
ater (SPW), which is an important energy-rich feedstock that may be converted to a wide
variety of useful products [10]. Worldwide, the varied structure of lipids, proteins, fibers,
excessive organic matter, parasites, meat processing effluents, and veterinary medicines is
recognized as hazardous [11]. Due to the broad range of slaughterhouse wastewater (SWW)
and pollutant concentrations, SWW is often evaluated using bulk criteria. SWW contains
substantial amounts of biological oxygen demand (BOD), chemical oxygen demand (COD),
total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and total suspended
solids (TSS) [12]. Substrates such as cellulose and chitin are readily available and cheap
biopolymeric resources that may be used to generate electricity. These green materials also
account for a significant percentage of organic compounds in industrial and municipal
wastewaters [13]. There have been just a few reports on the use of these particle substrates
in MFCs.

1.3.1. Physical Properties

The size of the agro-waste particles is usually irregular in shape and size, with some
being needle, leave shaped, etc., with different surface areas. This influences the feeding
rate along with fluidizing and mixing parameters during processing and pre-treatment.
Additionally, the storage conditions of the agro-waste may also affect these processes. The
efficiency of the conversion and energy requirements for these processes is associated with
the beneficiation of the agro-waste, which can be affected by the variation in shape and size
of the initial agro-waste, and the preceding processes generating it. Another characteristic
is the length/diameter of the particulate matter constituting the agro-waste is an aspect
ratio tending to unity, even when the finely granulated, i.e., converging to a spherical
shape [14]. Such an aspect ratio was determined to be suitable for further processing of the
agro-waste in bioenergy generating processes.

Other characteristic considerations include particle and averaged bulk density to
determine the grindability of the waste, a known energy-consuming process, which is
influenced by quality characteristic parameters of the waste such as moisture content,
surface properties, shape, and size [15]. For instance, some agro-waste containing a high
lignocellulosic content are difficult to grind due to the presence of fibrous cellulose and
lignin. Applying the “Hard grove grindability index method” is usually performed to
assess the grindability of such agro-waste. Generally, a particle size of 0.6–1.2 mm for
the agro-waste is required to have a suitable grindability index. Similarly, fluid ability
must also be considered as it seems to impact the operations associated with waste move-
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ment from one point to another during beneficiation and/or processing. Fluid ability
is influenced by the biomass particle angle repose, cohesion coefficient, flow index, and
compressibility index.

1.3.2. Chemical Properties
Proximate Analysis

Several analyses are performed for proximate analysis. This includes the internal and
external amount of water content present in the waste sample, and it is expressed as a
weight percent of the agro-waste. It is calculated by subjecting the agro-waste to thermal
pre-treatment in a furnace usually operated at >105 ◦C for at least 3 h until a constant
weight is reached to get the exact amount of moisture within the initial un-pretreated
agro-waste. The ash content can be obtained after the complete combustion of the waste
when there is a specific amount of leftover residue in a process operated at >575 ◦C for 3 h.
The ash content can be determined by comparing the ash residue to the total amount of
the feed agro-waste sample. For volatile matter, except for moisture, it is released when
biomass is incinerated at high temperature (950 ◦C for 7 min) in anaerobic conditions. The
presence of a high amount of volatile matter indicates a high amount of liquids and gaseous
by-products, which can be useful products. The total weight loss of the waste during such
a thermal operation is estimated to be equivalent to the amount of volatile matter. After
accounting for moisture, ash, and volatile matter, the amount of explosive residue, i.e.,
fixed carbon, can be determined.

Ultimate Analysis

For ultimate analysis, the total carbon and hydrogen in agro-wastes usually vary from
40–50% (w/w) and 4–6% (w/w). Overall, this analysis involves determining total carbon,
hydrogen, nitrogen, and sulphur content in the agro-waste sample. The total oxygen can
be calculated by subtracting the total amount of nitrogen, hydrogen, carbon, and sulphur
from the known weight of the sample. Hence, this analysis can be carried out using a
CHNS analyzer on a dry basis.

Similarly, compositional analysis can be performed using the “Van Soest” method,
classified as the National renewable energy or Technical Association of pulp and paper
industry method. Most agro-wastes are composed of cellulose, hemicellulose, and lignin;
albeit, with a varying degree of composition in different waste samples. The degradation
temperature of cellulose is around 240–360 ◦C, leading to the production of liquid products
after conversion. Hemicellulose, which surrounds the cellulose, comprises a short and
heterogeneous branched chain of polymers. It also links cellulose with lignin. Lignin is the
most complex and aromatic compound of higher molecular weight polymer with the cross-
link made up of phenolic groups [16]. Other inorganic elements present in the biomass
include Na, K, Mg, Cl, etc., and some components such as proteins, resins, gums, etc.

1.4. Pretreatment of Agricultural Wastes

The breakdown of complex molecular structures of agro-waste into simpler monomers
is generally considered essential during the pretreatment process. Thus, it contributes to a
high output after the conversion process [17]. Different technological approaches can be
employed for biomass treatment; this includes physical (grinding, milling), thermal (e.g.,
steam explosion), biological (e.g., enzymatic), chemical (e.g., use of acids, alkalis) methods,
and a combination of treatments such as thermochemical treatments [18]. These methods
provide ease of accessibility to enzymes for hydrolysis, increasing the surface area while
minimizing operational costs. For instance, the physical treatment of the waste enhances the
surface area as it provides easy accessibility for microbial populations and enzymes during
hydrolysis. On the other hand, the thermochemical method of pretreatment increases the
rate of heat and mass transfer and facilitates the rate of uniform temperature distribution
within the agro-waste particles, thus high efficiency for hydrolysate constituents’ recovery
during liquefaction. Similarly, thermochemical conversion involves two essential methods:
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drying and torrefaction [19]. The former involves moisture removal from the waste, which
increases the efficiency of the process, while the latter involves the thermal treatment of
waste at a temperature of 200–300 ◦C, where sufficient oxygen is removed from the waste,
including water.

For the biological conversion process, the waste can be treated at a temperature of
50–250 ◦C. This provides an efficient treatment process in terms of pathogen removal
and biodegradability. However, in the biological pretreatment method, different types of
enzymes and fungi are utilized; hence, it is considered the less energy-consuming method
as it can be operated at both milder and economical temperature. However, it seems
to be a very slow process as several days are required for the process to be completed.
Therefore, various fungi are required for delignification of the agro-waste. It is carried out
by inoculating the agro-waste with fungal spores or hydrolysis by a cocktail of enzymes [20].
In essence, ligninolytic enzymes play a role in the hydrolysis of the recalcitrant lignin.
Simultaneously, the fungi (white-rot fungi) participate in lignin degradation with minimal
holocellulose consumption [21].

The chemical pretreatment method involves using various chemicals such as acids
and alkalis that contribute to the breakdown of organic components present in the agro-
waste. This pretreatment method will break down the lignin-carbohydrate bond and
crystalline cellulosic structure (Figure 1). Examples of the acid used during pretreatment
include H3PO4, H2SO4, HNO3, HCl, etc., and alkalis such as NaOH and KOH. Many re-
searchers have considered the use of liquid-ammonia-water mixture to treat the recalcitrant
lignocellulosic constituents in the agro-waste.

Figure 1. Effect of pretreatment on the biomass component.

1.4.1. Physical Pretreatment

Physical pretreatment techniques requiring mechanical processes such as chipping,
milling, and grinding may decrease particle size, break down crystallinity, and increase
the degree of polymerization, both of which significantly enhance the biodegradability of
biomass in MFCs. Using a fermentation medium containing solid substrate resulted in a
low PD attributable to the sluggish hydrolysis of the biodegradable materials, suggesting
that particle size is a significant factor for optimum bioenergy production. Additional
particle size reduction under 40 mesh has been reported to impact hydrolysis rates and
yields, resulting in a significant amount of usable material in the biodegradation phase in
MFCs [22]. Furthermore, various irradiation methods (such as ultrasonication, electron
beams, X-rays, or gamma rays) may be used to pretreat biomass physically. Shen et al.
(2018) studied the effects of ultrasonic pretreatment on electricity production in a dairy
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manure microbial fuel cell (DMMFC). At 600 W ultrasonic power, the pretreated DMMFC
had a maximum PD of 102 mW/m2, which was 241 percent higher than the untreated sub-
strate [23]. According to Tao et al. (2013), ultrasonication may be an effective pretreatment
technique for vegetable or grass wastes [24].

1.4.2. Acid Pretreatment

Of the numerous chemical pretreatment procedures, acid pretreatment is among the
most widely utilized. Acid hydrolysis will boost enzymatic hydrolysis performance and
increase the energy conversion efficiency of lignocellulosic biomass in MFCs. Concentrated
mineral acid (CA), dilute mineral acid (DA), and dicarboxylic acid has been utilized to
pretreat agro wastes. CAs like H2SO4 (Figure 2) and HCl are especially useful for agro
wastes. These acids, however, are acidic, corrosive, and dangerous, necessitating the use
of specialized reactors that can withstand corrosion. Meanwhile, lignocellulose hydroly-
sis of agrowastes displayed a strong reaction rate after pretreatment with dilute sulfuric
acid. Initially, high temperature (T > 160 ◦C) and low temperature (T < 160 ◦C) dilute
acid hydrolysis pretreatment methods were created [21]. In contrast, a high temperature
throughout the DA hydrolysis is ideal for cellulose hydrolysis due to sugar decomposition.
In an MFC inoculated with pure-culture, Wang et al. (2017) used diluted sulfuric acid
pretreated corn straw as the substrate for direct power production. The maximum PD
provided by this MFC was 17.2 ± 0.3 mW/m2, demonstrating the viability of biomass
hydrolysate as a source of power production in MFC. A high PD of 660 mW/m2 from the
hydrolysate with a pure-culture of Shewanella oneidensis MR-1 could also be obtained by
integrating electrode alteration and electron shuttle attachment [25]. Ionic liquids have also
been stated to be beneficial due to their thermal stability, low hydrophobicity, low toxicity,
and increased electrochemical stability [26]. Ionic pretreatment of farm straw biomass sub-
stantially solubilizes cellulose and may recover 100% of the utilized liquid with high purity
under moderate conditions. Straw biomass is pretreated with 1-ethyl-3-methylimidazolium
acetate in an ionic liquid (IL) at 120–140 ◦C (EmimAC). The materials are then washed with
anti-solvent for a certain number of hours, resulting in cellulose regeneration. The cellulose
is then separated, the lignin precipitated, and anti-solvent recycle, and IL is developed
(Figure 3) [27]. Due to the self-evident intra-structure modifications and the disparity
in crystallinity characteristics, the generated cellulose precipitate has a strong enzymatic
digestibility compared to the rudimentary cellulose from straw waste [28].

Figure 2. Schematic representation of sulphuric acid pretreatment.
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Figure 3. Schematic representation of ionic liquid pretreatment.

1.4.3. Alkali Pretreatment

Basic chemicals such as sodium hydroxide (NaOH), hydrazine, anhydrous ammonia,
potassium hydroxide (KOH), or lime (Ca(OH)2) (Figure 4) are used in alkali pretreatment.
Even though this process can be used at room temperature, the reaction period is typically
long, ranging from hours to days [29]. Song et al. (2018) showed that rice straw could
be pretreated with sodium hydroxide (NaOH) for usage in a solid phase microbial fuel
cell (SMFC). The SMFC with NaOH (5%) pretreated rice straw could maintain a maximal
PD of 140 mW/m2, which was 3.6 times that of the untreated SMFC [30]. The viability
of alkaline pretreatment for sludge-fueled MFC was also verified by Xiao et al., which
achieved a PD of 46.82–55.88 mW/m2 with a quick alkaline procedure using concentrated
sodium hydroxide [31].

Figure 4. Schematic representation of agricultural biomass pretreatment using lime (Ca(OH)2).
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1.4.4. Biological Pretreatment

Biological pretreatment is a spectacular accomplishment that encourages the genera-
tion of minimal to no hazardous material, an environmentally sustainable procedure with
low energy usage and moderate operating conditions. Cellulases generated by bacteria
and fungi will hydrolyze and degrade the crystalline structure of lignocellulosic biomass,
increasing sugar yields and improving MFC efficiency [32]. Clostridium, Cellulomonas,
Bacillus, Termomonospora, Ruminococcus, Bacteriodes, Erwinia, Acetovibrio, Microbispora, and
Streptomyces are among the bacteria that may generate cellulases [33]. The drawbacks
of this approach include the need for a longer retention period of 10 to 14 days, close
monitoring of growth conditions to prevent contamination, and a significant amount of
room for biological pretreatment, both of which render it less economically feasible. Kr-
ishnaraj et al. (2015) used a novel three-chamber MFC to produce bioelectricity while
simultaneously decaying lignocellulosic biomass (sugarcane bagasse and corncob). In the
first compartment of the three-chamber MFCs, Oscillatoria annae degraded the LCB. Anodic
inoculums of Oscillatoria annae and Gluconobacter roseus were used to produce electricity in
MFCs utilizing decomposed substrates from the first chamber. For sugarcane bagasse and
corncob as substrates, the maximum PD was 8.78 W/m3 and 6.73 W/m3, respectively [34].

1.5. Route for Conversion

At present, many technologies such as biochemical and thermochemical conversion
techniques have been put in place for the proper utilization of agro-waste and beneficiation
into valuable products. The biochemical conversion technique employs microbial consortia
for the complete degradation of the agro-waste. On the other hand, the thermochemical
conversion process usually requires the agro-waste with a minute amount of moisture
content, which requires additional energy for drying.

1.5.1. Biochemical Conversion

Today, the biochemical conversion of agro-wastes into energy is a promising and
emerging field of technology for sustainable development. Depending on the type and
the nature of waste, different microbial consortia can play a crucial part in the conversion
processes of such waste for energy generation. Two important processes, i.e., anaerobic
digestion (AD) and fermentation, are coupled with biochemical conversion techniques.

AD is usually carried out in an oxygen-free environment where microorganisms help
degrade or break down organic waste products into bioenergy. The four (4) main important
stages in AD are known. These are hydrolysis, acidogenesis, acetogenesis, and methano-
genesis. Each of the stages above is facilitated by different microbial populations that help
convert one complex organic material to another. Most microorganisms associated with
agro-waste biodegradation in AD processes include Pseudomonas, Bacillus, Streptococcus,
Clostridium, Methanococcus, and Methanobacteria spp. These are mostly employed when
handling waste with a high moisture content of about 80–90%. Equation (1) summarizes
the stoichiometric relationship between agro-waste biodegradation by microorganisms in
AD for biogas production, a renewable energy source.

Agricultural waste + Microorganisms→ Biogas + Digestate (1)

In the fermentation process, which also works in the absence of oxygen, the produc-
tion of valuable products such as alcohol, organic acids, and a mixture of gases due to
microorganisms’ action is observed. It is believed that the fermentation of agro-waste
is difficult and time-consuming due to the presence of long-chain polymeric molecules
and requires acid or enzymatic hydrolysis before fermentation to produce valuable end-
products. For instance, bio-butanol production can be achieved with the help of a bacteria
called Clostridium spp., coupled with sugar production from various types of agro-waste.
The process comprises two main steps, i.e., acidogenesis and solventogenesis, which is
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referred to as acetone, butanol, and ethanol (ABE) fermentation. Hence, it is a promising
technology, but it is costlier and time-consuming.

1.5.2. Thermochemical Conversion

This conversion process consists of pyrolysis, gasification, and combustion. In this
process, the treatment of agro-waste into valuable and important products such as biochar,
bio-oil, biofuels, etc., usually requires a high temperature. Pyrolysis refers to the thermal
depolymerization of agro-waste in an atmosphere with a constant supply of heat. Among
the sources of feedstock used for pyrolysis is agro-waste such as rice husk, corn stover,
wheat straw, etc., woody biomass (redwood, teak, etc.), and energy crops like bamboo,
sorghum, etc., and municipal solid wastes [35]. As a result of the constant and rapid heating
of such agro-waste leads to the production of vapor made up of various hydrocarbons
coupled with condensation to yield an organic liquid called bio-oil [36]. Moreover, the
product obtained from pyrolysis depends primarily upon the composition of the agro-
waste used and the interaction between the produced liquefaction products influenced by
different parameters such as temperature, heating rate, inert flow rate, and particle size,
and conversion time. Due to the influence of these parameters, pyrolysis can be classified
as fast, slow, or flash. Pyrolysis is a flash when it operates at a lower temperature, with a
lower heating rate and longer vapor formation time. In comparison, fast pyrolysis tends to
work at a higher temperature, higher heating rate, and short vapor formation time. Hence,
the primary end-products of slow pyrolysis are biochar, bio-oil, and pyrolyzed gas with
varying percentages of 35–40% for biochar and 30–35% for pyrolyzed gas. Similarly, flash
and fast pyrolysis produce an end-product of biochar (12%) and pyrolyzed gas (13%), while
bio-oil is about 75% of the end-product (Equation (2)) [37].

Agricultural waste + heat + inert→ Bio-oil + Biochar + pyrolytic gas (2)

Another vital thermochemical process is the gasification of the agro-waste that works
on the principle of a partial oxidative atmosphere at some specific high temperature
between 800–1000 ◦C. It employs a similar feedstock (e.g., agricultural waste) to that which
is used in pyrolysis but produces an important end-product, i.e., syngas, made up of 85%
of carbon monoxide (CO)and hydrogen gas (H2), with some proportion of tar (5%) and
biochar (10%) [38,39]. The gases produced can also be used in a turbine or engines as fuel
as they contain a high calorific value. Studies have shown that, for the gasification to work,
it depends on two different modes of processing, i.e., fixed-or fluidized-bed processing.
Gases with a lower calorific value of 4–6 MJ/NM3 are seen in the fixed-bed processes. In
contrast, fluidized-bed gasification is mostly seen in the provision of uniform temperature
distribution, usually in the gasification zone [40]. For combustion, a standardized oxidative-
high temperature process is used for the feedstock. As such, it is said to be a heat-based
degradation process involving the conversion of chemical energy of biomass to yield heat
and power in addition to carbon dioxide and water [41]. The generated energy from
combustion can be used in turbines and boilers, among other processes, albeit the moisture
content of the waste to be combusted should be below 50%.

1.6. Up-Gradation of End-Products

Recent studies have laid much emphasis on agro-waste-AD systems, in which a mix-
ture of 40–65% of methane (CH4), 35–55% of carbon dioxide (CO2), some traces of hydrogen
sulphide (H2S), nitrogen gas(N2), H2, water vapor and other components (e.g., volatile
hydrocarbons, chlorinated hydrocarbons, etc.) are produced as raw biogas. Similarly, the
removal of contaminants, mainly H2S, CO2, and water vapor, in addition to some other
toxic components from the biogas stream, is termed biogas up-gradation. This is usually
performed to obtain a methane-rich gas of >96% CH4. In the biogas up-gradation process,
three main techniques are usually used, i.e., pressure swing adsorption, absorption (physi-
cal and chemical), and membrane separation [42]. Pressure swing adsorption is carried out
based on the molecular size to adsorb unwanted CO2, H2S, N2, and O2 from the biogas
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stream, and, as such, 96–98% of pure methane is obtained. The most commonly used ad-
sorbent materials during biogas up-gradation techniques are activated carbon and zeolites.
Another technique employed in biogas purification is the physical water scrubbing method
based on the increased solubility of CO2 and H2S in the water compared to CH4. Other
separation techniques used to remove CO2 and H2S from the biogas stream include amine
scrubbing, caustic scrubbing, and amino acid salt solution usage. Examples of commonly
used amines for chemical absorption are monoethanolamine, aminoethoxy ethanol, etc. On
the other hand, the membrane separation technique involves using permeable membranes,
which helps in trapping some other biogas constituents. In fermentation, the conventional
method used for liquid biofuels up-gradation is distillation, which operates on the principle
of the volatile nature of the substances in a mixture. The separation can be carried out
primarily based on the less heavy products. Other classes of distillation that can be used
for the product up-gradation include extractive, conventional, azeotropic, and molecular
distillation. Hence, when an end-product undergoes an up-gradation process using the
above processes, it can be utilized efficiently in various technology fields and serve as a
promising alternative for renewable energy process development.

2. Agricultural Waste Usage in Microbial Fuel Cell Technology

The technological approach of MFC in electricity generation fulfills numerous require-
ments. It allows the recovery of electricity from liquefied agro-waste and the removal
of pollutants when wastewater is used. Therefore, MFC refers to the system of bioelec-
trochemical components that aids in converting organic matter to energy from a large
source of complex carbon-based compounds. This has been achieved through the action of
microorganisms on waste to produce electrical energy (Figure 5) [43].

Figure 5. A schematic representation of an experimental set-up of a dual-chambered MFC.

However, within the MFC, the bacteria facilitate oxidation processes that oxidize the
organic substrates, leading to the production of electrons transferred by several different
enzymes within some essential cells. At the terminal section, electrons are released in the
cathode compartment leading to a reduction in oxygen. Today, MFCs have developed
two emerging solutions, which are of significance, contributing to environmental concerns’
mitigation, i.e., the production of an abundance of pollutant-free and hygienic water while
generating the required power at some stage of wastewater treatment in the MFC. In
essence, MFC is a promising technology that can achieve the simultaneous production of
energy and the treatment of wastewater [6].
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The COD removal efficiency was reported in MFC technology for wastewater treat-
ment using such technology being associated with an emergence of a need for renewable
energy sources. Although MFC technology still needs further improvement that can make
them economically viable and attractive on the international market, it can be another
system of organic matter removal from the effluent of different industries. The organic
matter removal rate of the MFC compared to the other wastewater treatment systems was
estimated, with the result indicating that the removal rate was up to 7 kg COD/m3·day.
In comparison, a range of 0.5–2 kg COD/m3·day was determined for generic wastewater
treatment systems, with studies reporting 8–20 kg COD/m3·day removal being directly
associated with AD [44,45].

The inadequate production of power and current cannot be the sole measure of MFC’s
practical application and implementation on an industrial scale for electricity generation.
For example, in comparison with AD, the gain in electricity generation in using MFCs was
seen to be very low with reduced capital investment and operational costs, respectively [46].

In previous studies, the use of MFC has played a vital role in wastewater treatment. It
provided various alternatives as a secondary means of energy production and a promising
way for technological upscaling in wastewater treatment, particularly whereby agro-waste
is to be oxidized [47]. Therefore, the use of wastewater from agro-based industries, in
particular, seems to be promising, as such wastewater is constituted by a high content of
oxidizable organic matter with its biodegradability, i.e., BOD/COD ratio, being greater
than 60% [48–50].

Overall, a typical MFC consists of two chambers, an anode and cathode for oxidation-
reduction reactions, respectively, with the chambers usually separated by an anion ex-
change membrane (IEM) (Figure 4). Electrons are usually produced after an anodic oxida-
tion reaction which leads to the production of electric current. In contrast, protons, on the
other hand, travel through an IEM as they are utilized for cathodic reduction reactions to
generate water [51]. Other studies have shown that the oxidation-reduction reactions from
both anodic and cathodic sides from organic matter-containing wastewater using electron
acceptors can be attached bio-electrochemically in an MFC [52].

In a typical mediator-less MFC, the extracellular electrons are transferred via elec-
troactive bacteria (EAB). These microbes are dissimilatory metal or sulphate-reducing
bacteria. In the presence of an anode, they donate extracellular electrons to the anode to
continue anaerobic respiration. These EABs capture electrons released by the oxidized
organic matter and transport it directly to the anode. This form of direct electron transfer is
further divided into three pathways: Cytochrome mediated, nanowire, and electron shuttle
or soluble mediators. In electron transport, cytochrome C (CTC) plays a critical function. It
is a heme-containing protein that is found in both archaebacteria and eubacteria. Electricity
harvesting is aided by Cytochrome C. CymA, whose N-terminal is connected to the inner
membrane. At the same time, the C-terminal is exposed to the periplasm, is a good exam-
ple of CTC. Because it links the inner membrane to the periplasmic region, CymA is an
essential electron route. It is important in anaerobic respiration and interacts with a variety
of terminal reductases, including nitrate and fumarate reductases. Microbial nanowires
are one of the most recent methods for transporting electrons. These nanowires are the
bacterium’s pilus, which are electrically conductive and were found by reducing iron oxide
using G. sulfurreducens bacteria. Other bacteria also have an electrically conducting pilus,
indicating the presence of bacterial appendages in the environment. The electron shuttles,
also known as electron mediators, are gram-negative bacteria secretions that assist power
generation in MFCs. Ideally, these mediators should be soluble, stable, reusable, and envi-
ronmentally benign, with a redox potential between the bacterial membrane protein and
anodic substance. Endogenously generated flavins by Shewanella species are a well-known
electron shuttle in MFCs. Riboflavin (RF) and flavin mononucleotide (FMN) are the most
common, as described in Savla et al. [53]. As previously stated, MFC uses two types of bac-
teria: mediator-dependent and mediator-independent. Actinobacillus succinogenes, Proteus
mirabilis and Pseudomonas fluorescens are among the bacteria that need mediators, according
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to the National Institutes of Health. There is a growing interest in bacteria that do not need
mediators, such Shewanella putrefaciens [54], Rhodoferax ferrireducens, and D. desulfurcans [55].
Various materials utilized in the MFC components have been illustrated in Table 1.

Liquefied agro-waste is considered one of the most promising substrates for microbial
oxidation in the anodic chamber of the MFC. It contains a high amount of carbohydrates,
organic matter, and other nutrients [56].

Table 1. Various materials utilized in MFC configuration and construction.

MFC Configuration MFC vol. (L) Type of Operation Anode Material Cathode Material Power Output References

Single chamber
20 Continuous Activated

Carbon Carbon cloth 0.35–0.9 W/m3 [57]

250 Continuous Carbon brush Carbon mesh 0.47 W/m3 [58]

Two chamber
40 Continuous Carbon cloth 0.44 W/m3 [59]

50 Batch Activated
semicoke 43.1 W/m3 [60]

Stack

10

Continuous

Carbon felt MEA 6 W/m3 [61]

60 Granular
graphite 4 W/m3 [62]

72 Activated
carbon 50.9 W/m3 [63]

94 Stainless steel
mesh 2 W/m3 [62]

200 Carbon brush Carbon cloth 0.009 W/m3 [64]

1000 Activated
carbon 7–60 W/m3 [65]

Microbial Fuel Cells Used in Laboratory Studies for Scale-Up Purposes

Several MFCs have been used in the laboratory for scale-up studies. These include
single or dual-chambered cylindrical and cubic MFCs. Similarly, tubular or flat-plate
designs have been employed for most scale-up studies. The MFC configuration mostly
used in scale-up studies includes a tubular anode surrounded by a separator to isolate the
anode from the cathode [66] electrically. Moreover, the MFCs, usually tubular or a product
of cylindrical construction materials, can easily be upscaled. Most of the materials that
are used as support materials to scale-up reactors include polyvinyl chloride, cylindrical
glass, polypropylene, measuring cylinders, cation exchange membranes produced in
a tubular shape, and nylon tubing. Most recent studies have shown the mechanism
of operation of tubular designs in a continuous flow mode. This resulted in further
opportunities for scale-up because of the tube length extension. As such, this culminated
in the extension and additional tubular MFC modules to form an MFC stack. However,
when considering the flat-plate and tubular designs, multiple MFCs configured this way
can only be hydraulically controlled in parallel or series. In another arrangement in series,
the effluent flow goes through each of the MFC modules sequentially; on the other hand,
each MFC module obtains the same influent when a parallel connection is used. Overall,
this means modules of MFCs can be connected in parallel or series to increases voltage and
current generation, respectively [53].

3. Agro-Industrial Wastewater as a Substrate for Microbial Fuel Cells

Generally, agro-food processing waste is comprised of a large number of organic
constituents, which can be either in a solid, liquid, or gaseous state. For example, car-
bohydrates, fat, etc., present in wastewater, indicate the need for the maximum oxygen
demand for biodegradation [67]. Various solids in the wastewater are known to halt or
reduce the MFCs efficiency. Severe pollution challenges can occur to the environment
when there is an absolute lack of proper treatment or management of such agro-industrial
wastewater [66,68]. Conventionally, agricultural activities lead to the production of differ-
ent amounts of food debris and wastes from either man or animal due to various activities
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derived directly from the human or animal population, which contribute significantly
to effluent discharged into receiving streams [69]. The agricultural production streams
that usually produce agricultural residues and wastewater require several treatments to
avoid water pollution, which enormously varies in pollutant composition and concentra-
tion. Some effluent from various agro-industries and their suitability for use in MFCs is
discussed in subsequent subsections.

3.1. Palm Oil Mill Effluent

Palm oil is a digestible and high nutritive oil manufactured in some regions globally,
mainly for food and energy production in some countries. The palm oil industry usually
produces two main products, crude palm oil and solid palm kernels [70]. Moreover, residual
waste of different types is usually produced from palm oil-agro industrial processes [71].
Many waste types, including palm oil mill effluent (POME), are normally obtained from
different extraction processes. The treatment of such waste can confer advantageous
attributes to MFC processes, resulting in high energy generation [72,73]. POME inoculated
with an anaerobic sludge has been treated as reported by some researchers with the aid of
a simple two-chambered MFC. This process demonstrated a higher power output (Pdmax)
of 45 mW/m2 to 304 mW/m2; albeit, achieving a considerably lower coulombic efficiency
(CE) percentage of 0.8% and 45% COD removal [72].

3.2. Mustard Tuber and Molasses Wastewater

Mustard tuber processing is often known to generate a large volume of effluent, with
the wastewater being of high strength and salinity. A case study was observed when
a two-chambered MFC was employed to treat mustard tuber wastewater, recording a
Pdmax of about 246 mW/m2, including 67% and 85% of CE and COD removal [74]. On
the other hand, molasses are broadly employed in many research fields and are usually
derived from sugarcane mills. It is usually considered a rich source of sugar and minerals
such as Ca, including vitamins. It contains a high COD concentration, which varies from
60–100 g/L and thus acts as a major pollutant from the sugarcane processing factories.
When the diluted molasses wastewater is used in MFCs, a 62 mW/m2 power density
was recorded, whereas 81% of COD was removed using a mixed inoculum [75]. A gener-
ated bioelectricity of 0.18 W/m2 was recorded from an MFC treating sugarcane molasses
whereby Brevibacillus borstelensis STRII was used [76]; additionally, there was an increase in
power density when the sugarcane molasses concentration was increased. This demon-
strates a promising way to manage the substrates in wastewater and energy generation
whereby MFC integration in dark fermentation processes can result in positive environ-
mental outcomes [77]. Table 2 summarizes some of the agricultural product processing
wastewater used in MFC technology for its treatment and CE.

Table 2. MFC types and performance using different agricultural product processing wastewater.

Wastewater Type MFC Type Feeding Mode Volume (mL) COD Removal (%) CE (%) Reference

Cassava mill wastewater Two-chamber MFC Continuous 1500 72 20 [78]
Cereal processing wastewater Dual-chamber MFC Batch 310 95 40.5 [79]

Mustard tuber wastewater Dual-chamber MFC Batch 150 57.1 67.7 [74]
Olive mill wastewater mixed with

domestic wastewater (1:14)
Air-cathode

single-chamber MFC Batch 28 60 29 [80]

Starch extract (potatoes) Mediator-less
two-chamber MFC Batch 100 61 18.5 [81]

Raw corn stover Bottle-type air cathode MFC Batch 250
42 ± 8

(cellulose) 17% ± 7
(hemicellulose)

3.6 [8]

Rice milling Earthen pot MFC Batch 400 96.5 21 [82]

Steam exploded corn stover Batch Batch 250
60 ± 4

(cellulose) 15 ± 4
(hemicellulose)

1.6 [8]

Rice straw hydrolysate Air-cathode
single-chambered Batch 220 49–72 8.5–17 [83]

Steam exploded corn stover Single-chambered
air-cathode MFC Batch 28 60–70 20–30 [84]
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3.3. Brewery Wastewater

Brewery wastewater is another high-strength wastewater that can be used in energy
generation. It is generated in large volumes during beer production, whereby several
processing steps, such as fermentation, saccharification, etc., are undertaken [59]. It has
been studied that the MFCs can carry out brewery wastewater treatment [85,86]. A 20 L
MFC was tested for one year [59], with the MFC being operated in different modes and/or
phases, with phase A producing an external resistance (Rext) of 10 ohms and phase B
producing Rext of 3.7 ohms, and up to Rext of 5.3 ohms in other phases, with the overall
COD removal efficiency of up to 94.6% being achieved; albeit, the energy obtained seemed
to be low, i.e., 1.61 mW/m2 [59].

3.4. Winery Wastewater

Winery wastewater with different compositions was tested using MFCs made up of
two single-chamber air cathodes [80]. A wire made up of titanium along with carbon
fiber was put in place of generic anodes, while on the other hand, cathodes were made up
of platinum-coated carbon cloth of 0.4 mg Pt/cm2. The white wine wastewater resulted
in less promising results with an energy generation capacity of 263 mW/m2; albeit a
significant quantity of COD (90%) and BOD (95%) removal was achieved with a CE of
15%. Comparatively, red wine wastewater had 111 W/m2, with a recorded 27% COD
removal, whereas a maximum BOD removal of 83% was achieved; hence, a lower CE
of 9% was observed. These experiments indicated that different wastewater, even from
the same industry, can have different usable substrates with differentiated compositional
characteristics, which determines the MFC’s power output. This was facilitated by diverse
and different microbial populations found in the anode; besides, the negative influence on
MFC performance was due to a high concentration of polyphenolic compounds in some
winery wastewater.

3.5. Other Agricultural Activity Effluents and Waste

Most agro-industrial activities in the food, plant, and animal processing industries gen-
erate a high quantity of wastewater. Most agricultural wastewater has been demonstrated
as suitable for use in MFCs, i.e., either used in a minute and/or large quantities [87]. One
of the recent studies has shown that sugar beet processing wastewater at a concentration
of 2.56 g COD/L was able to generate a power of 1.41 W/m2 which in turn contributed
to the complete removal of suspended solids up to 97% of organic matter [87]. However,
the hydraulic retention time was up to 40 days. Similarly, up to 93% can be removed from
coconut husk retting wastewater containing phenols (potent toxicants) with a concentration
of up to 320 mg/m3, with 91% COD removal being achieved in a dual-chamber MFC [88].
Similarly, the use of crude starch extracts from potato processing has shown promising
results when used in a dual-chamber mediator less MFC, culminating in 18.5% CE and a
COD removal of 61% [81]. Furthermore, olive mill wastewater (OMW) is usually produced
during the processing of olives and is considered the most pollutant containing wastewater
constituted by up to 100,000 mg/L COD. This type of wastewater is characterized by a
strong, intensive black color, acidic pH, a strong odor, and toxicant concentration in the
range of 200–800 mg/L in the form of polyphenols [89] while possessing differentiated
values of electro-conductivity [90].

It has been reported that an MFC made up of a 12 mL inner volume and a single-
chambered air-cathode can be used with diluted OMW in a ratio of 1:10 with OMW acting
as a sole source of carbon for bioenergy generation. A COD of 65% was removed for this
type of set-up, and a total phenolic content of up to 49% was removed while reaching a
maximum voltage generation of 381 mV. In a similar study, an MFC made up of a single-
chambered air cathode was used; albeit, with a cathode equipped with platinum-coating
(0.5 mg Pt/cm2) enveloped with a carbon cloth; a configuration which was demonstrated
as being efficient for OMW treatment [91]. However, OMW is not a promising substrate
for energy production and as such, is not usually considered as an alternative source of
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substrates in MFC technology development. However, a mixture of any other wastewater
combined with OMW generated high-power density results whereby COD was removed
with a low yield in CE [56]. This combination was determined to produce a virtuous power
output and has shown promising results, particularly for OMW treatment [91].

4. Agricultural Residues

Agricultural residues are considered one of the most prominent substrates in renew-
able energy production and carbon source content due to their availability as a cheap
renewable energy feedstock.

Moreover, any microbial community cannot directly utilize the agricultural residues
in MFC to produce electricity. To generate fermentable sugar hydrolysates easily, either
acidic or enzymatic pre-treatments is required [6]. Some of the important agricultural
residues that contribute to bioelectricity generation include wheat straw, corn stover, rice
straw, cassava mill effluent, plant and flower waste, vegetable waste, etc.

4.1. Wheat Straw and Corn Stover

Wheat straw is a known agricultural residue containing cellulose of about 34–40% of
the total organic carbon of the waste. Hemicellulose is 21–26% of the organic carbon, while
lignin is 11–23% of the total organic carbon content. Due to hydrolysis, the formation of a
hydrolysate rich in carbohydrates can be achieved [7]. Some studies have shown wheat
straw as an alternative means of carbon source provisioning in MFCs to generate electricity.
The hydrolysate is formed after converting the solid residue into a carbohydrate-rich liquid,
which can be used as a substrate in MFC to obtain a maximum power density of up to
123 mW/m2 when the initial concentration of the substrate was 1 g/L. However, the
reported energy output seemed to be on the lower side. Overall, wheat straw showed a
high efficiency as a substrate in MFC. However, corn stover, another agricultural residue
containing 70% cellulose and hemicellulose, can undergo conversion processes through
cellulosic enzymatic treatment or steam explosion into sugar hydrolysates containing a
similar profile of sugar content to other agricultural residue hydrolysates obtained [6].
In another experimental setup, the substrate as a hydrolysate from “raw corn stover”
employed in the production of electricity in an MFC, generated a considerable amount of
low power output, unlike in control MFC whereby glucose was employed [8]. This means
an improvement is required in producing a hydrolysate from wheat straw and corn stover
that is suitable for use in MFC technology development.

4.2. Rice Straw

Rice straw consists of mainly lignocellulosic biomass with varying compositions of
organic carbon. The electricity production can be carried out using this agricultural residue,
with its hydrolysate being observed to be suitable to serve as a substrate. Comparatively,
industrial wastewater has been recorded to generate maximum energy of 2.3 mW/m3,
while achieving a 96.5% COD reduction; albeit, a pot MFC was used [82]. However, in the
case of a carbohydrate-rich hydrolysate from rice straw in which 400 mg COD/L removal
was observed, the recorded maximum energy output of 137 mW/m2 was obtained. Still,
when the conductivity of the solution was increased to about 17 mS/cm, about 293 mW/m2

power density was reported [83]. In a two-chambered MFC to produce electricity without
a pretreatment process, the powdered rice was applied directly to the anode side of the
MFC in the presence of a mixed culture containing bacteria capable of breaking down the
cellulose in the straw, culminating in a 54.3% increase in energy generation [76]. In other
studies, the highest generated power was 190 W/m3 when the utilized substrate underwent
no pretreatment process; a mixed culture containing bacteria capable of breaking down
cellulose in the MFC was used [92]. In this regard, MFC has shown a promising and
convenient channel of treatment of wastewaters containing rice straw for the effective
management of the wastewater to minimize pollution in the environment, which will
simultaneously generate electricity.
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4.3. Cassava Mill Effluents

In the processing of cassava to produce starch, a large number of effluents rich in
COD and total solids with high acidic pH, including a minute concentration of cyanide,
are released to freshwater streams can be alternatively redirected for energy generation in
MFC technology. The starch processing industry effluent is rich in carbohydrates. It usually
consists of a high organic content, which ranges from 10–16 g/L, thus making it suitable for
use in MFCs. Some studies have demonstrated the feasibility and biodegradability of such
effluent in MFCs for the treatment of cassava mill effluent, with a high percentage (88%)
of COD being removed, while 1.7 W/m2 of power was generated [78,93]. An increase in
energy recovery of 22.19 W/m3 in a single-chambered MFC was also recorded after adding
a buffer solution for pH correction to within the range 5–9 [68]. Many microbial species
such as Pseudomonas aeruginosa, Bacillus cereus, Bacillus subtilis, Escherichia coli, Saccharomyces
cerevisiae, Aspergillus niger, Aspergillus flavus, and Rhizopus sp., were all found to be in the
anodic biofilms in the MFC treating cassava mill effluent [94].

4.4. Vegetable Waste

Vegetable waste can be regarded as another promising substrate that can generate
energy from various MFC designs. It is usually generated during the washing and cutting
of vegetables from various vegetable markets, restaurants, and some vegetable packaging
industries. The electrogenic population in vegetable waste MFC tended to utilize the
slurry form of the waste better during hydrolysis. In other studies, when the proportion of
cooked and uncooked potato substrate was used in an MFC, increasing the coulombic yield
culminated in 86.3% of COD removal (Du 2017; Du et al., 2018). An average current density
of about 72.2–100.2 mA/m2 was recorded, and 15.6–17.3% COD removal was achieved
using vegetable waste containing effluent in combination with MFC; however, a diverse
microbial consortium was needed, with some organisms such as Firmicutes, Proteobacteria,
and Geobacter sp. proliferating in the anodic solution of the MFC. These organisms were
the most dominant when using potato wastewater as a substrate, conferring the character-
istics of suitable electrogens for electron transfer (Du, 2017). Moreover, a U-shaped MFC
generated a current density of 314 mA/m2 at a resistance of 123 ohms when a vegetable
waste extract was applied as a substrate, demonstrating a higher power density output
than the dual-chambered MFCs [95].

4.5. Fruit Waste

To date, the biodegradation of fruit waste effluent is a challenge due to monosaccha-
rides, disaccharides, and polysaccharides which can facilitate an exponential proliferation
of disease-causing organisms when such effluent is release into rivers untreated. As ob-
served indifferent MFCs configurations, a proportion of fruit wastes can generate about
330 mV during conversion, as observed in some biotransformation of effluent from fruit
processing (Table 2) [96]. In another study, a voltage of 0.563 V and 0.492 V in MFC was gen-
erated when an orange and banana peel effluent was used with no chemical pretreatment.
The residual total reducible sugars were a source of carbon for the microbial consortium [97].
Different fruit processing effluent containing residues and soluble components from orange,
lemon, grape, and mixed fruit processing were observed for their performance in MFCs
to assess the generation of power output compared to conventional MFCs. Improved
performance resulting from highly fermentable carbohydrates was observed; albeit, the
concentration of organic acids such as citric acid from lemon fruit processing, might have
been detrimental for the MFC performance [98]. Lemon processing effluent was considered
a source of energy in which the electrogenic population in the dual-chambered MFC led
to an electron recovery of 0.99 A/m2 with 32.3% CE [99]. Therefore, fruit waste and peel
extract containing effluent can be considered an alternative source of energy-rich support
for electrochemical oxidation in MFCs and possibly can invigorate an emerging renewable
energy technology development field.
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4.6. Plant and Yard Waste

Plant and yard waste residue contain a relatively high concentration of cellulose,
hemicellulose, and lignin. This can undergo hydrolysis by providing a pretreatment step
to make it easily biodegradable during microbial oxidation in MFCs. When a hydrolysate
was generated from plant and yard waste, an energy output of 1.02 W/m2 with COD
removal efficiency of 76% and CE of 69% was recorded using an air cathode MFC [100].
Some aquatic plants have been demonstrated to have similar attributes to those observed
for generic plant and yard waste hydrolysates with Canna indica (Canna)—rich in cellulose
and hemicellulose. Lignin is observed to be suitable to generate a hydrolysate with a
consortium maintenance capability. For the use of hydrolysates from these plant- and
yard-based hydrolysates using an air cathode MFC, about 0.45 W/m3 of volumetric power
density can be generated [101].

5. Treatment of Animal Debris Waste and Wastewater in Microbial Fuel Cells
5.1. Slaughterhouse and Animal Debris Containing Waste

Generally, slaughterhouses and animal manure are usually derived from the livestock
industry, which generates a large amount of wastewater containing suspended solids and
high organic matter content. The release of such wastewater into municipal wastewater
treatment works can cause major environmental odor problems if released untreated. The
wastewater produced from slaughterhouses consists of different substances that the action
of microorganisms can break down. The wastewater also has many suspended nutrients
such as proteins, carbohydrates, minerals, and fat, all of which are also present in animal
blood [102]. Wastewaters derived from abattoirs are usually discharged in several different
channels due to a lack of monitoring for such discharges.

Previously for bioelectricity generation, both the slaughterhouse and animal car-
cass cleaning wastewater were employed in MFC technology, with a generated power
of 578 mW/m2 being recorded [103]. Similarly, the generation of bioelectricity using an-
imal debris containing wastewater as a substrate achieved a maximum power density
of 2.19 W/m3 in an up-flow tubular MFC made up of an air-cathode, recording a COD
removal of 50.66%. In contrast, a low CE (0.25%) was recorded elsewhere [104].

5.2. Livestock Compost Wastewater

Livestock compost wastewater is also one of the effluents most produced in the
livestock industry. Livestock compost is described as an important source of some organic
and inorganic components [105]. Some of these components can be easily broken down into
simpler molecules, which in turn can provide a source of easily fermentable constituents
for consortium support in MFCs [106]. Overall, a complex organic substrate may assist
in the propagation of different species of microorganisms. Generally, exoelectrogenic
bacteria possess a limited ability to utilize complex substrates. Many different microbial
populations are needed for the wastewater to undergo the required oxidation processes and
with microbial species undergoing directed evolution to decompose semi-biodegradable
carbon-based compounds [107]. For example, when wastewater treatment was carried out
in an air-cathode MFC using cattle manure sludge as a substrate with and without any
mediators, increases in power density up to 200% were observed when methylene blue
was used as a mediator [108]. In another study, a maximum power density of 16.3 W/m3

was recorded using suspended cattle manure as a substrate. This was achieved when a
cassette-electrode MFC configuration operating in a batch mode was used, with 41.9% COD
removal being reported in the first ten days of the MFC operation [106]. Some studies have
demonstrated that using a small number of substances derived from livestock waste via
fractionation in combination with compost wastewater as a substrate showed promising
results when fed into an MFC. Generally, 67–215 mW/m2 power density was generated
by livestock waste and compost wastewater which was greater than when supplied as a
liquefied feedstock in MFCs. When livestock compost was employed and the substrate is
halted in MFC, only 15.1 W/m3 of power density was produced [109].
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5.3. Swine Wastewater

A greater emphasis on the use of swine wastewater treatment is currently being advo-
cated for, with some studies showing that a 110 L capacity MFC can achieve a maximum of
5 kg COD/m3.day reduction, representing a 65% efficiency in terms of COD removal while
generating 110 Wh/kg COD net energy [110]. In another case study, about 85.6%, 70.2% and
93.9% of ammonium nitrogen, total nitrogen, and total organic compounds were removed
using Chlorella vulgaris algal-biocathode photosynthetic MFC, achieving a maximum power
density of 3.7 W/m3 with carbon dioxide sequestration. Others reported swine wastewater
treatment while generating a maximum power density of 45 mW/m2 in MFC made up
of two-chambered aqueous cathodes [111]. In a further experiment of similar wastewa-
ter, a maximum power density of 261 mW/m2 was generated in an MFC made up of a
single-chambered air-cathode [112], whereas 382 mW/m2 was recorded elsewhere [113].

5.4. Poultry Slaughterhouse Wastewater

Disposed poultry slaughterhouse waste and effluents containing excreta from birds,
feed, feathers, hatchery waste, urine, feces, sawdust, etc., were determined to be suitable to
generate an engineered biofilm in the anode of an MFC. The biofilm was constituted by
Escherichia coli, Enterobacter, Citrobacter, Geobacter, Klebsiella, Lactobacillus, and Pseudomonas
spp. [114]. Using MFC with rice husk charcoal as an electrode in combination with effluent
from poultry slaughterhouses generated a volumetric power output of 6.9 W/m3 while
achieving a 40% dissolved organic carbon reduction [115]. Similarly, an energy generation
harvesting rate of 278 mW/m2 was observed with an effective 82% BOD removal efficiency
in a continuous horizontal flow MFC [116].

5.5. Dairy Industry Wastewater

The most prominent characterization of dairy industrial wastewater is associated with
its unique constituents attributed to differentially complex organics, including proteins,
lipids, and polysaccharides. The hydrolysis of such wastewater can transform the wastew-
ater components into organic acids, fatty acids, and sugars, respectively. The properties
attributed to dairy industrial wastewater were seen as effective and efficient in an anolyte
in MFC [117]. However, another important product rich in nutritional constituents from the
dairy industry is cheese whey (CW) classified as milk casein obtained after the separation
of milk constituents; hence, the diary industrial wastewater containing CW treatment using
MFC was evaluated by many researchers and reported in several investigations regarding
the bioelectrochemical recovery of electricity from such MFC operations. CW contains high
organic carbon-based compounds that can be broken down into simpler constituents that
are readily available to microorganisms [118]. Results indicated electron transfer variability
using different materials in MFC with different designs, i.e., single, dual, and tubular
chambered MFCs, and different anodic materials, e.g., carbon graphite, stainless steel, com-
posites, etc. The highest CE of 37.2% was recorded using a catalyst-free and mediator-less
MFC treating wastewater from the dairy industry [119]. The electrical performances of
the MFC increased with an increase in organic matter loading rates (OLRs) [120]; albeit,
it was noticed that a high acolyte’s COD concentration of up to 2800 mg/L could lead
to a reduction in electrical energy, and the flow rate of substances in the MFC IEM may
be lowered. Overall, CW containing wastewater has shown a promising result with an
MFC made up of an H-type-two-chambered system connected to a carbon paper anode
and a platinum-coated (0.5 mg/cm2) cathode, achieving the highest energy generation of
up to18.4 mW/m2 with 94% of COD removal being recorded with the said MFC; albeit,
operated in a fed-batch mode [121]. A CE of 11.3% was also reported, further showing CW
containing wastewater as a promising substrate in MFCs [122]. Another system of an MFC
operated in a four-fed batch mode using a cylindrical cathode made from carbon brushes,
and carbon powder was determined to serve as an example of a suitable electrode and
catalyst configuration for dairy wastewater treatment in MFCs. A comparative account of
the substrate used in MFCs and their performance is given in Table 3.
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Table 3. MFC efficiency is based on various substrates.

Substrate MFC Configuration Volume (mL) Power Density CE (%) COD (%) References

For types of food industry wastewaters

Brewery wastewater diluted
with domestic wastewater Single chambered MFC 100 30 mW/m2 __ 90.4 [123]

Dairy wastewater Single chambered MFC 480 1.1 W/m3
(~36 mW/m2) 7.5 95.49 [120]

Dairy wastewater Annular single chamber
MFC 90 20.2 W/m2 26.87 91 [124]

Dairy wastewater Dual Chambered MFC 300 161 mW/m2 NA 90 [125]

Cheese whey Dual chambered
Tubular MFC 500 l.3 ± 0.5 W/m2 3.9 ± 1.7 59.0 ± 9.3 [126]

Chocolate industry
wastewater Dual Chambered MFC 400 1500 mW/m2 __ 74.77 [127]

Molasses wastewater Single chambered
cuboid MFC 650 1410 mW/m2 −1 53,2 [128]

Distillery wastewater
(Molasses based) Single chambered MFC 400 124.35 mW/m2 Ft 72.84 [129]

Molasses wastewater
mixedwith sewage Single chambered MFC 800 382 mW/m2 __ 59 [130]

Palm oil mill effluent Cylindrical MFC 2360
41.8 mW/m2 __ −60 [72,73]
44.6 mW/m2 __ −90

Vegetable waste Single chambered MFC 400 57.38 mW/m2 __ 62.86 [131]

Fermented vegetable waste Single chambered MFC 400 111.76 mW/m2 __ 80 [132]

Cereal-processing
wastewater Dual Chambered MFC 310 81 ± 7 mW/m2 40.5 95 [79]

For types of agricultural wastes

Dairy cow waste slurry Air cathode Double chamber
MFC __ 0.34 mW/m2 0.22 84 (BOD) [133]

Manure Air cathode single chamber __ 67 mW/m2 1.3–5.2 __ [134]

Manure wash water Air cathode single chamber __ 215 mW/m2 __ __ [134]

Soil organic matter Solid-phase Soil MFC __ 0.72 mW/m2 __ __ [135]

Bean residue, ground coffee
waste and rice hull Solid-phase Compost MFC __ 264 mW/m2 __ __ [136]

Powdered rice straw H type MFC __ 145 mW/m2 54.3% to 45.3% __ [137]

Cattle manure slurry Air cathode Cassette-electrode
microbial fuel cell __ 765 mW/m2 28.8 41.9–56.7 [106]

Cow manure Single chamber Compost MFC
(Pt in cathode) __ 349 ± 39 mW/m2 __ ~50 (carbon) [138]

Wheat straw hydrolysate H-type double chamber MFC __ 123 mW/m2 15.5–37.1 __ [139]

Diluted wheat
straw hydrolysate Double chamber MFC __ 148 mW/m2 17 ± 2 95% (xylan and

glucan) [140]

Steam exploded corn
stover hydrolysate

Air cathode Single chamber
MFC (Pt/C cathode) __

371 ± 13 mW/m2

(neutral)
367 ± 13 mW/m2

(acid)

20–30

93 ± 2
(Neutral pH)

94 ± 1
(Acidic pH)

[84]

6. Comparison of Related Works

In comparison to related studies, the quantity of various important factors, including
CE, COD removal, and maximum energy generated, was recorded using different agri-
cultural residues, agro-industrial wastewater, and other by-products generated from the
agricultural industry. These wastes can be used as substrates in MFC technology develop-
ment. Among the agricultural waste that contributes to the highest power generation in
MFC includes wheat straw effluent, rice straw hydrolysate (without pretreatment), and
corn stover along with the application of glucose as a substrate; although, the percentage
rate of COD removal was seen to be very effective in MFCs when rice straw was used.
Similarly, the use of vegetable waste extract produces a high-power output in U-shaped
MFCs than dual-chambered MFCs. Overall, some convincing results were obtained re-
garding power generation using slaughterhouse and animal carcass debris containing
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wastewater. In particular, cattle manure and manure wash wastewater were considered
good substrates for bioelectricity production, with a high percentage of COD removal
achieved. Other substrates such as disposed of poultry waste and swine wastewater can
be used in MFCs, indicating a 65% COD removal, with plant, fruit, and cassava processing
effluent achieving COD removal of up to 88%; although with low power production. A
substantial amount of power density was observed with swine wastewater using an MFC
made up of an air cathode in a single-chambered cell than in an algal bio-cathode in a pho-
tosynthetic MFC. Considering chicken manure treatment, 82% of BOD can be successfully
removed with high energy production using a horizontal flow continuous MFC. Similarly,
the treatment of mustard tuber wastewater in the dual-MFC has shown a good result
with high energy recovery and a high percentage of COD removal. Other agro-industrial
wastewaters containing agricultural activity by-products showed a poor performance in
terms of power generation; this includes POME, brewery, and dairy wastewater, though it
has proven that a high percentage of COD can be removed from these wastewaters with a
moderate quantity of CE. For winery wastewater, only white wine wastewater with the less
organic matter has shown a good result during power production with a high reduction
of BOD and CE. Thus, the application of agricultural waste and its effluents to generate
bioelectricity was demonstrated, with some adequate energy recovery. This can thus be
considered as an alternative source of renewable energy technology, supported by different
microbial communities largely found in the anodic solution of most MFCs; as these types
of microbial communities confer characteristics of electrogens for efficient electron transfer,
most especially to support redox reactions; therefore, this ultimately characterize the ability
of these organisms to support AD.

It has further been shown that sugar beet processing wastewater at a concentration
of 256 g COD/L could generate a power of 1.41 W/m2. Even for coconut husk retting
wastewater containing phenol, 91% of COD was successfully removed when employed
a dual-chamber MFC. Similarly, the use of crude starch extract from potato processing
wastewater has shown promising results when used in a dual-chambered MFC, with a
substantial amount of energy recovered. In another comparative analysis, it has been
observed that OMW is not usually considered a promising substrate for MFCs compared
to sugar beet processing wastewater and coconut husk retting wastewater in terms of
energy production. Thus, it is not usually considered an alternative substrate source in
MFC technology unless combined with another substrate source. Conclusively, when
various comparative analyses of related MFC-substrate studies were conducted, it is clear
that substrates such as wheat straw effluent, rice straw hydrolysate, and corn stover
are good substrate sources that can be utilized in MFCs for energy generation. Others
include slaughterhouse and animal carcass debris containing wastewater, which provides
a large quantity of energy. In contrast, substrates such as POME, brewery, plant and
yard waste, and dairy wastewaters showed a poor performance in energy recovery using
MFCs. To this end, other studies have shown better applicability of some substrates such
as swine wastewater, livestock compost wastewater, fruit waste, vegetable waste, and
cassava mill effluent to facilitate the generation of electricity using MFCs. However, all
these studies have elucidated the fundamental MFC design approach in increasing power
generation quantity.

However, among the physical factors affecting the performance of MFC include the
type of electrode materials used (graphite rod, graphite fiber brush, carbon cloth, carbon
mesh, carbon paper), the surface area of the electrode, and electrode-spacing, and charac-
teristics of the catholyte. On the other hand, biological factors are considered as another
key component that governs the overall MFC performance, which includes biocatalyst
(mixed culture, monoculture) proliferation and activity, including their biofilm-forming
ability and the complex organic matter degradation efficiency, whereas the operational
factors affecting the working principle of MFC in terms of power generation include pH
conditions, the nature and the type of anolyte and load configuration.
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7. Factors Affecting the Performance of MFC Utilizing Food Waste
7.1. pH

For ideal microbial growth, MFCs are usually controlled at pH nearby neutral en-
vironments. However, due to reduced ionic concentration at neutral pH, the internal
resistance of MFCs is strong in comparison to chemical fuel cells that are using alkaline
or acid as electrolytes. Unintended pH shift reduces the power generating potential of
MFCs. Ghangrekar et al. [141] analyzed the pH-change effect on the overall efficiency
of a two-chambered MFC. When the pH gap between the two chambers was high, they
measured optimum current and voltage. Cathode alkalization and anode acidification have
been documented to affect the efficiency of MFCs [142]. During the short- or long-term
activity, the pH gradient is created at the membrane. Because the electrons aggregate at
the anode, an equal amount of H+ is released into the electrolyte and eventually travels
into the cathode, where they are absorbed in cathodic reactions. However, the pH of the
anodic compartment reduces because of inadequate or slow migration and diffusion of
H+ via the membrane. On the other side, as a consequence of proton intake, the pH of the
cathodic compartment decreases for the oxygen reduction reaction (ORR). The presence of
H+ is the main element in evaluating the ORR efficiency of electrochemical water splitting
devices [143] in the cathode chamber. In the anodic container, the performance of electron
transfer and the function of neutrophilic biofilm microbes are decreased if pH is dropped
too suddenly. Although alkaline pH decreases power production in the cathode chamber
markedly. Zhang et al. [144] analyzed the role of initial pH on the anodic bacteria, biofilm,
and MFC’s efficiency in power generation. At acidic conditions, they achieved voltage
output of 232–284 mV vs. 311–339 mV along with a power density of 95–116 mW/m2

vs. 182–237 mW/m2. Reduced and cracked biofilm at pH 5. Around pH 4, the MFCs
were unable to obtain the optimum power around neutral pH. The findings indicated that
the power supply corresponds to the output voltage and time-speed pH variance of the
cathodic and anodic chambers of the MFCs. MFC’s poor performance at pH 4 remained
for a long time and could be irreversible; therefore, low pH conditions in MFCs should
be avoided.

7.2. Substrate Concentration

The impact of substrate concentration on electricity output was explored by the dual
chamber MFC (DCMFC) to treat domestic wastewater [145]. The performance of DCMFC
in the removal of COD was analyzed at various organic loading levels varying from 435 to
870 mg COD/L·d. It can be said that the COD removal efficiency is greater than 90% as
the organic loading rate rises from 435 to 720 mg COD/L·d. In contrast, the COD removal
efficiency declined to about 70% at a lower loading rate (870 mg COD/L·d).

Various performance evaluation studies about pH and substrate concentration have
been illustrated in Table 4.

Table 4. Effect of pH and substrate concentration on MFC performance.

Sr. No. MFC Configuration Substrate Substrate Conc.
(COD mg/L) pH COD (%) Power Density Ref.

1.

Dual Chambered MFC

Dairy wastewater 1600 7 91 2.7 mW/m2 [125]

2. Food waste leachate 39,048 6.3–7.6 84.5 5.591 mW/m2 [146]

3. Wastewater 1587 6.3 41 461 mW/m2 [147]

4.
Single Chambered MFC

__ 1000 9.5–11.50 91 20.2 mW/m2 [124]

5. Lactate __ 8 80 4.8 mW/m2 [148]

6. Single Chambered tubular MFC Fruit and Vegetable slurry 48,320 3.0 ± 0.5 45 55 mW/m2 [149]

7. Sediment MFC Aquaculture wastewater 170–185 8.5 96 4.52 mW/m2 [150]
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7.3. Temperature

The temperature influences the efficacy of MFCs because it affects ORR catalyzed by
Pt on the cathode, bacterial kinetics, and the rate of mass transfer of protons through the
liquid. MFC experiments are often conducted at about room temperature or somewhat
higher (20–35 ◦C). At low temperatures in the range of 4–30 ◦C, MFC functionality requires
a longer starting time to provide consistent power cycles and performance. MFCs could
not generate significant electricity at temperatures below 15 ◦C, even after a month of
operation [151]. Researchers are now focusing their efforts on creating effective MFCs
based on thermophilic bacteria as it has an advantage over agri-waste as it also promotes
pre-treatment. Thermophilic microorganisms have a high rate of metabolic processes and
electron generation, which may be advantageous for their use in MFCs operating at elevated
temperatures [152]. Choi et al. (2004) constructed an efficient MFC using thermophilic
microorganisms. The authors utilized thermophilic bacteria (Bacillus licheniformis and
Bacillus thermoglucosidasius) to investigate various operational parameters in the MFC
system, including redox mediators, temperature, pH, and carbon sources. The authors
stated that they produced a significant quantity of power via the use of a redox mediator.
Maximum performance was found at 50 ◦C, and cell productivity remained constant at
this temperature [153].

7.4. Salinity

Although approximately 5% of the earth’s wastewaters are extremely saline, MFC
may be more helpful in treating these wastewaters. Increased salinity improves power gen-
eration through increased conductivity. Increased conductivity promotes proton transport
and therefore reduces the system’s internal resistance. Lefebvre et al. demonstrated that
adding up to 20 g/L of NaCl improved the cumulative efficiency of MFCs by decreasing
internal resistance by 33% and boosting maximum power output by 30% [154].

8. Strategy to Enhance the Efficiency of MFC Performance

The recent studies conducted by Nadafpour have revealed that to upsurge the current
in MFCs that have unique characteristics, including strong electric conductivity stability in
microbial cultures. In addition, vast surface area and oxidizing agents such as potassium
permanganate have a great ability along with anode that is made up of carbon-containing
material such as graphite rod carbon paper carbon cloth; graphite fiber brush carbon cloth
reticulated vitreous carbon, and carbon flesh [155]. Along with increasing surface area,
Nanoengineering material is being used as anode material instead of conventional material,
improving the electronic transfer mechanism [44,45]. As well to improve the output
electrical power conductive polymer along with modified carbon and metal-based anode
are being used in other suitable matter where during operation of MFC system charged
balanced must be maintained for unhindered migration of H, OH ions and attention must
be paid to electrode stability [156] and at the same time between electrode compartment
any kind of diffusion should be avoided, but significant losses in the performance of the
bioelectrical microbial system as always happening due to the crossover process. A study
conducted by Miyake et al. (2003) has shown that by using functionalized hydrocarbon
polymer in polymer electrolyte fuel cell as proton conductive material an increase in
conductivity of fuel cell under the humid and heated condition it is seen that long term
stability and higher conductivity then 0.01 cm has been provided by the MFC system along
with impermeably to hydrogen methanol and oxygen [157]

In a study conducted by Li et al. (2016) has shown that the characteristic of the
substrate in food waste after MFC treatment to perceive information about how the or-
ganic material was biodegraded and transform during MFC treatment and the aromatic
compound in the hydrophilic fraction in comparison to non-aromatic compound such as
aliphatic compound tryptophan were far preferably removed along with average output
voltage of 0.51 V and maximum power density of 5.6 W per meter cube was achieved [158].
For the power generation and routine electrical purposes, MFC is not the economical
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method; it is incapable of producing as much electricity as is required, nothing less elec-
tric current merely [159] and the very first fuel cell ad produces 1/40 mW/m2 energy, in
addition, a mixed bacterial culture having carbon sources as glucose has been reported to
produce power up to 3.6 W/m2 microbial fuel cell, which is the higher power output of
about 5 fold then the very first fuel cell.

For practical application, it’s crucial to use cost-effective material for building the sys-
tem. There has been ample focus to make high surface and low-cost electrode materials for
high-performing systems. The surface area of an anode directly impacts power generation.
Higher the surface area of anode could lead large accessible surface area for biofilms results
in higher charge generation in the system.

9. Techno-Economic Evaluation of Microbial Fuel Cell Technology

Trapero et al. year evaluated the techno-economic status of MFC utilizing juice
industry wastewater in an aerobic system [160] through modifications conducted in the
parameters like utilization of a dual-chambered reactor with carbon cloth as an anode along
with the two types of cathodes; Pt coated carbon cloth and non-Pt coated carbon cloth, both
in comparison to the conventional process utilizing activated sludge. This configuration
has an effluent flow rate of 54 m3/day with a COD of 15,000 mg/L. The removal of COD
ranges from 40–90%, along with the Coulombic efficiency from 2–30% chosen for the techno-
economic assessment relying mostly on the power efficiency and wastewater treatment.
The initial investment in consideration of MFCs, including electrodes, DC/AC converter,
membranes, pumps, and the fan, is much greater than the conventional treatment plant,
requiring just pump fans and a biological tank. Various other investments need to be
estimated, such as the costs for operating the treatment plant of 100 m3 of the volume,
including the labor cost of 35%, which is around EUR 3248/year, 19% of the investment
for management of the sludge costing EUR 1763/year along with 34% of the investment
costing EUR 3155/year for electricity, indicating that most of the investment will be carried
out for providing labor and electricity for the plant. In comparison to MFCs, the overall cost
of the investment can be reduced because of the automation and no necessity for aeration
at the wastewater treatment plant. Based on this estimation, the overall operating cost of
MFC ranges around EUR 1700–2300/year, which is very low compared to the conventional
process. However, this estimation can be considered only if there is no requirement of
replacing the electrodes or membranes. Thus, the construction of highly durable MFC
parts is essential for making the process economically viable. Therefore, it is a practical
implementation because the capital cost is high compared to the operating cost, which is
directly in contrast to the conventional treatment system. In a general scenario, at 30%
Coulombic Efficiency, there is 90% efficient COD removal creates a relatively better cash
flow than the conventional process (EUR 2600–3400/year) [161].

10. MFC Commercialization

MFC is a well-established and contemplated technology and provides various func-
tional benefits compared to the technologies used to generate energy from organic chemi-
cals [162,163]. It has been exhibited that any compound, which can be used by microorgan-
isms, transformed into electricity using microorganisms [164]. MFCs offer many alluring
attractions, e.g., (a) direct conversion of chemical energy to electricity which prompts
high transformation effectiveness; (b) the fuel to electricity transformation by MFCs is not
constrained by the Carnot cycle since it does not include the change of energy into heat,
rather straightforwardly into electricity and, hypothetically it is possible to accomplish
higher transformation proficiency (70%)” (c) MFC operate at ambient temperature, due
to involvement of microbes as a catalyst; (d) MFCs generate sustainable electricity; and
(e) calm and safe execution of performance [165] and (f) no off-gas treatment is necessary
because MFC usually generate carbon dioxide which has no useful content of energy [166].
It is hypothesized that MFCs can generate about half the power needed for a conventional
treatment process involving aeration of the activated sludge [167]. Even if MFCs are still
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holding on to be completely commercialized, they are not confined to the laboratories
alone. MFCs have ventured into a few smaller-scale applications, which mostly require
long-haul, sustainable low power supply, viz. for sensors for small electronic devices, cell
phones, robots, and urinals. From the industrial application point of view, several start-up
companies have been already established and are trying to commercialize it as illustrated
in Table 5. Such recent progress in MFC design highlighted the optimization and economic
efficiency of operating conditions. However, practical MFC systems must be demonstrated
in a step towards marketing, but they can present new challenges and limitations that must
be tackled systematically in the years to come. Table 6 comprises various patents involving
lignocellulosic biomass as substrates in MFC for the production of value-added products.

Table 5. Various MFC commercialization.

Sr. No Head Quarter Company Name Website/Information Link Foundation Year Services Specific Product

1. USA Cambrian
Innovation Inc.,

https://www.
cambrianinnovation.com/

(accessed date—13 August 2021)
2006

wastewater
treatment

technology

EcoVolt;
EcoVolt MBR

2. Israel Fluence Corporation
Limited (earlier Emefcy)

https://www.fluencecorp.com/
emefcy-and-rwl-water-merge-to-

create-fluence/ (accessed
date—13 August 2021)

2008 wastewater
treatment

electrogenic
bioreactors (EBR)

3.

USA

Zigco LLC, http://www.zigcollc.com/
(accessed date—13 August 2021)

2010

soil powered
battery -

4. Magical microbes
https:

//www.magicalmicrobes.com/
(accessed date—13 August 2021)

educational kit
MudWatt; MudWatt
Core Kit; MudWatt

DeepDig Kit

5. Canada Pron-gineer http://prongineer.com/
(accessed date—13 August 2021)

water and
wastewater
treatment

technology

-

6. CASCADE Clean
Energy, Inc.

http://www.ccleanenergy.com/
(accessed date—13 August 2021)

clean energy
production

Wastewater Works
(WWW)

Table 6. Various Patents associated with MFC utilizing Agricultural biomass as substrate.

Patent No. Description Reference

US9716287B2

A fuel cell with an anode electrode, a cathode electrode, and a reference electrode that
are all electronically connected to each other; a first biocatalyst with a consolidated
bioprocessing organism; and a second biocatalyst with a consolidated bioprocessing
organism. (e.g., a Cellulomonasor clostridium or related strains, like Cellulomonas uda
(C. uda), C. lentocellum, A. cellolulyticus, C. cellobioparum, alcohol-tolerant
C. cellobioparum, alcohol-tolerant C. uda, Clostridium cellobioparum (C. cellobioparum) and
combinations thereof) capable of fermenting biomass (e.g., cellulosic biomass or
glycerin-containing biomass) to produce a fermentation byproduct; and a second
biocatalyst comprising an electricigen (e.g., Geobacter sulfurreducens) suitable for
transferring nearly all the electrons in the fermentation byproduct (e.g., hydrogen, one
or more organic acids, or a combination thereof) to the anode electrode to produce
electricity is disclosed. A consolidated bioprocessing organism is also disclosed, as
well as systems and methods relevant to it.

[168]

EP3071517A1

A plant-derived nanocellulose material that consists of nanocellulose particles or
fibers derived from a plant material with a hemicellulose content of 30% or more
(w/w) (calculated as a weight percentage of the lignocellulosic components of the
material). Aspect ratios of more than 250 are possible for nanocellulose. Plant
materials with a C4 leaf morphology could be used to make the nanocellulose. Arid
Spinifex is a good source of plant material. Mild processing conditions can be used to
create nanocellulose.

[169]
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Table 6. Cont.

Patent No. Description Reference

US20090017512A1

In other implementations, the invention relates to a method for generating ethanol
and electricity or ethanol and hydrogen that involves supplying a microbial catalyst
and a fuel source to a fermentation vessel in operable connection with a microbial fuel
cell or a BEAMR device, where the microbial catalyst has cellulolytic, ethanologenic,
and electricigenic operation, and the microbial catalyst has a cellulolytic,
ethanologenic, and electricigenic activity. Compositions and apparatus for carrying
out the invention are examples of other embodiments.

[170]

US10686205B2

An electrochemical cell with an anode electrode, a cathode electrode, and a reference
electrode that are all electronically connected; the first biocatalyst with a consolidated
bioprocessing organism. (e.g., a Cellulomonad or Clostridium or related strains, such as
Cellulomonas uda (C. uda), Clostridium lentocellum (C. lentocellum), Acetivibriocelluloyticus
(A. cellulolyticus) Clostridium cellobioparum (C. cellobioparum), alcohol-tolerant
C. cellobioparum, alcohol-tolerant C. uda, and combinations thereof) capable of
fermenting biomass (e.g., cellulosic biomass or glycerin-containing biomass) to
produce a fermentation byproduct; and a second biocatalyst comprising an
electricigen (e.g., Geobacter sulfurreducens) capable of transferring substantially all the
electrons in the fermentation byproduct (e.g., hydrogen, one or more organic acids, or
a combination thereof) to the anode electrode to produce electricity is disclosed. A
consolidated bioprocessing organism is also revealed by systems and methods
relevant to it.

[171]

11. Life Cycle Assessment

Distinguishing the decrease in energy and discharges from bioenergy production
and use, an exhaustive assessment from “cradle to grave” is to be deliberately carried
out [172]. Life cycle assessment (LCA) is a universally acknowledged way to deal with
the climatic impact of a certain product over its whole production cycle. This structured
outlook will uncover the genuine capability of the product assessed and recognize the
situation dilemma in the product trials in the long run so that prudent advances can be
proposed to lessen the cynical climatic impact [173]. However, LCA is a technique to
characterize and decrease the ecological weights from a product, procedure, or activity
by distinguishing and measuring energy along with usage of materials, in addition to
waste releases, surveying the effects of these wastes on nature and opportunity evaluation
for ecological refinements over the entire life cycle. LCA is, therefore, important to avoid
unplanned outcomes of new technology or alleviation strategy. A cycle assessment study
including MES ought to characterize the objective, purview, and practical unit as the
essential strides of the investigation. The objective should be to evaluate the energy and
financial flows related to the MES systems. There must be well characterized to certify its
affinity with the objective. The extent of LCA can be assessed by various MESs and some
novel systems for transforming the food waste to straightforwardly produce electricity or
other chemical products. The practical unit is setting the correlation scale for at least two
or more products giving the reference for which the sources and yields are standardized to
establish the inventory. The basic role of the unit in functionality is to cite the information
sources and yields connected and important to guarantee the likeness of results [174].
In the waste treatment plan’s LCA, the practical unit is characterized regarding systems
input which is waste. Thus, if MES is anticipated as a sewerage treatment apparatus, the
operative system will likewise contrast in like manner.

12. Challenges in Using Microbial Fuel Cells

In recent years, the evolution of MFC technology has raised many concerns due to
its unrealized potential for simultaneous bioenergy production and wastewater treatment.
There is also a rising concern for environmental waste management and the amount of
organic matter being released to the environment in the form of untreated effluent, which
affects both terrestrial and marine life. However, these effluents and waste can be used
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for the production of energy. Some companies have launched MFC-based wastewater
treatment systems; although, there are numerous challenges still associated with the use of
such technology. One of the paramount shortcomings of MFC technology is the problem
of high operating costs and low power output. Other challenges associated with MFC
technology are the selection of appropriate and suitable substrate thus wastewater and the
complexity of the molecular structure of the agro-waste identified as a suitable substrate for
MFCs and its resistance to oxidation, which will, in turn, affect its treatability and organic
constituents’ removal which will affect the MFC working principle. However, the pH of
the substrate and its sudden alteration while performing some remediation activities must
be considered for substrate conditioning as the changes in pH may lower the activity of
microorganisms if the optimum is altered, which will, in turn, affect the MFC performance
and quality of the wastewater being treated.

Another factor affecting the performance of the MFC system is the CE when the MFC
is alternatively fed with low strength wastewaters, which will affect electrode performance
due to the diversion of electrons into non-exoelectrogenic growth when using both plant
and animal waste materials, resulting in the rapid depletion of the substrate along with
the process of metabolism, which will lower processes such as methanogenesis thus low
electron transfer efficiency. Scaling-up is another challenging factor that needs to be
considered, which requires an economic evaluation with appropriate safeguards for a
simple wastewater treatment-MFC set-up that can be maintained effectively and easily to
generate a high-power output. Considering the capital cost of MFC based on simplified
designs and their configuration and agro-waste treatment capability, this technology it
is said to be more promising for long energy security than the sole use of conventional
wastewater treatment systems for domestic wastewater [117]. Most of the expensive
electrode materials used, such as catalyst and membrane materials, may result in the high
capital and operational cost implications of MFC [175]. A high potential loss has been
observed at the surface of the electrodes, leading to a reduction in current density when
the upscaling of the MFC technology from a few milliliters to hectoliters is considered [6].
Furthermore, the inability of the MFC to recover heavy metal ions is a great challenge,
also affecting its selection as a preferred technology. Overall, the bio-toxicity of certain
heavy metals would negatively affect the performance of MFCs, imparting low energy
production rates and limited wastewater remediation efficiencies [176].

13. Conclusions and Future Direction

The use of agricultural waste in MFC has been critical in the renewable energy industry,
contributing significantly to the production of bioenergy. Similarly, the development of
MFC technology has enabled the use of agricultural waste as a feedstock by various
microbial communities in the anode compartment of the fuel cell. Due to the complex
structure and crystallinity of agricultural biomass, biodegradation is limited. As a result,
the agricultural waste’s greater moisture content would assist in overcoming this barrier.
By using a variety of wastewater resources, such as agricultural wastewater and fruit
wastewater, the bacteria may easily break down the solid biomass. Conclusively, this
review has demonstrated the use of various agricultural wastes for bioelectricity generation.
Therefore, the use of different agricultural wastes and wastewater containing different
industrial-by products for bioelectricity production in MFC seems to be a promising and
alternative source of renewable energy generation. Moreover, it has been shown that
different varieties of agricultural wastes and wastewater can be utilized using several
different MFCs to enhance bioenergy production; thus, the conversion of agro-waste into
bioenergy can be carried out by both biochemical and thermochemical MFC routes. Several
papers report numerous experimental studies, whereby the use of various substrates
from different agri-based industries and with different compositions for application in
MFCs, has been demonstrated: most importantly, in terms of simultaneous wastewater
treatment and energy recovery. Another attractive and fascinating trait of MFC technology
development is the incorporation of wastewater treatment, which provides an alternative
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solution to wastewater management, pollutant removal, and the maintenance of a safe
and eco-friendly environment in addition to energy production. Overall, it has been noted
that MFC technology offers significant advantages such as low input energy cost and a
low level of residual biosolid production. In essence, improvement has been made in
the total bioenergy production arena in using—concentrated wastewater derived from
various agro-waste, indicating that various microbial consortia of different origins play an
important role during the oxidation-reduction reactions for bioenergy production using
different anodes and cathodes. Overall, an effective pretreatment approach has been made
to solve problems associated with agri-waste mitigation even when such waste has a
different particle size, calorific value, etc. There is also a need to promote environmental
sustainability in agricultural activities and the standard management of agro-wastes that
will reduce the volume of wastes released into the environment and provide a channel
for bioenergy generation. To this end, local governments and regulatory agencies should
explore ways of generating bioelectricity from various agro-waste as there is an urgent
need to disabuse the general public’s minds that agro-waste is useless.
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118. Demirer, G.; Duran, M.; Erguder, T.H.; Güven, E.; Uğurlu, Ö.; Tezel, U. Anaerobic Treatability and Biogas Production Potential

Studies of Different Agro-Industrial Wastewaters in Turkey. Biodegradation 2000, 11, 401–405. [CrossRef]

61



Fermentation 2021, 7, 169

119. Mansoorian, H.J.; Mahvi, A.H.; Jafari, A.J.; Khanjani, N. Evaluation of Dairy Industry Wastewater Treatment and Simultaneous
Bioelectricity Generation in a Catalyst-Less and Mediator-Less Membrane Microbial Fuel Cell. J. Saudi Chem. Soc. 2016, 20, 88–100.
[CrossRef]

120. Venkata Mohan, S.; Mohanakrishna, G.; Velvizhi, G.; Babu, V.L.; Sarma, P.N. Bio-Catalyzed Electrochemical Treatment of Real
Field Dairy Wastewater with Simultaneous Power Generation. Biochem. Eng. J. 2010, 51, 32–39. [CrossRef]

121. Antonopoulou, G.; Stamatelatou, K.; Bebelis, S.; Lyberatos, G. Electricity Generation from Synthetic Substrates and Cheese Whey
Using a Two Chamber Microbial Fuel Cell. Biochem. Eng. J. 2010, 50, 10–15. [CrossRef]

122. Tremouli, A.; Antonopoulou, G.; Bebelis, S.; Lyberatos, G. Operation and Characterization of a Microbial Fuel Cell Fed with
Pretreated Cheese Whey at Different Organic Loads. Bioresour. Technol. 2013, 131, 380–389. [CrossRef] [PubMed]

123. Scott, K.; Rimbu, G.A.; Katuri, K.P.; Prasad, K.K.; Head, I.M. Application of Modified Carbon Anodes in Microbial Fuel Cells.
Process. Saf. Environ. Prot. 2007, 85, 481–488. [CrossRef]

124. Mahdi Mardanpour, M.; Nasr Esfahany, M.; Behzad, T.; Sedaqatvand, R. Single Chamber Microbial Fuel Cell with Spiral Anode
for Dairy Wastewater Treatment. Biosens. Bioelectron. 2012, 38, 264–269. [CrossRef] [PubMed]

125. Elakkiya, E.; Matheswaran, M. Comparison of Anodic Metabolisms in Bioelectricity Production during Treatment of Dairy
Wastewater in Microbial Fuel Cell. Bioresour. Technol. 2013, 136, 407–412. [CrossRef] [PubMed]

126. Kelly, P.T.; He, Z. Understanding the Application Niche of Microbial Fuel Cells in a Cheese Wastewater Treatment Process.
Bioresour. Technol. 2014, 157, 154–160. [CrossRef]

127. Patil, S.A.; Surakasi, V.P.; Koul, S.; Ijmulwar, S.; Vivek, A.; Shouche, Y.S.; Kapadnis, B.P. Electricity Generation Using Chocolate
Industry Wastewater and Its Treatment in Activated Sludge Based Microbial Fuel Cell and Analysis of Developed Microbial
Community in the Anode Chamber. Bioresour. Technol. 2009, 100, 5132–5139. [CrossRef]

128. Zhang, B.; Zhao, H.; Zhou, S.; Shi, C.; Wang, C.; Ni, J. A Novel UASB–MFC–BAF Integrated System for High Strength Molasses
Wastewater Treatment and Bioelectricity Generation. Bioresour. Technol. 2009, 100, 5687–5693. [CrossRef]

129. Mohanakrishna, G.; Venkata Mohan, S.; Sarma, P.N. Bio-Electrochemical Treatment of Distillery Wastewater in Microbial Fuel
Cell Facilitating Decolorization and Desalination along with Power Generation. J. Hazard. Mater. 2010, 177, 487–494. [CrossRef]

130. Sevda, S.; Dominguez-Benetton, X.; Vanbroekhoven, K.; De Wever, H.; Sreekrishnan, T.R.; Pant, D. High Strength Wastewater
Treatment Accompanied by Power Generation Using Air Cathode Microbial Fuel Cell. Appl. Energy 2013, 105, 194–206. [CrossRef]

131. Venkata Mohan, S.; Mohanakrishna, G.; Sarma, P.N. Composite Vegetable Waste as Renewable Resource for Bioelectricity
Generation through Non-Catalyzed Open-Air Cathode Microbial Fuel Cell. Bioresour. Technol. 2010, 101, 970–976. [CrossRef]

132. Mohanakrishna, G.; Venkata Mohan, S.; Sarma, P.N. Utilizing Acid-Rich Effluents of Fermentative Hydrogen Production Process
as Substrate for Harnessing Bioelectricity: An Integrative Approach. Int. J. Hydrog. Energy 2010, 35, 3440–3449. [CrossRef]

133. Yokoyama, H.; Ohmori, H.; Ishida, M.; Waki, M.; Tanaka, Y. Treatment of Cow-Waste Slurry by a Microbial Fuel Cell and the
Properties of the Treated Slurry as a Liquid Manure. Anim. Sci. J. 2006, 77, 634–638. [CrossRef]

134. Zheng, X.; Nirmalakhandan, N. Cattle Wastes as Substrates for Bioelectricity Production via Microbial Fuel Cells. Biotechnol. Lett.
2010, 32, 1809–1814. [CrossRef] [PubMed]

135. Deng, H.; Wu, Y.-C.; Zhang, F.; Huang, Z.-C.; Chen, Z.; Xu, H.-J.; Zhao, F. Factors Affecting the Performance of Single-Chamber
Soil Microbial Fuel Cells for Power Generation. Pedosphere 2014, 24, 330–338. [CrossRef]

136. Wang, C.-T.; Liao, F.-Y.; Liu, K.-S. Electrical Analysis of Compost Solid Phase Microbial Fuel Cell. Int. J. Hydrog. Energy
2013, 38, 11124–11130. [CrossRef]

137. Hassan, S.H.A.; Gad El-Rab, S.M.F.; Rahimnejad, M.; Ghasemi, M.; Joo, J.-H.; Sik-Ok, Y.; Kim, I.S.; Oh, S.-E. Electricity Generation
from Rice Straw Using a Microbial Fuel Cell. Int. J. Hydrog. Energy 2014, 39, 9490–9496. [CrossRef]

138. Wang, X.; Tang, J.; Cui, J.; Liu, Q.; Giesy, J.P.; Hecker, M. Synergy of Electricity Generation and Waste Disposal in Solid- State
Microbial Fuel Cell (MFC) of Cow Manure Composting. Int. J. Electrochem. Sci. 2014, 9, 14.

139. Zhang, Y.; Min, B.; Huang, L.; Angelidaki, I. Generation of Electricity and Analysis of Microbial Communities in Wheat Straw
Biomass-Powered Microbial Fuel Cells. Appl. Env. Microbiol. 2009, 75, 3389–3395. [CrossRef]

140. Thygesen, A.; Poulsen, F.W.; Angelidaki, I.; Min, B.; Bjerre, A.-B. Electricity Generation by Microbial Fuel Cells Fuelled with
Wheat Straw Hydrolysate. Biomass Bioenerg. 2011, 35, 4732–4739. [CrossRef]

141. Jadhav, G.S.; Ghangrekar, M.M. Performance of Microbial Fuel Cell Subjected to Variation in PH, Temperature, External Load and
Substrate Concentration. Bioresour. Technol. 2009, 100, 717–723. [CrossRef]

142. Picioreanu, C.; van Loosdrecht, M.C.M.; Curtis, T.P.; Scott, K. Model Based Evaluation of the Effect of PH and Electrode Geometry
on Microbial Fuel Cell Performance. Bioelectrochemistry 2010, 78, 8–24. [CrossRef]

143. Zhang, L.; Li, J.; Zhu, X.; Ye, D.; Liao, Q. Effect of Proton Transfer on the Performance of Unbuffered Tubular Microbial Fuel Cells
in Continuous Flow Mode. Int. J. Hydrog. Energy 2015, 40, 3953–3960. [CrossRef]

144. Zhang, L.; Li, C.; Ding, L.; Xu, K.; Ren, H. Influences of Initial PH on Performance and Anodic Microbes of Fed-Batch Microbial
Fuel Cells. J. Chem. Technol. Biotechnol. 2011, 86, 1226–1232. [CrossRef]

145. Ye, Y.; Ngo, H.H.; Guo, W.; Chang, S.W.; Nguyen, D.D.; Liu, Y.; Nghiem, L.D.; Zhang, X.; Wang, J. Effect of Organic Loading Rate
on the Recovery of Nutrients and Energy in a Dual-Chamber Microbial Fuel Cell. Bioresour. Technol. 2019, 281, 367–373. [CrossRef]

146. Li, X.M.; Cheng, K.Y.; Wong, J.W.C. Bioelectricity Production from Food Waste Leachate Using Microbial Fuel Cells: Effect of
NaCl and PH. Bioresour. Technol. 2013, 149, 452–458. [CrossRef]

62



Fermentation 2021, 7, 169

147. Madani, S.; Gheshlaghi, R.; Mahdavi, M.A.; Sobhani, M.; Elkamel, A. Optimization of the Performance of a Double-Chamber
Microbial Fuel Cell through Factorial Design of Experiments and Response Surface Methodology. Fuel 2015, 150, 434–440.
[CrossRef]

148. Pandit, S.; Khilari, S.; Roy, S.; Pradhan, D.; Das, D. Improvement of Power Generation Using Shewanella Putrefaciens Mediated
Bioanode in a Single Chambered Microbial Fuel Cell: Effect of Different Anodic Operating Conditions. Bioresour. Technol.
2014, 166, 451–457. [CrossRef]

149. Jannelli, N.; Anna Nastro, R.; Cigolotti, V.; Minutillo, M.; Falcucci, G. Low PH, High Salinity: Too Much for Microbial Fuel Cells?
Appl. Energy 2017, 192, 543–550. [CrossRef]

150. Sajana, T.K.; Ghangrekar, M.M.; Mitra, A. Effect of Operating Parameters on the Performance of Sediment Microbial Fuel Cell
Treating Aquaculture Water. Aquac. Eng. 2014, 61, 17–26. [CrossRef]

151. Pandit, S.; Savla, N.; Jung, S.P. 16—Recent advancements in scaling up microbial fuel cells. In Integrated Microbial Fuel Cells
for Wastewater Treatment; Abbassi, R., Yadav, A.K., Khan, F., Garaniya, V., Eds.; Butterworth-Heinemann: Oxford, UK, 2020;
pp. 349–368. ISBN 978-0-12-817493-7.

152. Yadav, M.; Sehrawat, N.; Singh, M.; Kumar, V.; Sharma, A.K.; Kumar, S. Chapter 11—Thermophilic microbes-based fuel cells:
An eco-friendly approach for sustainable energy production. In Bioremediation for Environmental Sustainability; Kumar, V.,
Saxena, G., Shah, M.P., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 235–246. ISBN 978-0-12-820318-7.

153. Choi, Y.-J.; Jung, E.-K.; Park, H.-J.; Paik, S.R.; Jung, S.-H.; Kim, S.-H. Construction of Microbial Fuel Cells Using Thermophilic
Microorganisms, Bacillus Licheniformis and Bacillus Thermoglucosidasius. Bull. Korean Chem. Soc. 2004, 25, 813–818. [CrossRef]

154. Lefebvre, O.; Tan, Z.; Kharkwal, S.; Ng, H.Y. Effect of Increasing Anodic NaCl Concentration on Microbial Fuel Cell Performance.
Bioresour. Technol. 2012, 112, 336–340. [CrossRef] [PubMed]

155. Najafpour, G.; Rahimnejad, M.; Ghoreshi, A. The Enhancement of a Microbial Fuel Cell for Electrical Output Using Mediators
and Oxidizing Agents. Energy Sour. Part A Recovery Util. Environ. Eff. 2011, 33, 2239–2248. [CrossRef]

156. Niessen, J.; Schröder, U.; Rosenbaum, M.; Scholz, F. Fluorinated Polyanilines as Superior Materials for Electrocatalytic Anodes in
Bacterial Fuel Cells. Electrochem. Commun. 2004, 6, 571–575. [CrossRef]

157. Miyatake, K.; Chikashige, Y.; Watanabe, M. Novel Sulfonated Poly(Arylene Ether): A Proton Conductive Polymer Electrolyte
Designed for Fuel Cells. Macromolecules 2003, 36, 9691–9693. [CrossRef]

158. Li, Y.; Khanal, S.K. Bioenergy: Principles and Applications; John Wiley & Sons: New York, NY, USA, 2016; ISBN 978-1-118-56831-6.
159. Bond, D.R.; Holmes, D.E.; Tender, L.M.; Lovley, D.R. Electrode-Reducing Microorganisms That Harvest Energy from Marine

Sediments. Science 2002, 295, 483–485. [CrossRef]
160. Trapero, J.R.; Horcajada, L.; Linares, J.J.; Lobato, J. Is Microbial Fuel Cell Technology Ready? An Economic Answer towards

Industrial Commercialization. Appl. Energy 2017, 185, 698–707. [CrossRef]
161. Logan, B.E. Scaling up Microbial Fuel Cells and Other Bioelectrochemical Systems. Appl. Microbiol. Biotechnol. 2010, 85, 1665–1671.

[CrossRef] [PubMed]
162. Abourached, C.; Catal, T.; Liu, H. Efficacy of Single-Chamber Microbial Fuel Cells for Removal of Cadmium and Zinc with

Simultaneous Electricity Production. Water Res. 2014, 51, 228–233. [CrossRef]
163. Adekunle, A.; Raghavan, V.; Tartakovsky, B. On-Line Monitoring of Heavy Metals-Related Toxicity with a Microbial Fuel Cell

Biosensor. Biosens. Bioelectron. 2019, 132, 382–390. [CrossRef] [PubMed]
164. Ghadge, A.N.; Ghangrekar, M.M. Performance of Low Cost Scalable Air–Cathode Microbial Fuel Cell Made from Clayware

Separator Using Multiple Electrodes. Bioresour. Technol. 2015, 182, 373–377. [CrossRef] [PubMed]
165. Ghadge, A.N.; Jadhav, D.A.; Ghangrekar, M.M. Wastewater Treatment in Pilot-Scale Microbial Fuel Cell Using Multielectrode

Assembly with Ceramic Separator Suitable for Field Applications. Environ. Prog. Sustain. Energy 2016, 35, 1809–1817. [CrossRef]
166. Hiegemann, H.; Herzer, D.; Nettmann, E.; Lübken, M.; Schulte, P.; Schmelz, K.-G.; Gredigk-Hoffmann, S.; Wichern, M. An

Integrated 45L Pilot Microbial Fuel Cell System at a Full-Scale Wastewater Treatment Plant. Bioresour. Technol. 2016, 218, 115–122.
[CrossRef]

167. Huang, L.; Yang, X.; Quan, X.; Chen, J.; Yang, F. A Microbial Fuel Cell–Electro-Oxidation System for Coking Wastewater Treatment
and Bioelectricity Generation. J. Chem. Technol. Biotechnol. 2010, 85, 621–627. [CrossRef]

168. Reguera, G.; Speers, A.; Young, J. Biofuel and Electricity Producing Fuel Cells and Systems and Methods Related to Same. 2017.
Available online: https://patents.google.com/patent/US9716287B2/en?oq=US9716287B2 (accessed on 28 August 2021).

169. Martin, D.J.; Annamalai, P.K.; Amiralian, N. Nanocellulose. 2016. Available online: https://patents.google.com/patent/EP30715
17A1/en?oq=lignocellulosic+biomass+%2b+MFCs (accessed on 31 March 2021).

170. May, H.D.; Shimotori, T. Apparatus and Methods for the Production of Ethanol, Hydrogen and Electricity. 2009. Available
online: https://patents.google.com/patent/US20090017512A1/en?q=lignocellulosic+biomass+%2b+MFC&oq=lignocellulosic+
biomass+%2b+MFC (accessed on 31 March 2021).

171. Reguera, G.; Speers, A.; Young, J. Biofuel and Electricity Producing Fuel Cells and Systems and Methods Related to Same.
2020. Available online: https://patents.google.com/patent/US10686205B2/en?q=lignocellulosic+biomass+%2b+MFC&oq=
lignocellulosic+biomass+%2b+MFC (accessed on 1 April 2021).

172. Singh, A.; Pant, D.; Korres, N.E.; Nizami, A.-S.; Prasad, S.; Murphy, J.D. Key Issues in Life Cycle Assessment of Ethanol Production
from Lignocellulosic Biomass: Challenges and Perspectives. Bioresour. Technol. 2010, 101, 5003–5012. [CrossRef]

63



Fermentation 2021, 7, 169

173. Lam, M.K.; Lee, K.T.; Mohamed, A.R. Life Cycle Assessment for the Production of Biodiesel: A Case Study in Malaysia for Palm
Oil versus Jatropha Oil. Biofuels Bioprod. Biorefin. 2009, 3, 601–612. [CrossRef]

174. Vlasopoulos, N.; Memon, F.A.; Butler, D.; Murphy, R. Life Cycle Assessment of Wastewater Treatment Technologies Treating
Petroleum Process Waters. Sci. Total Environ. 2006, 367, 58–70. [CrossRef] [PubMed]

175. Oliveira, V.B.; Simões, M.; Melo, L.F.; Pinto, A.M.F.R. Overview on the Developments of Microbial Fuel Cells. Biochem. Eng. J.
2013, 73, 53–64. [CrossRef]

176. Pandit, S.; Chandrasekhar, K.; Kakarla, R.; Kadier, A.; Jeevitha, V. Basic Principles of Microbial Fuel Cell: Technical Chal-
lenges and Economic Feasibility. In Microbial Applications Vol. 1: Bioremediation and Bioenergy; Kalia, V.C., Kumar, P., Eds.;
Springer International Publishing: Cham, Switzerland, 2017; pp. 165–188, ISBN 978-3-319-52666-9.

64



fermentation

Article

Optimization of Yeast, Sugar and Nutrient Concentrations for
High Ethanol Production Rate Using Industrial Sugar Beet
Molasses and Response Surface Methodology

Jean-Baptiste Beigbeder , Julia Maria de Medeiros Dantas and Jean-Michel Lavoie *

Citation: Beigbeder, J.-B.; de

Medeiros Dantas, J.M.; Lavoie, J.-M.

Optimization of Yeast, Sugar and

Nutrient Concentrations for High

Ethanol Production Rate Using

Industrial Sugar Beet Molasses and

Response Surface Methodology.

Fermentation 2021, 7, 86. https://

doi.org/10.3390/fermentation

7020086

Academic Editors: Giuseppa Di Bella

and Alessia Tropea

Received: 5 May 2021

Accepted: 25 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Biomass Technology Laboratory, Department of Chemical Engineering and Biotechnology Engineering,
Université de Sherbrooke, 2500 Boul. de l’Université, Sherbrooke, QC J1K 2R1, Canada;
jean-baptiste.beigbeder@usherbrooke.ca (J.-B.B.); Julia.M.M.Dantas@USherbrooke.ca (J.M.d.M.D.)
* Correspondence: Jean-Michel.Lavoie2@USherbrooke.ca

Abstract: Among the various agro-industrial by-products, sugar beet molasses produced by sugar
refineries appear as a potential feedstock for ethanol production through yeast fermentation. A
response surface methodology (RSM) was developed to better understand the effect of three process
parameters (concentration of nutrient, yeast and initial sugar) on the ethanol productivity using
diluted sugar beet molasses and Saccharomyces cerevisiae yeast. The first set of experiments performed
at lab-scale indicated that the addition of 4 g/L of nutrient combined with a minimum of 0.2 g/L
of yeast as well as a sugar concentration lower than 225 g/L was required to achieve high ethanol
productivities (>15 g/L/d). The optimization allowed to considerably reduce the amount of yeast
initially introduced in the fermentation substrate while still maximizing both ethanol productivity
and yield process responses. Finally, scale-up assays were carried out in 7.5 and 100 L bioreactors
using the optimal conditions: 150 g/L of initial sugar concentration, 0.27 g/L of yeast and 4 g/L
of nutrient. Within 48 h of incubation, up to 65 g/L of ethanol were produced for both scales,
corresponding to an average ethanol yield and sugar utilization rate of 82% and 85%, respectively.
The results obtained in this study highlight the use of sugar beet molasses as a low-cost food residue
for the sustainable production of bioethanol.

Keywords: RSM; bioethanol; yeast fermentation; sugar beet molasses; industrial by-product; scale-up

1. Introduction

Over the years, climate changes and air pollution attributed to the use of fossil fuels
has been an increased concern all around the world [1]. One of the main reasons related to
the actual environmental issues is the high amount of greenhouse gases (GHG) continu-
ously released into the atmosphere due to anthropogenic activities (industries, land use,
transportation, etc.) [2]. In this context, the use of biofuels such as bioethanol has emerged
as a sustainable alternative to fossil fuels due to numerous advantages, including reduced
emission of GHG, hydrocarbons and nitrogen oxides during both bioethanol production
and combustion [3]. In this context, many countries have been adopting new policies to
promote the use of biofuels, and the market perspectives are a 2-fold increase in Brazil and
the USA and a 4-fold increase in China and EU by 2040 [4].

Among biofuels, bioethanol production through anaerobic fermentation of carbohy-
drates by yeast microorganisms is the most developed and implemented process at an
industrial scale [5]. Fermentable sugars are generally extracted from various plants such as
corn, sugarcane and sugar beet, which represent the main feedstock used for the actual
worldwide ethanol production [6]. However, even if part of the carbon released after the
fuel combustion is captured by the crops during their growth, the production of bioethanol
from conventional crops can still impact carbon neutrality [4].
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One way to reach a carbon neutrality (or even negative carbon emissions) could
involve reusing biomass residues such as agricultural and food wastes as alternative
feedstocks [7]. These by-products represent a concrete solution to avoid the direct land
use impact of using crops for the production of fuels, especially in light of life cycle
assessment calculations that will determine the carbon impact of biofuels [8]. Recent
studies reported the use of various residues such as food waste [9], corncobs [10] and
algae waste [11] for the sustainable production of bioethanol. In the case of lignocellulosic
biomass, several pre-treatment steps are often required to break down the complex lignin
structure and depolymerise the crystalline cellulose to access fermentable sugars [12].
However, residues from the food industry often have the advantage of being rich in easily
fermentable carbohydrates, which could simplify the overall process while reducing the
energy requirements for the process and possibly, the carbon intensity of the downstream
fuel [13].

Sugar beet and cane molasses are abundant liquid by-products from the sugar industry,
which are generally found at high amount of total sugars (50.6–71.0% w/w) and traces of mi-
cronutrients such as minerals (Ca, Mg, Na and K), phosphate and nitrogen compounds [14].
These sugar-rich solutions does not require any major physical or chemical pretreatment
(such as hydrolysis, filtration, sterilization, etc.) before fermentation, making them very
appropriate for ethanol production. In this context, several studies already reported the
efficient production of bioethanol using sugar beet and sugarcane molasses. For instance,
Razmovski et al. compared the fermentation performances of immobilised and free yeast
cells using sugar beet molasses and thick juice at three initial glucose concentrations of 100,
200 and 300 g/L [13]. For both substrates, immobilised yeasts resulted in higher ethanol
yields than free cells condition, with the highest ethanol volumetric productivity of 1.257
and 1.422 g/L/h obtained with molasses and thick juice diluted at 150 g/L of initial sugar,
respectively. In another study, the continuous production of ethanol was investigated
using an immobilised yeast cell reactor and sugarcane molasses as low-cost fermentation
substrate [15]. The highest ethanol production of 19.15 g/L was obtained with a hydraulic
retention time of 15.63 h combined with an initial sugar concentration of 150 g/L. In a
recent study, a rotary biofilm reactor was developed for long-term bioethanol production
using non-sterilised sugar beet molasses [16]. By recycling 30% of the fermentation broth
every 36 h, a stable production of 52.3 g/L of ethanol was achieved over a period of 60 days.
In addition, molasses can also be used for the production of different alcoholic beverages
such as rum, a spirit distillate with an ethanol content of 37–43% alcohol by volume [17].
In another study, the ethanol production performances of corn marsh feedstock were
improved by the addition of sugarcane molasses [18]. Mixing 50% of corn mash with 50%
of sugar cane molasses generated the highest ethanol concentration (8.2%).

To implement an efficient fermentation process using industrial by-products, several
process parameters such as sugar and yeast concentrations must be optimised to ensure
high ethanol productivity while keeping in mind the economic aspects of the process [19].
Nutrient supplementation is also an important parameter to take into consideration since
an adequate amount of nutrient can significantly improve yeast viability and resistance to
the medium, stimulating ethanol production performances. Since alcoholic fermentation is
a complex biological process involving various operating factors, the use of the classical
“one factor at a time” approach could be time-consuming due to the large number of
experiments to perform. Hence, tools such as the statistical design of experiment (DoE)
allow investigating the effect of several operational factors as well as their interactions on
the overall process while considerably reducing the number of experimental tests [20]. For
instance, a central composite design coupled with response surface methodology (CCD-
RSM) represents a powerful and effective statistical tool that could commonly be used
for the optimization of biotechnological processes such as fermentation [19,21,22]. Once
developed, the CCD-RSM can be used to predict a process output, while imposing specific
constraints based on economical and technical aspects.
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In this context, the present work aims to optimise the production of ethanol from
non-treated sugar beet molasses produced by a local sugar refinery. For this purpose, a
CCD-RSM was designed and developed to investigate the effect of three fermentation
process parameters (initial sugar, yeast and nutrient concentrations) on ethanol productivity
while considering several operating parameters such as ethanol yield and sugar utilization
rate. Then, the second-order mathematical model obtained through the CCD-RSM was
tested to evaluate its ability to make accurate predictions based on specific desired process
outputs. To the best of our knowledge, this is the first study reporting the use of a CCD-
RSM statistical approach to maximise the production of ethanol from non-sterilised sugar
beet molasses while scaling up the experimental results up to a 100 L bioreactor scale.

2. Materials and Methods
2.1. Sugar Beet Molasses Preparation

The sugar beet molasses was collected from a local sugar refinery located in Coaticook
(Québec, Canada) and stored at 4 ◦C until further use. The sugar beet crops were culti-
vated and harvested by the same company before being processed to produce sugar. The
fresh molasses was initially characterised for pH, density as well as for sugars and other
metabolites concentrations (see Table 1).

Table 1. Chemical and physical properties of the raw sugar beet molasses used for the RSM fermen-
tation assays.

Parameters Values

pH 6.36
Density (kg/L) 1.30

Total sugars (g/L) 655.18
Sucrose (g/L) 560.95
Glucose (g/L) 55.23
Fructose (g/L) 39.00

Acetic acid (g/L) 0.79
Lactic acid (g/L) 11.28

2.2. Statistical Experimental Design Methodology

The first part of this study aimed to optimise the ethanol fermentation of sugar
beet molasses using a CCD-RSM. This statistical approach allows investigating specific
operational parameters together with their related effects on the fermentation process
with a limited number of experiments. Therefore, a CCD-RSM was implemented for three
process variables: initial sugar concentration (Factor A) as well as yeast (Factor B) and
nutrient (Factor C) concentrations. These investigated factors were studied at low, middle
and high levels, coded −1, 0 and +1, respectively (Table 2). In addition, two centre points
were added to check for curvature and verify the repeatability of the fermentation process.
Finally, confirmation experiments were performed to verify the accuracy of the developed
mathematical model and its capacity to predict process responses within the design space.
The CCD-RSM was designed and analysed using the Design-Expert 12 software (Stat-Ease
Inc., Minneapolis, MN, USA).
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Table 2. Experimental factors and their associated levels used during the development of the CCD-
RSM for the fermentation of diluted sugar beet molasses using Saccharomyces cerevisiae yeast.

Factors Symbols
Levels

−1 0 +1

Sugar concentration (g/L) A 125 225 325
Yeast concentration (g/L) B 0.2 0.6 1.0

Nutrient concentration (g/L) C 0 2 4

The ethanol productivity was used as the main experimental process response (Y1)
for the CCD-RSM and calculated using Equation (1).

Ethanol productivity (g/L/d) = EtOHmax/ tfermentation (1)

where EtOHmax represents the maximum ethanol concentration (g/L) and tfermentation
represents the time of incubation (d) required to achieve the EtOHmax.

In addition, ethanol yields were calculated based on the maximum theoretical ethanol
concentration calculated for the three initial sugar concentrations. Using Equation (2),
it can be assumed that 1 g of glucose produces 0.51 g of ethanol and 0.49 g of carbon
dioxide (CO2).

C6H12O6 → 2C2H6O + 2CO2 (2)

Ethanol yields were expressed as % of the maximum theoretical ethanol concentration.

2.3. Fermentation Experiments

The fermentations assays were carried out according to the different experimental lines
described by the DoE (Table 3). Therefore, sugar beet molasses was diluted to reach the
required initial sugar concentration using tap water and the respective amount of nutrient
(Fermaid O, Lallemand Biofuels & Distilled Spirits, Montreal, QC, Canada) was added to
the solution. Fermaid O is a mix of inactivated yeast fractions, rich in organic nitrogen,
generally used in the wine industry. This nutrient was not supplemented by any ammonia
salts or micronutrients. Fermaid O was referred to as “nutrient” parameter in this study.
After pH adjustment to 5.5 using an 11 M H2SO4 solution, fermentation broths were placed
into 50 mL serum vials with a working volume of 25 mL. Yeast inoculum was prepared by
rehydrating Saccharomyces cerevisiae dry yeast cells (Thermosacc® DRY, Lallemand Biofuels
& Distilled Spirits, Canada) with tap water at 30 ◦C, 140 rpm for a period of 15 min using a
shaking incubator (Ecotron, Infors-HT Inc., Bottmingen, Switzerland). Three concentrated
yeast suspensions were prepared to obtain the desired initial yeast concentration in the
final fermentation media. After yeast inoculation, all the fermentation vials were capped
with rubber septum stoppers and aluminium rings, before being flushed with N2 for 5 min
to ensure an anaerobic environment. The fermentation vials were finally incubated at
30 ◦C for 112 h under a 140 rpm stirring. Temperature and agitation parameters were
not optimised in this work and their values were selected based on our previous study
dealing with the fermentation of softwood residues [21]. Liquid samples were taken at the
beginning and at the end of the experiment to quantify different metabolites and products
such as sugars and ethanol concentrations. All conditions were carried out in triplicate and
results are expressed as average value ± standard deviation.
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Table 3. Experimental design matrix of the CCD-RSM study presenting the different experimental lines as well as the
investigated response generated during the molasses fermentation optimization.

Run
Factor A Factor B Factor C Response Y1

Sugar Concentration Yeast Concentration Nutrient Concentration Ethanol Productivity ± SD
g/L g/L g/L g/L/d

1 125 0.2 0 5.7 ± 0.1
2 125 0.6 2 15.0 ± 0.0
3 325 0.2 4 12.8 ± 0.1
4 325 0.6 2 12.8 ± 0.0
5 125 1 4 18.3 ± 0.1
6 225 0.6 4 19.8 ± 0.8
7 325 0.2 0 2.6 ± 1.0
8 125 0.2 4 17.9 ± 0.2
9 325 1 4 15.8 ± 0.1

10 225 0.2 2 11.4 ± 0.1
11 325 1 0 10.6 ± 0.8
12 225 0.6 2 15.4 ±0.2
13 125 1 0 9.8 ± 0.1
14 225 0.6 0 10.3 ± 0.1
15 225 1 2 17.2 ± 0.6
16 225 0.6 2 15.3 ± 0.3

The optimal conditions obtained during the CCD were used to design and perform
scale-up assays using 7.5 and 100 L bioreactors with working volumes of 5 and 50 L,
respectively (Figure 1). The 7.5 L glass bioreactor (Infors-HT Inc., Bottmingen, Switzerland)
was equipped with a double envelope to control the temperature at 30 ◦C, meanwhile,
a mechanical stirrer provided a continuous agitation at 250 rpm. In addition, a water-
cooled condenser was attached to the reactor to prevent evaporation. The 100 L stainless
bioreactor was equipped with a 2000 W heating element to maintain the fermentation
media temperature to 30 ◦C. Constant stirring at 70 rpm was achieved using a 2-blades
impeller system powered by a 12 Volt DC electric motor.
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Figure 1. Schematic view of the 7.5 L (A) and 100 L (B) stirred-tank bioreactors used to perform
the fermentation scale-up experiments. The optimal operating conditions determined during the
CCD-RSM were utilised to maximise the production of ethanol from non-treated sugar beet molasses.

2.4. Analytical Procedures
2.4.1. Gravimetric Analysis

To monitor the ethanol production of a large number of fermentation media during
the CCD-RSM, a gravimetric methodology was developed to quantify the amount of
CO2 released during the fermentation procedure. Considering the alcoholic fermentation
reaction (Equation (2)) that theoretically gives two moles of ethanol and two moles of CO2
per initial mole of glucose, the ethanol concentration could be indirectly calculated by
following the production of CO2. This gravimetric technique is a simple and efficient tool
to follow ethanol production kinetics, with the advantage to be less time- and resource-
consuming than conventional methods. Moreover, this technique assumes that only CO2
and ethanol are produced during fermentation.

To validate this technique, a calibration curve was prepared by plotting “the ethanol
calculated by mass loss” versus “the ethanol quantified by HPLC” (details in Section 2.4.2),
which were referred to as Eml and Ehplc, respectively (Figure S1). The linear regression
showed a coefficient of determination (R2) of 0.97 with Equation (3).

Ehplc = 0.84× Eml − 9.95 (3)

All the ethanol results shown in this study, except for the ones obtained during the
scale-up experiments, were calculated using the latest calibration curve.

2.4.2. Sugars and Ethanol Quantification

Although the gravimetric analysis is an alternative option to follow the fermentation
development, it is still necessary the quantify monomeric sugars and other fermentation-
related metabolites to ensure accurate results. To this purpose, a Dionex ICS-5000+ ion
chromatography system was used but more specifically for sugars quantification. The sys-
tem was equipped with a KOH eluent generator to provide a proper eluent concentration,
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an analytical gradient pump, a thermostatic AS-AP auto-sampler and an electrochemical
detector. A 200 mM KOH post-injection with a Dionex GP 50 gradient pump was imple-
mented to ensure signal stability. For this project, a Dionex CarboPac Sa10-4 µM column
was used while the oven was set at 45 ◦C and the electrochemical detector was at 30 ◦C.
The injection volume was 0.4 µL and elution was made with an aqueous solution of KOH
at 1.25 mL/min at the following concentrations: 1 mM for 12 min, 10 mM for 5 min and
1 mM for 1 min. The calibration curve involved a concentration of standards varying from
10 ppm to 1000 ppm and involved the following standards: fructose 99%, glucose 99% and
sucrose 99% which were all purchased from Sigma-Aldrich.

An Agilent 1100 series HPLC (Agilent Technologies Inc., Colorado Springs, CO, USA)
equipped with a G1362A Refractive Index Detector was used to quantify ethanol. The
system was operated at 40 ◦C with an isocratic elution method (2.5 mM). The HPLC set-up
also had a G1322A Degasser and a G1311A Quaternary Pump. A G1313A Autosampler
injected 40 µL of sample and the column used was a ROA-Organic Acid H+ (8%) at 65 ◦C.
The elution was performed at a constant flow of 0.08 mL/min of a 0.01 M H2SO4 solution. A
calibration curve from 10 ppm to 1000 ppm was performed using the following standards:
L-lactic 99% (Alfa Aesar), acetic acid 99.9% (Sigma Aldrich), ethanol 99% (Sigma Aldrich)
and glycerol 99% (Sigma Aldrich).

3. Results and Discussion
3.1. Ethanol Production Kinetics Overview

One of the main objectives of this study was to elucidate the effect of different operat-
ing fermentation parameters on the ethanol production process to develop a cost-effective
and efficient strategy to valorise sugar beet molasses. In this sense, a CCD-RSM was
designed and developed using three experimental process parameters (initial sugar, yeast
and nutrient concentrations) investigated at three levels, using ethanol productivity as the
main process response.

Ethanol production was strongly affected by the three investigated process parameters,
which resulted in different fermentation kinetics among the 16 experiments of the CCD-
RSM (Figure 2). For all the conditions, a short lag phase of approximately 24 h was noticed
before measuring any production of ethanol. This period is probably due to the adaptation
of yeast cells after their inoculation into the sugar-rich media. By the end of the incubation
time, only three conditions with an initial sugar concentration of 125 g/L, various yeast
(0.2, 0.6 and 1.0 g/L) and nutrient (2 and 4 g/L) concentrations reached a plateau with a
constant ethanol concentration of 54 g/L. The highest ethanol production of 92 g/L was
observed when the sugar beet molasses was diluted to 225 g/L of initial sugars combined
with the use of 0.6 g/L and 4.0 g/L of yeast and nutrient, respectively. The positive effect
of nutrient supplementation was highlighted by observing very slow fermentation kinetics
for media not supplemented with nutrients compared with the ones with nutrients.
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Figure 2. Ethanol production for the different initial sugar concentration of sugar beet molasses (125, 225 and 325 g/L) using
Saccharomyces cerevisiae yeast. Colours are attributed to the initial nutrient concentration: black (0.0 g/L), blue (2.0 g/L) and
red (4.0 g/L). Symbols are related to the initial yeast concentration: square (0.2 g/L), circle (0.6 g/L) and triangle (1.0 g/L).

3.2. Design Matrix and Ethanol Productivity Analysis

The fermentation results obtained during the CCD-RSM were analysed by calculating
the ethanol productivity of each experimental line, based on the maximum ethanol con-
centration achieved after a specific incubation time (Table 3). To quantify the fermentation
performances and perform an in-depth comparison of the results, ethanol yields expressed
as a percentage of the maximum theoretical ethanol yield were calculated and discussed in
the following section.

As observed for the fermentation kinetics, various responses were detected among
the experimental lines of the CCD-RSM, with ethanol productivity values ranging from 2.6
to 19.8 g/L/d with average productivity of 13.2 g/L. A total of 8 experiments achieved
ethanol productivities higher than 15.0 g/L by the end of incubation time.

However, ethanol yields calculated for all the 16 experimental runs revealed that only
a few numbers of conditions reached high ethanol yields (Figure 3). In fact, the initial
sugar concentration had an important effect on the fermentation performances since only
the experiments with sugar concentrations comprised between 125 and 225 g/L reached
ethanol yields above 60%. In addition, the highest ethanol yields of 82% were generated
for three experimental conditions (run 8, 5 and 2), where a minimum of 2 g/L of nutrient
and 0.2 g/L of yeast were used, combined with an initial sugar concentration of 125 g/L.
Finally, the lower ethanol yield of 7.0% was obtained for the fermentation media incubated
without any nutrient supplementation combined with a low amount of yeast (0.2 g/L) and
a high concentration of initial sugar (325 g/L).
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Figure 3. Ethanol yields expressed as a percentage of the maximum theoretical ethanol concentration
for all the investigated runs of the CCD-RSM (white label). Yields were sorted in ascending order for
a better interpretation of the ethanol performances. Dashed lines show the lowest (Min), the highest
(Max) and the average (Mean) ethanol yields.

The high ethanol volumetric productivity values obtained in our study, ranging from
15.0 to 19.8 g/L/d, were in agreement with the fermentation results previously presented
by Razmovski et al. using sugar beet molasses [13]. The use of non-immobilised yeast cells
generated ethanol volumetric productivities of 20.09, 19.82 and 13.51 g/L/d when using
initial sugar concentration of 100, 150 and 300 g/L, respectively. Similarly, Vucurovic et al.
noticed a significant reduction in ethanol performances including sugar utilization, ethanol
productivity and yield when fermenting sugar beet molasses with sugar concentration
higher than 175 g/L, using free yeast cells [23]. These observations were correlated with
lower cell yeast viability, attributed to the presence of high sugar concentration as well as
non-sugar compounds such as mineral salts which might affect yeast metabolism.

The analysis of experimental ethanol yields was useful to correlate the ethanol pro-
ductivity values with actual ethanol performances based on the maximum theoretical
ethanol yield. The latest parameter is often calculated considering 100% sugar utilization
by yeast cells during fermentation. Such operational parameter must be evaluated when
implementing a fermentation process in order to take full advantage of the initial sugars
present in the feedstock for the production of ethanol. In this sense, sugar concentration
between 125 and 225 g/L and the addition of nutrient should be carefully considered to
achieve high ethanol yields while producing at least 15 g/L/d of ethanol.

3.3. Mathematical Model Analysis

The ethanol productivity results presented in the last section were subjected to an anal-
ysis of variance to evaluate if the mathematical model was significant (Table 4). p-values
lower than 0.0500 showed that the model is significant while a Fit-value of 107.40 indicates
there is only a 0.01% of chance that a Fit-value this large could occur due to noise. Similarly,
A, B, C, AB, BC, A2, B2 model terms were statistically significant with p-values lower than
0.0006. Regarding the pure error, the Lack of Fit was considered as not significant with a
Fit-value of 57.66 and a p-value of 0.0996. Thus, there is only a 9.96% chance that a Lack of
Fit-value this large could occur due to noise.

In addition, the accuracy of the model and its ability to predict in the design space
was verified by the close relationship between the predicted and the experimental values
obtained for the ethanol productivity main response (Figure S2). The Predicted R2 of 0.9436
was found to be in reasonable agreement with the Adjusted R2 of 0.9846 since the difference
was less than 0.2. A correlation between these two parameters was also confirmed by
a coefficient of determination (R2) of 0.9938 when conducting a linear regression of the
predicted and the experimental data. The signal to noise ratio of 36.9494 (“Adeq Precision”)
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was significantly higher than 4, indicating an adequate signal to navigate the design space.
In addition, the very similar ethanol productivity of 15.4 and 15.3 g/L/d obtained for both
centre points (run 12 and 16, respectively) confirmed the stability and the reproducibility
of the results (Table 3).

Table 4. ANOVA table of CCD-RSM used to optimise the fermentation of diluted sugar beet molasses
using S. cerevisiae yeast.

Source Sum of Squares df Mean Square F-Value p-Value 1

Model 325.15 9 36.13 107.40 <0.0001
A—Sugar concentration 14.78 1 14.78 43.94 0.0006
B—Yeast concentration 44.81 1 44.81 133.20 <0.0001

C—Nutrient concentration 209.71 1 209.71 623.45 <0.0001
AB 5.55 1 5.55 16.51 0.0066
AC 3.58 1 3.58 10.65 0.0172
BC 9.79 1 9.79 29.10 0.0017
A2 8.37 1 8.37 24.87 0.0025
B2 5.16 1 5.16 15.34 0.0078
C2 1.15 1 1.15 3.40 0.1146

Residual 2.02 6 0.3364
Lack of Fit 2.01 5 0.4023 57.66 0.0996
Pure Error 0.0070 1 0.0070
Cor Total 327.17 15

1 p-values < 0.0500 represent significant model terms.

3.4. RSM Optimization

The RSM analysis highlighted the combined effect of the three fermentation process pa-
rameters on the ethanol productivity response (Figure 4). As observed previously, nutrient
supplementation was one of the most influential variables, strongly affecting the fermen-
tation performances. Optimal regions for maximizing the overall ethanol productivity
(>15 g/L/d) were detected for a nutrient concentration of 4 g/L combined with an initial
sugar concentration lower than 225 g/L and a minimum of 0.2 g/L of yeast (Figure 4C).
In the absence of nutrient, ethanol production rates were very slow (<10.6 g/L/d), sug-
gesting that the molasses feedstock alone did not offer a sufficient level of nutrient for
S. cerevisiae yeast metabolism. These findings are slightly different from other studies
reporting the efficient production of ethanol from sugar beet molasses without nutrient
supplementation [13,23]. However, yeast cells used in these studies were previously grown
in a nutrient-rich solution before inoculation, which was very different from our simple
rehydration yeast preparation protocol.

In addition, ethanol productivity performances were negatively affected when increas-
ing the amount of initial sugar present in the fermentation system, which was probably due
to an increase in osmotic stress. This behaviour was similarly reported by Vučurović et al.
when measuring S. cerevisiae yeast viability at the end of sugar beet molasses fermentation
assays. In the absence of nutrient, the increase of initial sugar concentration from 100 to
300 g/L significantly decreased the viability of free cells from around 100 to 63.9% [17].
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Figure 4. 3D-response curves of the ethanol productivity as a function of yeast and sugar concen-
trations for the three investigated nutrient concentrations of 0 (A), 2 (B) and 4 g/L (C). Untreated
sugar beet molasses, diluted at several initial sugar concentration, was used as the fermentation
feedstock. Red dots within the response curves represent experimental design points obtained during
the CCD-RSM while contour lines show prediction outputs calculated by the mathematical model.

3.5. Validation Experiments

To confirm that the CCD-RSM model can be used to make accurate process predic-
tions, validation experiments were performed at lab-scale using 50 mL vials based on the
results presented in the first part of this study. Two process scenarios called respectively
“scenario A” and “scenario B” were designed to maximise the ethanol productivity while
taking into consideration specific operational process constraints. For both scenarios, the
initial sugar concentration was kept between 125 and 225 g/L at a specific concentration of
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170 g/L to trigger high ethanol yield and productivity responses. In addition, scenario B
was designed to minimise the quantity of initial yeast while still trying to maximise the
ethanol productivity response. Finally, the nutrient content was predicted within the
design space with 3.9 and 4.0 g/L of initial nutrient concentration for scenario A and
B, respectively.

Isoresponses curves predicting the ethanol productivity give valuable information
regarding the combinatory effect of nutrient and yeast concentration on the process output,
at a specific sugar concentration of 170 g/L (Figure 5A). Ethanol productivity performances
higher than 19 g/L/d could be achieved by using a minimum of 3.5 g/L of nutrient during
the fermentation. Interestingly, the quantity of yeast initially introduced in the system could
be significantly lower to 0.2 g/L while still generating ethanol at a high production rate.

Confirmation experiments showed that after a first lag phase of 24 h, both scenarios
continuously produced ethanol before reaching more than 70 g/L of ethanol after 72 h
of incubation (Figure 5B). By the end of the fermentation, scenario A and B reached final
ethanol concentrations of 80.2 and 86.0 g/L, which represent theoretical ethanol yields of
88.5% and 94.9%, respectively (Table S1). In addition, high ethanol productivities were
achieved during the confirmation experimental assays with 19.5 and 21 g/L/d obtained
for scenario A and B, respectively.

Figure 5. (A)—Isoresponse curves predicting the ethanol productivity responses based on nutrient
and yeast concentrations using non-treated sugar beet molasses diluted at 170 g/L of initial sugar.
(B)—Experimental fermentation kinetics of the two investigated scenarios for an initial sugar con-
centration of 170 g/L. Both scenarios A and B were designed for maximizing ethanol productivity
with a high (0.7 g/L) and low concentration (0.27) of yeast, respectively. In addition, 3.9 and 4.0 g/L
of nutrient were respectively used for scenario A and B. The dashed line represents the theoretical
maximum ethanol yield of both scenarios.

The mathematical model developed in this study was able to accurately predict the
ethanol productivity response with an error lower than 12.9%, which we considered as
statistically acceptable based on the challenges of reproducibility associated with the
implementation of biotechnological processes such as the fermentation one. In addition,
the confirmation experimental results highlighted the fact that the quantity of yeast can be
considerably reduced while obtaining high ethanol productivity of 18.6 g/L/d (scenario B).
This might have a major impact on the operating expenses of the fermentation process,
reducing by 2.6-fold the cost related to the use of yeast.
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3.6. Scale-Up Assays

Scaling up biological processes such as the alcoholic fermentation process often re-
quires further investigation at an intermediate scale to realise a smooth transition from
bench-scale to pilot-scale. In this context, experimental results obtained in the first part
of this study were used to design and perform fermentation assays at bioreactor-scale.
Diluted sugar beet molasses, with an initial total sugar concentration of 150 g/L, were used
as feedstock to perform batch fermentation using two bioreactors with total volumes of 7.5
and 100 L, respectively. Fermentation broths were regularly sampled to monitor the sugar
and ethanol concentration throughout the experiment.

During the first 24 h of incubation, the diminution of sucrose concentration was
correlated with the production of 22.5 g/L of ethanol as well as an increase of glucose
and fructose concentrations, for both the 7.5 and 100 L bioreactors (Figure 6). The latter
phenomena can certainly be attributed to the hydrolysis of sucrose by S. cerevisiae’s invertase
enzyme [24]. It is worth mentioning that glucose was preferentially utilised by yeast cells,
with a higher consumption rate than fructose. Then, the concentration of both reducing
sugars continuously decreased over the fermentation and after 64 h of reaction, could not
be detected anymore.

Figure 6. Ethanol and sugar concentration variations during fermentation scale-up assays performed in 7.5 L (A) and
100 L (B) batch bioreactors. Non-treated diluted sugar beet molasses with a total initial sugar concentration of 145 g/L was
used for this experiment with 4.0 g/L of nutrient and 0.27 g/L of yeast. The dashed line refers to the theoretical maximum
ethanol yield.

The two bioreactors presented slightly different behaviours in term of ethanol pro-
ductivity as well as sugar utilization rate. For the 7.5 L bioreactor, ethanol concentration
increased from 65.6 to 79.6 g/L between 48 and 64 h of fermentation, corresponding to a
variation of ethanol yields from 81.9% and 99.5%, respectively. Interestingly, the ethanol
concentration measured in the 100 L bioreactor remained similar between 48 and 64 h of
incubation (around 65 g/L of ethanol), even if the fructose concentration decreased from
18.4 to 0 g/L, after 16 h. The latest observation suggests that some ethanol might have
been produced during the last hours of incubation but directly escaped the fermentation
broth due to evaporation. This situation could be explained by the fact that the 100 L
bioreactor was not equipped with a water-cooled condenser system as compared to the
7.5 L bioreactor.

In terms of ethanol productivity, the 7.5 L bioreactor generated 29.9 g/L/d of ethanol
compared with 23.7 g/L/d for the 100 L bioreactor when calculating the productivity after
64 h of incubation (Table 5). The lower fermentation performances observed for the 100 L
bioreactor highlights the risk of ethanol evaporation during the scale-up of fermentation
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processes. In addition, analysis of the final fermentation broths showed very low levels
of organic compounds such acetic and lactic acids, which confirmed that the scale-up
experiments were not subjected to any major microbial contamination.

Table 5. Fermentation performances and by-products concentrations measured after 64 h of incuba-
tion at 7.5 and 100 L bioreactors scale using diluted sugar beet molasses (170 g/L of initial sugar)
together with 0.27 g/L of Saccharomyces cerevisiae and 4.0 g/L of nutrient.

Parameters 7.5 L 100 L

Process performances
Ethanol (g/L) 79.6 ± 0.7 63.2 ± 1.1
Ethanol productivity (g/L/d) 29.9 ± 0.4 23.7 ± 0.4
Ethanol yield (%) 99.5 ± 0.9 78.9 ± 1.4
Sugar utilization (%) 99.2 ± 0.8 100.0 ± 0.0

By-products
Glycerol (g/L) 8.7 ± 0.2 6.5 ± 0.2
Lactic acid (g/L) 3.8 ± 0.1 3.4 ± 0.2
Acetic acid (g/L) 0.8 ± 0.1 0.2 ± 0.0

The ethanol productivity values obtained during the scale-up assays were found to be
significantly higher than the ones obtained at lab-scale using the 50 mL vials, probably due
to the difference of scale and reactor configuration. The most important difference between
the incubator and bioreactor scales might be related to the mixing conditions, impacting the
mass transfer between the yeast cells and the fermentation broth. The agitation performed
in the incubator with the 50 mL fermentation vials was indirectly using an orbital shaker,
which was certainly less efficient than the direct agitation maintained by a mechanical
impeller, in the case of the 7.5 and 100 L reactors. In the case of the bioreactors, the
microorganisms were continuously in suspension which could have significantly increased
their contact with the molasses, resulting in a higher sugar utilization rate and ethanol
productivity. In a recent study, the production of ethanol using raw cassava starch was
investigated from a 5 L laboratory and a 200 L pilot scale up to a 3000 L industrial-scale
system [25]. Although the technology and dimension of the three latter bioreactors were
different, very comparable ethanol productivities and kinetics parameters were obtained
for the three scales by adjusting the power input, also known as the energy dissipation rate
per unit mass, to a specific value of 0.10 W/kg. Consequently, the agitation rates of the 5,
200 and 3000 L bioreactors were respectively fixed at 200, 125 and 55 rpm based on the
fermenter dimension, impeller type and size.

In addition to the mixing differences, the fermentation vials used during the CCD-
RSM were sealed and flushed with nitrogen while the bioreactors were let at atmospheric
pressure without nitrogen sparging. Thus, the build-up of pressure accumulated within the
small fermentation vials could have affected the yeast metabolism, lowering the ethanol
production performances. Similar findings were reported when investigating the effect
of different process parameters on the fermentation of apple pomace by co-culturing
filamentous fungi with yeast [26]. At an inoculation rate of 4.0% (v/v) of S. cerevisiae
combined with 4.0% (w/v) of T. harzianum and A. sojae, increasing the agitation speed from
0 to 200 rpm showed a significant increase in the ethanol production when employing
non-sealed reactor vessels.

These results highlighted the challenges associated with the scale-up of fermentation
processes from lab to bioreactor scales, especially regarding the impact of agitation speed
and reactor dimension. In another study, the scale-up of bioethanol production from
soybean molasses raised different problems, especially with the formation of foam and the
risk of bacterial contamination at pilot and industrial scales [27].
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4. Conclusions

This work highlighted the valorisation of agro-industrial by-products for the efficient
production of ethanol by yeast fermentation. The CCD-RSM methodology was employed
as a powerful statistical tool to optimise ethanol productivity while considering the specific
techno-economical process constraints such as the cost of S. cerevisiae yeast. Experimental
results suggested that the raw sugar beet molasses should be diluted between 125–250 g/L
of initial sugar and supplemented with a high concentration of nutrient (4 g/L) to achieve
high ethanol productivity and yield responses. In addition, the quantity of yeast present in
the fermentation media was significantly reduced from 0.70 to 0.27 g/L while achieving
high ethanol production performances. Assays performed in 7.5 and 100 L bioreactors
suggested that the fermentation process has the potential to be implemented at pilot and
industrial scales for the production of bioethanol in the context of the circular economy.
In addition, a detailed techno-economic evaluation of the whole fermentation process
could provide valuable information for the potential commercialization of this integrated
biorefinery approach.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7020086/s1, Figure S1: Linear regression between experimental ethanol con-
centrations calculated by mass loss and quantified by HPLC, Figure S2: “Predicted versus obtained”
analysis of the ethanol productivity values generated through the CCD-RSM, Table S1: Fermentation
performances of the confirmation experiments designed during the process optimization.
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Abstract: The use of food waste as feedstock in the manufacture of high-value products is a promising
avenue to contribute to circular economy. Considering that the majority of environmental impacts of
products are determined in the early phases of product development, it is crucial to integrate life
cycle assessment during these phases. This study integrates environmental considerations in the
development of solid-state fermentation based on the cultivation of N. intermedia for the production
of a fungal food product using surplus bread as a substrate. The product can be sold as a ready-
to-eat meal to reduce waste while generating additional income. Four inoculation scenarios were
proposed, based on the use of bread, molasses, and glucose as substrate, and one scenario based on
backslopping. The environmental performance was assessed, and the quality of the fungal product
was evaluated in terms of morphology and protein content. The protein content of the fungal food
product was similar in all scenarios, varying from 25% to 29%. The scenario based on backslopping
showed the lowest environmental impacts while maintaining high protein content. The results show
that the inoculum production and the solid-state fermentation are the two environmental hotspots
and should be in focus when optimizing the process.

Keywords: life cycle assessment; Neurospora intermedia; bread; process development

1. Introduction

In food production, extensive resources such as water, land, energy and nutrients
are used with significant impact to the environment. It is forecasted that by 2050, the
demand for agricultural products will increase by 35–50% due to a growing population
and rising incomes, leading to higher pressure on the environment [1]. The problem is
aggravated by the significant wastage of food throughout the supply chain. The wastage
of food represents not only the loss of the product itself, but also all the resources used in
food production, transportation and packaging.

The provision of animal-based protein generally has a higher environmental impact
compared with vegetable or fungi-based proteins [2]. Concerns regarding the ethical
and environmental implications of meat consumption have increased the demand for
meat substitutes, such as those based on legumes and fungi [3]. Recently, the use of
filamentous fungi as a commercial food product has gained considerable attention, due to
its high protein content, the presence of essential amino acids and easy digestibility [4,5].
Filamentous fungi have traditionally been used by different societies as food, e.g., tempeh
and oncom are indigenous staple foods in Indonesia [6,7]. One example of a product
currently sold in the European market is Quorn™, which is made from the filamentous
fungus Fusarium venenatum cultivated in synthetic medium with glucose, ammonium
and mixed with egg albumen [8]. One problem with this product is the high cost of
the cultivation medium [4]. Moreover, Smetana et al. [9] performed an environmental
assessment of a similar product based on mycoprotein cultivated in molasses and concluded
that the substrate is an environmental hotspot in the system. Therefore, it is relevant to
consider other types of substrates to decrease production costs and environmental impacts.
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One alternative substrate for fungal cultivation is surplus bread. The valorisation
of food surplus into high-value products has gained interest as part of the strategies of
transition to a bio-based economy grounded on a sustainable use of resources. Bread is rich
in carbohydrates and its porosity makes it an ideal substrate for fungal cultivation [6,10].
Moreover, bread is a product with high waste generation, particularly at the level of the
consumer and at the supplier-retailer interface. In the UK, it was estimated that 10% of all
food waste are bakery products [11]. Brancoli et al. [12] studied food waste from retailers in
Sweden and concluded that bread is a product category with large environmental impacts
and economic costs [12]. In Sweden, the quantity of bread waste generated was estimated
to be 80,410 tons/year, of which 28,200 tons/year are generated at the retail level [13].
The large waste volumes of uniform composition and quality, and the distribution model
in which bread is sold makes it a good substrate for manufacturers who strive for stable
delivery of raw materials.

There are mainly two different categories of bread, bake-off and pre-packaged. The
technology proposed in this article can be used for both categories. Bake-off are products
baked from pre-made dough in supermarkets or by a bakery. Pre-packaged bread is
produced by the bakeries, and in some countries, it is often sold to retailers under takeback
agreements (TBAs) [13–15]. In such agreements, the bakeries collect the bread that is
not sold in the supermarkets, and here, bread waste is segregated from other food waste
fractions from the retailers. This enables alternative pathways for the waste management
and valorisation of the unsold bread. These pathways should preferably be located at
higher levels in the food waste hierarchy, such as the production of fungal biomass for food,
ethanol or animal feed [16,17]. Nevertheless, it is necessary to ensure that such technologies
are sustainable and that they minimize the use of natural resources and the generation of
waste as well as emissions of pollutants over their life cycles.

The life cycle assessment (LCA) methodology can be used to assess the environmental
performance of a product to ensure its sustainability. The methodology can also be applied
to support the early design stages in the development of the product by assessing the
implication of design choices on the environmental performance of the technology [18].
Such studies are crucial since they can identify and prevent environmental impacts before
the technology has been embedded by path dependency and lock-in [19]. Decisions made in
the early stages of product development can have a significant influence on its subsequent
environmental impacts. McAloone and Bey [20] estimated that 80% of the environmental
performance of a product is determined by decisions made in the early stages of the
technology development. For this reason, the European Union [21] recommends the use of
LCA in product development to guarantee its sustainability.

Research on life cycle assessment of valorisation of bread waste is primarily focused on
the lower stages of the food waste hierarchy. Few studies address bread waste valorisation
into high-value products. Moreover, most of the research focuses on technologies with
high technology readiness levels. Previous studies have investigated the environmental
performance of bread waste management and valorisation alternatives, such as anaerobic
digestion and incineration [22], conversion into biofuels [17], animal feed [17,23], and
value-added chemicals [24]. There is a large body of research on the development of new
technologies to valorise bread to high value products [6,25,26], but most of this research
does not integrate lifecycle thinking into the early stages of the process development,
increasing the risk for sub optimization of the technology.

The aim of this study was to integrate environmental considerations in the early
stages of the development of a solid-state fermentation (SSF) process using bread as
feedstock for the production of a protein-rich food product. The SSF process is proposed
to be implemented as a stand-alone business, or on-site in small-scale bakeries to recover
their otherwise discarded surplus bread. The technology can also be implemented in
supermarkets that have a fresh bakery department in house, i.e., supermarkets that bake
their own bread. The food product can be sold as a ready-to-eat meal directly to customers
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to reduce waste while generating additional income from the fungal product and provide
a new sustainable food alternative that can replace other less sustainable options.

The goal of this study is to support the technology developers during the design and
development phases by assessing the environmental sustainability of a range of possible
scenarios in which the technology can operate. This will enable a better understanding of
the relation between design choices and the environmental performance of the technology,
as well as allow the steering of the technology towards solutions with a lower environmen-
tal impact. Moreover, research on fungal growth patterns in solid-state cultures are limited
and this study investigates whether morphological differences of the inoculation culture
influence the performance in the subsequent SSF step.

2. Materials and Methods

The process development was iterative and used the concept of proxy technology
transfer-process [27], which considers that emerging technologies are not often based on
completely new processes. Instead, it relies on a new application of existing technologies.
The development of the process started with the assessment of an incumbent technology,
namely the production of mycoprotein cultivated in molasses to identify hotspots in the
system. The first results were then communicated to the researchers involved in the
process development, starting an iterative approach wherein the hotspots in the system are
identified and alternatives were proposed and assessed. In total, four different scenarios for
the inoculation were proposed and compared in relation to the environmental performance
and characteristics of the final product, such as protein content and morphology. A detailed
description of the scenarios is available in Section 2.1.

2.1. Process Description

The basic steps in the process are the drying and grinding of the bread, mixing
with water and the starter spores (inoculum), and fermentation. The later processes after
fermentation, such as frying, and freezing for later consumption are excluded in the study
(Figure 1).
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Figure 1. Basic process flow chart. The conditions of each process are described in brackets. The
dotted box represents the system boundaries of the study. The further processing of the fungal
biomass after fermentation is not included in the system boundaries.

2.1.1. Substrate and Fungus

Steinbrenner & Nyberg (Mölndal, Sweden) kindly provided unsold fresh sourdough
bread that showed no signs of mould contamination. The bread was prepared according
to the process described in Gmoser et al [25]. Samples were autoclaved and stored in
airtight containers at room temperature prior to use. The edible food grade filamentous
fungus Neurospora intermedia CBS 131.92 (Centraalbureau voor Schimmelcultures, Utrecht,
The Netherlands) was used. The fungus was maintained on potato dextrose agar (PDA)
plates containing 20 g/L glucose 20, 15 g/L agar and 4 g/L potato extract. The PDA
plates were prepared by incubation for 5 days at 30 ◦C followed by storage at 4 ◦C. The
spore solution was prepared by flooding each plate with 20 mL of distilled water, using a
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disposable plastic spreader to gently release the spores and transferring them to a sterile
slant tube. The spore solution (2.5 × 106 spores/mL) was used to prepare the four different
inoculations (one for each of the scenarios). A detailed description of the conditions of
fermentation is given in Section 2.1.3.

2.1.2. Design of the Inoculation

The choice of the nutrient source was based on existing technologies. The inoculum
for Scenario I is produced in a similar way to the inoculum production for tempeh as
described in Wiloso et al. [28], but instead of using white rice or other grains, it is based
on stale bread. Production of the inoculum for Scenario II, which is based on a similar
process to cultivate yeast [29], used a synthetic medium based on molasses and ammonium
chloride. Scenario III is based on glucose, and it was adapted from Jungbluth et al. [30],
which describes the production of mycoprotein for Quorn™ (Table 1).

Table 1. Inventory analysis for the different scenarios for the production of the fermented fungal
product per functional unit. The indented substances in italic refer to the inputs related to the
production of the fungal biomass (inoculum) used for the inoculation.

Unit Scenario I Scenario II Scenario. III Scenario IV

Inputs
Bread kg 2.0 2.0 2.0 2.0

Inoculum g 10 10 10 29 *
Water l 2.63 1.81 1.92 -

Glucose g - - 38.50 -
NH4Cl g - 16.28 14.50 -
NaOH g - - 0.62 -

Molasses g - 0.36 - -
Bread g 52.60 - - -

Electricity kWh 0.065 0.033 0.033 0.033
Water for mixing l 1.34 1.34 1.34 1.34

Electricity for drying kWh 0.53 0.53 0.53 0.53
Electricity for grinding kWh 0.024 0.024 0.024 0.024

Electricity for SSF kWh 1.55 1.55 1.55 1.55
Outputs

Fermented fungal product * kg 1 1 1 1
* Calculation based on the mass balance revealed by Wang et al. [31] and the starch, protein and moisture content
in the samples.

The three submerged fermentation (SmF) processes (Scenarios I, II and III) were
inoculated with 10 mL/L of the spore solution, cultivated aerobically for 48 h in cotton
plugged 250 mL Erlenmeyer flasks containing 100 mL of medium autoclaved at 121 ◦C for
20 min. The initial pH of the medium was adjusted to 5.5 with 2 M HCl or NaOH. The
different medium compositions are summarized in Table 1. A water bath (Grant OLS-Aqua
pro, Cambridge, UK) was used to maintain the temperature with orbital shaking at 125 rpm
(radius of 9 mm) for 48 h. At the end of the fermentation, the wet biomass from each shake
flask was harvested by pouring the cultivation medium through a 1 mm2 pore area fine
mesh and washed with distilled water. The liquid fraction was collected separately and
frozen for further analysis. The moisture content of the fungal biomass was measured
gravimetrically and sieved wet biomass was used directly as inoculum for the solid-state
fermentation step.

Scenario IV relies on the recirculation (backslopping) of part of the fermented product
from a previous batch as the inoculum. The solid-state fermentation (SSF) on stale bread
used as inoculum was prepared according to the SSF process below, except that 0.5 mL
of spore solution was used as inoculum instead. Based on an assumption that the fungal
fermented final product contained 35% fungal biomass, with a moisture content of 60%, in
the substrate-fungal matrix after 5 days of solid-state fermentation [25], the amount needed
for backslopping was set to 0.01% dry weight of the substrate.
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2.1.3. Solid State Fermentation

Cultivation of N. intermedia was conducted in sterile petri dishes (100 mm × 20 mm).
A total dry weight of 15 g breadcrumbs was inoculated with N. intermedia separately for
each petri dish. The initial moisture content was adjusted to 40% (on a dry basis (w/w,
db) with distilled water, after which each sample was mixed evenly, and a lid was placed
on the petri dish. Solid-state fermentation was conducted batch wise for 2–10 days in
a climatic test cabinet (NUVE test cabinet TK 120, Ankara, Turkey) at 90%–95% relative
humidity (Rh) ± 1%, at 35 ◦C under light. The light source was applied to increase pigment
production in the fungal biomass in order to form a visually appealing product with
improved nutritional value [6,25]. The petri dishes were flipped every second day. At the
end of fermentation, samples were dried at 45 ◦C. Effects of days of fermentation on the
final weight and protein content in the fungal-bread product were investigated as well as a
visual observation on morphology after the SmF step.

2.2. Analyses

The fungal spore concentration was determined using a Bürker counting chamber.
The final moisture content, the amount of fungal biomass harvested after SmF, and fungal-
bread product used as inoculum in Sc. IV were determined gravimetrically. Preparation
of samples and measurement of the protein content by Kjeldahl digestion using a 2020
Kjeltec Digestor and a 2400 Kjeltec Analyser unit (FOSS Analytical A/S, Hilleröd, Denmark)
was performed following the same procedure as in Gmoser et al. [25]. Total starch analy-
sis was accomplished by α-amlylase/amylogluco-sidase/hexokinase method following
the procedure provided in the Total Starch HK Assay Kit (Megazyme International Ltd.,
Bray, Ireland).

2.3. Statistical Analysis

Experiments on the SSF were performed in duplicate (n = 2) and two analytical
replicates were performed on each batch (a = 2). Values present the mean value of the
measurement ± SD. Raw data were statistically analysed using the software package
MINITAB®® (version 17.1.0, Minitab Inc., State College, PA, USA). Analysis of variance
(ANOVA) was determined using general linear model with a 95% confidence level followed
by Tukey’s multiple comparison test. A linear factorial regression model of the data was
also conducted with the four inoculation methods as factor levels and days of SSF (2–8 days)
as continuous control with protein concentration as output.

2.4. Life Cycle Assessment

The functional unit for the environmental assessment is 1 kg of fermented fungal
product after the fermentation step. The selection of a mass unit was connected with the
ability to compare results with those available in the literature. The system boundaries
are cradle-to-gate as described in Section 2.1. The geographical scope is Sweden. The
characterization method ReCiPe (ReCiPe 2016 v1.1 midpoint and endpoint methods, Hier-
archist version) [32], was used due to its broad set of midpoint impact categories and the
possibility of using both midpoint and endpoint methods [32].

The inventory was built using primary data flows from the laboratory experiments,
which were initially based on data from the literature [28–30,33,34] and further developed
based on the results from the trial experiments. The energy consumption of the equipment
was estimated based on the methodology described in Piccinno et al. [35] for scaling up
laboratory data. Capital goods are not included in the inventory, as all scenarios are
expected to use similar equipment. The ecoinvent database version 3.6 was used for the
background processes. Inventory data for the scenarios is available in Table 1.
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3. Results

This section describes the experimental results of the solid-state fermentation, in
relation to the increase of the protein content over time and the morphology of the inoculum.
Moreover, the result for the life cycle assessment is presented.

3.1. Experimental Results

There is a significant difference in protein content of the final fungal product after
SSF for the different inoculation methods (p value 0.00). The inoculation scenario using
molasses (Sc. II) resulted in a higher protein content after SSF compared to glucose (Sc. III),
with no significant difference between Scenarios I and IV. The inoculum scenario based on
glucose medium (Sc. III) also resulted in a longer lag phase and slower initial exponential
growth, possibly due to change in substrate during SSF, while N. intermedia grown on bread
(Sc. I) and molasses (Sc. III) was in a more active phase, adapted to bread as substrate and
hypothetically, already producing enzymes for complex carbohydrate assimilation, when
applied to the SSF step. However, considering the natural variation in biological systems,
the relatively small differences between the inoculation methods do not contribute with
sufficient support for choosing one scenario over the other.

As expected, the protein content increased over time for all four groups, with a
significant increase over every second day (p value = 0.00) (Figure 2). The highest increase
in protein content happened between day four and six for all inoculation methods based on
SmF, varying between 38%, 49% and 51%, for Scenarios I, II and III respectively. Inoculum
based on backslopping resulted in a slightly higher increase in protein content between day
two and four (39% increase) compared to the other days. The linear regression equations
of the four inoculation methods revealed that SmF based on molasses gave the highest
average protein increase per day of 4.0, compared to SmF based on bread, backslopping
and SmF based on glucose of 3.6%, 3.4% and 3.2% increase per day respectively (consider a
6.6% lack of fit of the model). By comparing the linear regression equations, it can be seen
that the daily increase based on glucose medium is only slightly offset in x-axis (timescale),
whereas the protein value reaches approximately the same amount as the other inoculation
methods after 8 days SSF.
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Figure 2. Solid-state cultivation on stale sourdough bread using N. intermedia after 0–10 days cul-
tivation under light at 35 ◦C, 90% Rh, and 40% initial moisture content using different inoculation
methods: backslopping (black circle, dotted line), submerged fermentation with synthetic medium
based on glucose (grey square, solid line), submerged fermentation based on molasses (black dia-
monds, dotted line) and submerged fermentation based on breadcrumbs (grey triangles, solid line).
Results are expressed as the mean value ± 95% confidence level.
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The fungal morphology in the SmF based on molasses medium (Sc. II) resulted in fine,
dense pellets, whereas the other SmF cultures resulted in loose filamentous mycelium. SSF
based on inoculum from molasses medium gave the highest mean percentage of protein.

3.2. Life Cycle Assessment

The relative results for five selected impact assessment categories for the scenarios
and separately for the inoculum production process are presented in Figures 3 and 4,
respectively. The impact categories described in Figures 3 and 4 are global warming,
terrestrial acidification, freshwater eutrophication, marine ecotoxicity and fossil resource
scarcity. The results for the remaining thirteen impact categories available in the ReCiPe
characterization method [32] is available in Table 2.
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Figure 3. Selected LCIA results for the scenarios for the fermented fungal product production. Sc. I
uses bread as the carbon source. Sc. II uses molasses. Sc. III is based on glucose and Sc. IV relies on
backslopping, as described in Table 1.
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Figure 4. Selected LCIA results for the different inoculation production processes. Sc. I uses
breadcrumbs as the carbon source. Sc. II uses molasses. Sc. III is based on glucose.
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Table 2. Impact assessment results for Scenarios I, II, III and IV based on the ReCiPe midpoint
impact categories.

Impact Category Unit Sc. I Sc. II Sc. III Sc. IV

Global warming kg CO2 eq 1.4 × 10−1 1.9 × 10−1 2.1 × 10−1 1.1 × 10−1

Stratospheric ozone depletion kg CFC-11 eq 3.0 × 10−7 6.2 × 10−7 5.2 × 10−7 2.4 × 10−7

Ionizing radiation kBq Co-60 eq 8.0 × 10−1 7.9 × 10−1 7.9 × 10−1 6.4 × 10−1

Ozone formation, Human
health kg NOx eq 3.5 × 10−4 4.8 × 10−4 5.1 × 10−4 2.8 × 10−4

Fine particulate matter
formation kg PM2.5 eq 2.3 × 10−4 3.7 × 10−4 3.8 × 10−4 1.9 × 10−4

Ozone formation, TE kg NOx eq 3.6 × 10−4 4.9 × 10−4 5.2 × 10−4 2.8 × 10−4

Terrestrial acidification kg SO2 eq 5.8 × 10−4 1.2 × 10−3 1.1 × 10−3 4.6 × 10−4

Freshwater eutrophication kg p eq 9.4 × 10−5 1.1 × 10−4 1.2 × 10−4 7.54 × 10−5

Marine eutrophication kg n eq 1.8 × 10−5 1.0 × 10−4 8.5 × 10−5 1.5 × 10−5

Terrestrial ecotoxicity kg 1,4-DCB 2.2 × 100 2.4 × 100 2.7 × 100 1.8 × 100

Freshwater ecotoxicity kg 1,4-DCB 9.4 × 10−2 9.6 × 10−2 9.9 × 10−2 7.5 × 10−2

Marine ecotoxicity kg 1,4-DCB 1.1 × 10−1 1.2 × 10−1 1.2 × 10−1 9.1 × 10−2

Human carcinogenic toxicity kg 1,4-DCB 1.9 × 10−2 2.0 × 10−2 2.1 × 10−2 1.5 × 10−2

Human non-carcinogenic
toxicity kg 1,4-DCB 6.0 × 10−1 6.4 × 10−1 6.5 × 10−1 4.8 × 10−1

Land use m2 a crop eq 6.1 × 10−2 9.2 × 10−2 8.7 × 10−2 4.8 × 10−2

Mineral resource scarcity kg Cu eq 2.0 × 10−3 2.4 × 10−3 2.5 × 10−3 1.6 × 10−3

Fossil resource scarcity kg oil eq 2.6 × 10−2 3.8 × 10−2 4.5 × 10−2 2.1 × 10−2

Water consumption m3 2.1 × 10−2 2.3 × 10−2 2.2 × 10−2 1.5 × 10−2

Figure 3 indicates that the fermentation step and the choice of inoculum produc-
tion has a large influence on the environmental burdens associated with the fermented
fungal product.

The production of inoculum had a contribution higher than 40% in 9 out of 18 impact
categories assessed in both Sc. II and Sc. III. More specifically, the carbon source used
for the inoculum production for these scenarios is a hotspot, as shown in more detail in
Figure 4. In Scenario I the inoculation has a relatively lower contribution, ranging from
20% to 29%. The reason is that it uses stale bread as the carbon source, which is modelled
as waste and therefore burden free.

The results indicate that Scenario IV, which is based on backslopping, has the lowest
environmental impacts in all of the eighteen categories assessed, followed by Scenario I.
Both scenarios substituted glucose or molasses for stale bread, significantly reducing the
environmental impacts on the inoculum production. Scenarios II and III had the worst
performance in the categories assessed. Scenario II had the worst performance in five
impact categories, while Scenario III had the highest impact in 12 environmental impact
categories (Table 2).

The solid-state fermentation is also a hotspot, and it contributes significantly to the
majority of the impact categories. These impacts are related to the electricity consumption
during the process, as shown in Table 1. The impact is the same for all scenarios, but it
has a different relative contribution as shown in Figure 3. Overall, the fermentation step,
drying of bread and the inoculation were identified as hotspots in the production of the
fungal product (Figure 3).

Figure 4 shows the detailed impact assessment for the different inoculation methods.
Sc. IV has no contribution from the inoculum production since it is obtained from back-
slopping. This assumes that the contribution of the initial inoculum required to make the
first batch of fungi is insignificant.

The results indicate that the carbon source used in the inoculum production is a
hotspot in the majority of impacts categories in both Scenario II, which uses molasses and
Scenario III, based on glucose (Figure 4). The carbon source is responsible for 36% and 51%
of the impacts on the global warming impact category for Sc. II and Sc. III, respectively.
In terrestrial acidification, the contribution is higher, 74% and 69% for Sc. II and Sc. III,
respectively. Scenario I, conversely, uses stale bread as the carbon source, which is modelled
as waste and is, therefore, burden-free.
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Electricity consumption has a significant contribution for both the inoculum produc-
tion and the overall process. The geographical scope is Sweden, which has a relatively
low impact energy system. Therefore, the results of the study are sensitive to the energy
mix used.

4. Discussion

The environmental impacts of a product are often determined by the decisions made
at the early stages of development. For this reason, the development of the product should
integrate environmental considerations to minimize the environmental impacts throughout
its life cycle without compromising essential characteristics such as function, cost and
quality. The estimation of environmental impact at this early stage is challenging due
to the limited amount of information available, for example, the energy consumption
in the processes. In contrast, the later stages in the product development provide more
quantitative data but fewer opportunities to change the system.

Table 3 summarizes and ranks the main technical and environmental differences
between the four scenarios studied here, namely the environmental impacts, protein
content, lag phase and morphology. These aspects are critical to support the decision of
the more suitable method for fungal biomass production using bread as substrate. The
environmental impact ranking in Table 3 is based on the single score from ReCiPe endpoint
(H) as available in the SimaPro software version 9.1.

Table 3. Summary of technical and environmental indicators for the scenarios assessed. The protein
content refers to SSF after 6 days.

Scenarios Environmental Impact (mPt) Protein Content Lag Phase Morphology

Scenario I 9.7 27% Short Dispersed mycelium
Scenario II 12.5 29% Short Pellets
Scenario III 13.0 25% Long Dispersed mycelium
Scenario IV 7.6 27% Short Dispersed mycelium

Filamentous fungi grow in different morphological forms in submerged cultures,
including freely suspended filamentous mycelia and pellets depending on the genotype of
the strain and culture conditions [36]. The growth mode affects the rheological properties
of the cultivation medium, and consequently, the overall process performance and final
product yields. Generally, the excessive growth of free filamentous mycelia is connected to
practical and technical difficulties, such as lower oxygen diffusion, laborious harvesting,
high medium viscosity and a relative lower yield of products [37]. These problems associ-
ated with the filamentous morphology can be overcome when the fungi grow in the form of
pellets, which also have a higher potential for cell reuse and higher productivity due to the
possibility of using high-density cultivations [38]. However, including in the pellet form,
critical characteristics such as size and compactness versus fluffiness can influence oxygen
and substrate transfer rates. The trend in research works has been towards the production
of small fluffy pellets. Among the scenarios assessed, only Scenario II grew in the pellet
morphology. The slightly shorter lag phase in Scenario II compared to Scenario III further
promote this inoculation method since it promotes a faster initiation of the subsequent SSF
step. Nevertheless, the environmental impact of Sc. II is significantly higher in comparison
with Sc. I and IV (Table 3).

Scenario IV had the lowest environmental impact, and the protein content was suffi-
cient for the intended use. However, one potential drawback with this method is the higher
risk of contamination since it is more problematic to sustain a sterile condition at a larger
scale when backslopping part of the final product as inoculum compared to inoculum
using pure fungal biomass from SmF. Thus, microbiology analysis of the final product and
industrial trials need to be assessed before this method can be applied.

Considering the weighted results at Table 3, Scenario I had an environmental im-
pact that is 28% higher in comparison with Scenario IV, but the results indicate a lower
impact in comparison with Scenarios II and III. Moreover, the main advantage of this
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scenario in comparison to Scenario IV is that it is less sensitive to contamination. Scenario
I also yields filamentous mycelia morphology. However, further development of this
scenario by changes in cultivation conditions such as pH and aeration can potentially alter
the morphology.

The fermentation time is another important aspect influencing both the protein content
and the environmental impacts of the final product. The results showed that the protein
content for all scenarios reached similar values after 8 days of SSF. However, based on
previous studies [6] on the visual appearance and smell of the final product, the SSF
step should not be longer than a maximum of eight days and preferably six days if the
protein content is sufficient for the intended purpose as food. A direct comparison of the
environmental performance of this fungal product with established food products based on
mycoprotein requires special attention due to scale-up issues and technology uncertainties
inherent in the majority LCAs of products in an early stage of development [18]. Moreover,
it is expected that the technology under assessment will need further development in
relation to technical aspects and consumer’s acceptance.

Jungbluth et al. [30] reported an electricity consumption of 1.17 kWh and a heat
consumption of 13 MJ for the industrial production of 1 kg of mycoprotein at plant. Smetana
et al. [9] reported 6 kWh/kg of mycoprotein ready to eat. The electricity consumption
in this study ranged from 2.61 to 2.64 kWh/functional unit for the different scenarios.
Nevertheless, it is important to note that a direct comparison is not possible, due to
differences in the system boundaries of each study. The system boundaries in this study
and Jungbluth et al. [30] end at the plant gate, while Smetana et al. [9] consider the system
boundaries until the consumer’s plate. There are also discrepancies in the technology
readiness level between this study and Jungbluth et al. [30] in which inventory is based on
an operational plant.

A huge advantage is that we now have an LCA model that can be used to get updated
environmental impacts when the scenarios are adjusted to improve factors such as protein
content, lag time and morphology. This allows for environmental impacts to be assessed
throughout the development process.

5. Conclusions

The current analysis, which included different production pathways for the valorisa-
tion of stale bread into fungal biomass according to the environmental impacts, protein
content, lag phase and morphology, indicated the potential use of the fungal biomass as a
substitute for traditional food products. The technology proposed uses an abundant waste
flow and has the potential to be implemented in supermarkets, small and medium-sized
bakeries and industrial bakeries on its returned flows.

Technical and environmental analyses were performed to determine potential trade-
offs of four proposed scenarios to valorise stale bread into a fungal based food product rich
in protein. The results from the hotspot analysis indicate that the choice of the medium
used in the inoculum production has a large influence on the environmental and technical
performance. Inoculum production using molasses or glucose as medium, Sc. II and III
respectively, are not preferred from an environmental perspective. Sc. I and Sc. IV, which
uses surplus bread and backslopping, showed the lowest environmental impacts in all
categories studied here, while maintaining important characteristics such as high protein
content. Therefore, it is recommended that such alternatives should be further investigated
for the technical feasibility of the process. Moreover, the hotspot analysis indicated that
for all scenarios assessed, the fermentation step and drying of bread have a significant
impact on the environmental burdens. Therefore, improvements aimed at environmental
gains in the fungal biomass production should focus on alternatives for decreasing the
fermentation time and consequently the electricity consumption, and on the development
of alternative processes in which the drying of bread is not required.

None of the scenarios performed best in all of the parameters analysed. Therefore, it
is not possible to draw a simple conclusion regarding the preferred scenario. The decision

90



Fermentation 2021, 7, 173

will ultimately be made according to the technical, environmental or economic agenda of
the decision-makers. The contribution of this study is to highlight the trade-offs inherently
involved in the decision process within the product development and to provide guidance
for further development of the process.

Bread waste has the potential to be retained in the food chain by applying a SSF
process using the edible fungus N. intermedia. The study has integrated environmental
considerations into the early stages of the development of a fungal food product, showing
which scenario has the best environmental performance and highlighting trade-offs and the
parts of the process that are hotspots and should, thereby, be in focus when optimizing the
process. This approach is suggested to contribute to a sustainable way to handle otherwise
wasted bread, consistent with a circular economy, and it provides a broader base for the
developers of the technology to make sustainable decisions during process optimisation.
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Abstract: In order to obtain a high-protein-content supplement for aquaculture feeds, rich in healthy
microorganisms, in this study, Saccharomyces cerevisiae American Type Culture Collection (ATCC)
4126 and Lactobacillus reuteri ATCC 53608 strains were used as starters for fermenting fish waste
supplemented with lemon peel as a prebiotic source and filler. Fermentation tests were carried out for
120 h until no further growth of the selected microorganisms was observed and the pH value became
stable. All the samples were tested for proteins, crude lipids, and ash determination, and submitted
for fatty acid analysis. Moreover, microbiological analyses for coliform bacteria identification were
carried out. At the end of the fermentation period, the substrate reached a concentration in protein
and in crude lipids of 48.55 ± 1.15% and 15.25 ± 0.80%, respectively, representing adequate levels for
the resulting aquafeed, whereas the ash percentage was 0.66 ± 0.03. The main fatty acids detected
were palmitic, oleic, and linoleic acids. Saturated fatty acids concentration was not affected by the
fermentation process, whereas monounsaturated and polyunsaturated ones showed an opposite
trend, increasing and decreasing, respectively, during the process. Coliform bacteria were not
detected in the media at the end of the fermentation, whereas the amount of S. cerevisiae and L. reuteri
were around 1011 and 1012 cells per g, respectively.

Keywords: fish waste; citrus peel; fermentation; aquafeed; Saccharomyces cerevisiae; Lactobacillus reuteri

1. Introduction

World capture fishery production reached a peak of approximately 96 million tons in
2018; the most recent estimates suggest that 52% of marine stocks are fully exploited, 17%
are overexploited, and 7% are totally depleted, while human population and the demand
for marine and other aquatic resources continue to increase [1]. Global aquaculture would
make a considerable contribution toward bridging the gap between supply and demand.
Unfortunately, its development is hampered by an inadequate supply of feed, particularly
fishmeal, which is scarce and expensive [2]. This has stimulated the evaluation of a
variety of alternative dietary protein sources with the objective of partially, or totally,
replacing fishmeal protein in aquafeeds [3]. The use of food industry waste as animal
feed is an alternative of high interest because it stands to bring both environmental and
public benefits, besides reducing the costs of animal production [4–6]. In particular, with
reference to the fishing industry, the cost of waste management for aquaculture is typically
in the range of USD 0.05 to USD 0.065 per pound of fish produced, representing concerns
from both an economic and an environmental point of view. Waste management, in fact,
contributes to the overall costs of production and reduces farmers’ net income. Moreover,
the improper management of fish wastes could have a negative environmental impact,
such as eutrophication effects, on natural aquatic ecosystems [7].
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By-products coming from the fishing industry, such as viscera, skin, scales and bones,
representing up to 30–80% of the fish body weight, are discarded as solid wastes by
industrial fish-processing operations [8] but, due to their composition, they have great
potential to be used as protein supplements in aquaculture feeds [9,10]. Their conversion
to aquafeed is also encouraged by the significant advantage that they do not require any
thermal–chemical and/or enzymatic hydrolysis pretreatment steps. Since the pretreatment
step is neither economically favorable nor environment-friendly, its elimination from the
process makes the utilization of fish waste economic and more environmentally friendly [7].

Biotechnological methods like fermentation with microbe cultures are gaining more
popularity for the treatment of waste [11,12].

Among the different microbes used, especially for the fermentation of animal/fish
processing wastes, lactic bacteria have advantages over other microbes, as they are generally
recognized as safe (GRAS) [13]. In addition, the products obtained upon fermentation with
Lactobacillus are also reported to have additional beneficial effects on various aquatic animal
intestines (anti-microbial properties, antioxidative properties), making them suitable for
food/feed applications. In fact, they easily adapt to the intestinal environment of both
aquatic and domestic animals, making them favorable for use in probiotic aquaculture
feeds [14–18].

Among the microorganisms applied, yeasts have also been used as inoculum, along
with lactic bacteria, to ferment fish waste [19] for converting it to a useful product that can
be used as an ingredient to balance the food rations of animals. Yeast has many different
immunostimulatory compounds, e.g., nucleic acid, b-glucans, and mannan oligosaccha-
rides [20,21]. These compounds may enhance the growth of different fish species and
therefore can be considered as the best health promoters for fish culture [22].

Feed nutritional composition is important; the major growth-promoting factors are
proteins and lipids, since they are known to influence the growth and the body composition
of fish [23,24].

Fermented fish waste is a liquid product, obtained by the liquefaction of tissues carried
out by the enzymes already present in the fish and accelerated by an acid pH [10]. Natural
fillers, such as agricultural by-products, can also be added to the substrate [25].

Citrus peel can be used as filler [26] during fermentation, playing at the same time
an important role as a prebiotic source [27–29]. Among its beneficial effects, it has been
reported that prebiotics can elevate fish resistance to pathogens and improve growth
performance, feed utilization and lipid metabolism, as well as stimulating the immune
response through the modulation of intestinal microbiota [18,30–32].

The aim of this research was to process non-sterilized fish wastes, supplemented with
lemon peel as a filler and prebiotic source, by biological fermentation using combined
starter cultures of Saccharomyces cerevisiae American Type Culture Collection (ATCC)4126
and Lactobacillus reuteri ATCC 53608 for bio-transforming these by-products into a high
protein content supplement, rich in healthy microorganisms, for aquaculture feeds.

For this purpose, and to verify the optimum nutritional composition of aquafeed,
proteins, crude lipids, ash and lipid content percentages were monitored throughout the
process. The influence of the fermentation process on fatty acid concentrations was also
evaluated. Finally, microbiological analyses of the starters and total and fecal coliform
bacteria quantification were carried out, to evaluate the healthiness of the final product.

2. Materials and Methods
2.1. Substrate

Fish by-products (non-edible parts) of Dicentrarchus labrax, represented by the head,
viscera, skin and bones, were provided by Acqua Azzurra S.p.a. (Pachino, Italy). Samples
were collected directly at the farm, forwarded to the laboratory under refrigerated con-
ditions, and stored at −20 ◦C until tests were performed. Lemon peel was provided by
Simone Gatto S.r.l. (San Pier Niceto, Italy) and stored at −20 ◦C until use.
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2.2. Microorganisms

Saccharomyces cerevisiae ATCC 4126 was maintained on yeast medium (YM) agar (yeast
extract 3 g/L, malt extract 3 g/L, peptone 5 g/L, glucose 10 g/L, agar 20 g/L; Oxoid,
Basingstoke, UK) and Lactobacillus reuteri ATCC 53608, then maintained on MRS (de Man,
Rogosa, Sharpe) agar (peptone 10 g/L, “Lab-Lemco” powder 8 g/L, yeast extract 4 g/L,
sorbitan mono-oleate 1 mL, di-potassium hydrogen phosphate 2 g/L, sodium acetate
tri-hydrate 5 g/L, tri-ammonium citrate 2 g/L, magnesium sulfate heptahydrate 0.2 g/L,
manganese sulfate tetrahydrate 0.05 g/L, agar 10 g/L; Oxoid, Basingstoke, UK) at 4 ◦C. To
carry out the tests, S. cerevisiae and L. reuteri were cultured overnight at 35 ◦C and 37 ◦C,
respectively, on a rotary shaker (INNOVA 44, Incubator Shaker Series, New Brunswick
Scientific, Edison, NJ, USA) at 200 rpm, in tubes containing 20 mL YM medium for the
yeast and MRS broth for the bacteria.

2.3. Experimental Set-Up

Fermentation tests were carried out in a 5 L batch fermenter (Biostat Biotech B, Sar-
torius Stedim Biotech, Goettingen, Germany. The fermenter was equipped with one
four-bladed Rushton turbine and the usual control systems: temperature, pH, pO2 and a
foam detector. Fish waste and lemon peel (2:1 w/w) were homogenized in a blender for
5 min.

The resulting homogenate, with a dry matter content of 40% (w/w) was supplemented
with 20 mL of S. cerevisiae (108 cells per mL) and 20 mL of L. reuteri culture (108 cells per mL),
simultaneously. No sterilization procedures were adopted.

Fermentation parameters were 35 ◦C, with pH 5.0 and constant stirring at 200 rpm,
and a final working volume of 3.5 L.

All fermentations were carried out for 120 h until no further growth of the selected
microorganisms was observed, and the pH value became stable. The pH was not controlled
by alkali addition during cultivation.

Medium samples were withdrawn daily from the reaction vessel using a sterile 20 mL
syringe and immediately frozen at −20 ◦C until analysis.

2.4. Yeast Cell, Lactic Acid Bacteria and Coliform Bacteria Numbers

Suspended yeast cells and lactic acid bacteria were counted via the dilution plating
method, whereas coliform bacteria were counted via the MPN (most probable number)
method.

The CFU (colony-forming unit) of suspended yeast was counted by culturing at
35 ◦C in yeast media agar (pH 5.8) containing 100 mg/mL chloramphenicol (Oxoid,
Basingstoke, UK). Lactic acid bacterial colonies were counted by assessing acid formation
at 37 ◦C in the MRS agar (pH 6.8) containing 50 mg/mL bromocresol purple (Oxoid,
Basingstoke, UK). Coliform bacteria grown at 37 ◦C in lauryl tryptose broth (Oxoid, Bas-
ingstoke, UK) (pH 6.8) and the gas-forming bacteria were confirmed on green bile medium
(Oxoid, Basingstoke, UK) (pH 7.4).

2.5. Protein, Moisture, and Ash Determination

Representative samples were drained off daily for protein content testing, using the
method suggested by the AOAC (Association of Official Agricultural Chemists, Rockville,
MD, USA) [33]. The protein percentage was calculated considering a conversion factor of
6.25. The dry weights, both of the fresh waste and fermentation samples, were calculated
as steady weights after 2 h at 110 ◦C, using a Mettler PM 200 equipped with a Mettler
LP16 IR balance (Mettler-Toledo GmbH, Laboratory & Weighing Technologies, Greifensee,
Switzerland). Ash determination was carried out according to the AOAC method [33]. All
samples were analyzed in triplicate.
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2.6. Crude Fat and Fatty Acid Determination

Samples were extracted with a mixture of chloroform and methanol (2:1). The mixture
was allowed to stand overnight and the lower lipid layer, transferred into a pretreated and
weighed flask, was dried off. The difference in the two weights established the weight of
the fat [24].

The fatty acid analysis was performed by gas chromatography after transmethylation
with 2% H2SO4 in methanol at 80 ◦C. The separation and quantification of fatty acid methyl
esters were conducted with a Dani Master GC 1000, equipped with an FID detector (Dani
Instruments, Milan, Italy) and a capillary column Supelco SLB-IL100 60 m × 0.25 mm, film
0.20 µm(Merck KGaA, Darmstadt, Germany), using the following experimental conditions:
injector temperature 220 ◦C; oven temperature from 120 ◦C to 200 ◦C (10 min hold) at a
rate of 1 ◦C/min; detector temperature 240 ◦C; carrier gas He at a constant velocity rate of
34 cm/sec; and a split ratio of 1:50.

Fatty acids were identified by comparing the samples with reference standards, using
Supelco 37 component Fatty Acid Methyl Esters (FAME) mix in methylene chloride. All
samples were analyzed in triplicate.

All chemicals were provided by Merk Life Science (Merck KGaA, Darmstadt, Germany).

2.7. Statistical Analysis

The studies of significant differences were carried out via Kruskal–Wallis tests, using
the SPSS 13.0 software package for Windows (SPSS Inc., Chicago, IL, USA). The H statis-
tic and asymptotic significance are the Kruskal–Wallis test output values that allow the
significance evaluation of differences when more than two groups are considered.

3. Results and Discussion
3.1. Substrate Fermentation

The time course of fermentation by yeast and lactobacilli is shown in Figure 1, as well
as the pH trend.
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Figure 1. Lactobacillus reuteri (circle), Saccharomyces cerevisiae (diamond), and coliform (square)
concentrations, reported as colony-forming unit (CFU) per g, and pH (triangle) values recorded
during the fermentation.

The growth of S. cerevisiae was slow during the first 24 h of fermentation, maintaining
a concentration of 108 CFU/g. The amount of S. cerevisiae reached a concentration of 1011

CFU/g after 72 h, remaining stable until the end of the process.
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L. reuteri increased constantly from the beginning of the fermentation until after 96 h,
rising from 108 CFU/g up to 1012 CFU/g, reaching a steady state until the end of the
process. According to Giraffa et al. [17] and Hoseinifar et al. [18], this represents an added
value for the resulting aquafeed.

The reduction in pH was slow during the first 24 hours of fermentation because of
microorganism adaptations at the beginning of the process [19,34]. In the presence of acid
lactic bacteria and yeast, after 24 h the pH of the mixture became stable at 3.5 after 96 h.
The decrease in pH in the substrate offers evidence of good acidification through lactic
fermentation by the starter cultures and represents the most important factor to control
in biotransformation. Acidification must be achieved as quickly as possible, in order to
inhibit the growth of pathogenic and spoilage microorganisms in the substrate, increasing
the shelf life of the resulting fermented substrate [10,35,36]. Moreover, considering that no
sterilization procedures were carried out, the quick drop in pH was found to be necessary
for maintaining microbial hygiene, along with retaining the quality of the product as an
aquaculture feed [37].

In fact, the amount of initial substrate total coliforms was 106 CFU/g, whereas no
fecal coliforms were detected. The microbiological analysis for total coliform determination
showed a net decrease during the fermentation, to reach a complete absence after 96 h
(Figure 1).

The reduction in coliform numbers could be due to some inhibitory compounds
(bacteriocins) formed by the microorganisms employed during lactic acid fermentation
and/or to the acidification of the medium [19]. Moreover, the decrease in coliforms may
ensure good biopreservation against undesirable and/or hazardous microorganisms.

The final fermented products were low in spoilage microorganisms and rich in healthy
microorganisms, representing a healthy final substrate enriched by added value.

The starter cultures’ capability of growing at low pH can be ascribed to the lemon peel
supplementation since polysaccharides, such as pectins, show a protective effect on lactic
acid bacteria LAB against low pH [38,39]. Their ability to achieve this on fermenting fish
waste supplemented by lemon peel was confirmed by the protein level’s increasing during
the process, up to 48.55%, making these wastes an excellent raw material for aquafeed
production with Lactobacillus reuteri and Saccharomyces cerevisiae.

3.2. Substrate Protein, Ash and Crude Lipids Concentration

In Table 1, the protein, crude lipid, and ash percentages at different fermentation times
are reported. All statistical evaluations were performed at α = 0.05.

Table 1. Protein, crude lipid, and ash percentages, after different fermentation times.

Protein % Crude Lipid % Ash %

H statistic 16.290 7.058 13.386
Asymp. Sign. 0.006 0.0216 0.020

0 h Mean ± S.D. 11.68 ± 0.48 (A) 13.74 ± 0.72 (A) 0.83 ± 0.04 (A)
24 h Mean ± S.D. 15.46 ± 0.40 (A) 14.04 ± 0.74 (A) 0.82 ± 0.04 (A)
48 h Mean ± S.D. 20.01 ± 0.26 (A) 14.65 ± 0.77 (A) 0.78 ± 0.04 (AB)
72 h Mean ± S.D. 32.09 ± 0.77 (B) 14.85 ± 0.78 (A) 0.71 ± 0.04 (AB)
96 h Mean ± S.D. 48.55 ± 1.15 (B) 15.05 ± 0.79 (A) 0.66 ± 0.03 (B)

120 h Mean ± S.D. 48.55 ± 1.15 (B) 15.25 ± 0.80 (A) 0.66 ± 0.03 (B)
Bold values are significant at p < 0.05. A and B indicate homogeneous groups at α = 0.05: fermentation times that
do not differ from each other are designated by the same letter.

The substrate’s initial protein content was 11.68 ± 0.48%. It increased slowly by
72 h, reaching up to 32.09 ± 0.77%. The highest protein percentage in the substrate,
48.55 ± 1.15%, was reached after 96 h. This value remained stable until the end of the
fermentative process, allowing to obtain a substrate rich in protein, achieving a suitable
percentage for aquafeed formulation according to Nasseri et al. [34]. The protein content
against the CFU of the yeast and LAB is reported in Figure 2.

97



Fermentation 2021, 7, 272

Fermentation 2021, 7, x FOR PEER REVIEW 6 of 11 
 

 

during the process, up to 48.55%, making these wastes an excellent raw material for 
aquafeed production with Lactobacillus reuteri and Saccharomyces cerevisiae. 

3.2. Substrate Protein, Ash and Crude Lipids Concentration  
In Table 1, the protein, crude lipid, and ash percentages at different fermentation 

times are reported. All statistical evaluations were performed at α = 0.05. 

Table 1. Protein, crude lipid, and ash percentages, after different fermentation times. 

 Protein % Crude Lipid % Ash % 
H statistic 16.290 7.058 13.386 

Asymp. Sign. 0.006 0.0216 0.020 
0 h Mean ± S.D. 11.68 ± 0.48 (A) 13.74 ± 0.72 (A) 0.83 ± 0.04 (A) 

24 h Mean ± S.D. 15.46 ± 0.40 (A) 14.04 ± 0.74 (A) 0.82 ± 0.04 (A) 
48 h Mean ± S.D. 20.01 ± 0.26 (A) 14.65 ± 0.77 (A) 0.78 ± 0.04 (AB) 
72 h Mean ± S.D. 32.09 ± 0.77 (B) 14.85 ± 0.78 (A) 0.71 ± 0.04 (AB) 
96 h Mean ± S.D. 48.55 ± 1.15 (B) 15.05 ± 0.79 (A) 0.66 ± 0.03 (B) 

120 h Mean ± S.D. 48.55 ± 1.15 (B) 15.25 ± 0.80 (A) 0.66 ± 0.03 (B) 
Bold values are significant at p < 0.05. A and B indicate homogeneous groups at α = 0.05: 
fermentation times that do not differ from each other are designated by the same letter. 

The substrate’s initial protein content was 11.68 ± 0.48%. It increased slowly by 72 h, 
reaching up to 32.09 ± 0.77%. The highest protein percentage in the substrate, 48.55 ± 
1.15%, was reached after 96 h. This value remained stable until the end of the fermentative 
process, allowing to obtain a substrate rich in protein, achieving a suitable percentage for 
aquafeed formulation according to Nasseri et al. [34]. The protein content against the CFU 
of the yeast and LAB is reported in Figure 2. 

 
Figure 2. Lactobacillus reuteri (circle), Saccharomyces cerevisiae (diamond), reported as colony-forming 
unit (CFU) per g, and protein (bars) levels increasing during the fermentation process, reported as 
percentages. 

During all fermentations, ash concentrations decreased significantly, from 0.83 ± 
0.04% to 0.66 ± 0.03%. This could be due to partial ash utilization by the yeast as a source 
of minerals [40]. 

The crude lipid content calculated on the initial substrate was 13.74 ± 0.72%. 
Throughout the process, this value did not increase significantly; at the end of the 
fermentation period, it reached just 15.25 ± 0.80%. 

According to the literature [8,35,41], final protein and lipid contents had reached 
adequate levels in the resulting aquafeed, offering a way to ameliorate the problem of a 

Figure 2. Lactobacillus reuteri (circle), Saccharomyces cerevisiae (diamond), reported as colony-forming
unit (CFU) per g, and protein (bars) levels increasing during the fermentation process, reported
as percentages.

During all fermentations, ash concentrations decreased significantly, from 0.83 ± 0.04%
to 0.66 ± 0.03%. This could be due to partial ash utilization by the yeast as a source of
minerals [40].

The crude lipid content calculated on the initial substrate was 13.74 ± 0.72%. Through-
out the process, this value did not increase significantly; at the end of the fermentation
period, it reached just 15.25 ± 0.80%.

According to the literature [8,35,41], final protein and lipid contents had reached
adequate levels in the resulting aquafeed, offering a way to ameliorate the problem of a
lack of protein sources in aquaculture by encouraging the conversion of fish waste into
feed, using a low-cost process such as lactic fermentation.

3.3. Fatty Acid Composition

Fatty acid contents at different fermentation times are shown in Table 2. At the end
of the fermentation period, as confirmed by statistical tests with significances higher than
95%, MUFAs (monounsaturated fatty acids) increased significantly (+23.5%) and PUFAs
(polyunsaturated fatty acids) decreased (−22.7%), whereas the SFA (saturated fatty acids)
content was not affected by the fermentation process. Changes in fatty acid composition
during the fermentation process are shown in Table 3. The main fatty acids detected
throughout the process were C18:1 n-9 cis (33.02%), C18:2 n-6 cis (20.49%) and C16:0
(17.53%). C14:1, C17:0, C17:1, C20:0, and C21:0 were detected, starting after 72 h of the
process. A significant increase in concentration for C20:1 n-9, C 20:2 n-6 and C 24:1 n-9 was
observed, whereas C18:2 n-6 cis, C20:3 n-6, C20:4 n-6, C20:5 n-3, C22:2, C23:0 and C24:0
showed a significant opposite trend. According to Nadège et al. [23] and Babalola and
Apata [42], this fatty-acid composition is suitable for aquafeed formulations in which the
shelf life could be extended because of the decrease in polyunsaturated fatty acids.

Table 2. Fatty acid contents at different fermentation times.

SFA (%) MUFA (%) PUFA (%)

H statistic 5.398 13.070 13.819
Asymp. Sign. 0.369 0.023 0.017

0 h Mean ± S.D. 28.92 ± 1.51 39.02 ± 2.04 (A) 31.73 ± 1.66 (A)
24 h Mean ± S.D. 28.45 ± 1.49 39.68 ± 2.08 (A) 29.44 ± 1.54 (A)
48 h Mean ± S.D. 27.68 ± 1.45 42.20 ± 2.21 (A) 28.08 ± 1.47 (A)
72 h Mean ± S.D. 27.53 ± 1.44 44.90 ± 2.35 (A) 26.43 ± 1.38 (B)
96 h Mean ± S.D. 26.96 ± 1.41 47.48 ± 2.49 (B) 24.63 ± 1.29 (B)
120 h Mean ± S.D. 26.49 ± 1.39 48.19 ± 2.52 (B) 24.53 ± 1.29 (B)

Values in bold are significant at p < 0.05. A and B indicate homogeneous groups at α = 0.05; fermentation times
that do not differ from each other are designated by the same letter.
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Table 3. Fatty acid contents (%) at different fermentation times.

C14:0 C15:0 C16:0 C17:0 C18:0 C20:0 C21:0 C22:0 C23:0 C24:0

H statistic 13.757 11.294 4.273 14.537 10.584 14.868 14.434 7.602 15.690 15.409
Asymp. Sign. 0.017 0.031 0.511 0.013 0.060 0.011 0.013 0.207 0.008 0.009

0 h
Mean 2.38 0.24 17.53 0.005 * 3.72 0.005 * 0.005 * 0.55 3.85 (B) 0.65 (B)
S.D. 0.12 0.01 0.92 0.00 0.19 0.00 0.00 0.03 0.20 0.03

24 h
Mean 2.57 0.22 17.69 0.005 * 3.92 0.005 * 0.005 * 0.60 3.20 (AB) 0.26 (AB)
S.D. 0.13 0.01 0.93 0.00 0.21 0.00 0.00 0.03 0.17 0.01

48 h
Mean 3.09 0.26 17.21 0.005 * 3.63 0.005 * 0.005 * 0.58 2.75 (AB) 0.17 (A)
S.D. 0.16 0.01 0.90 0.00 0.19 0.00 0.00 0.03 0.14 0.01

72 h
Mean 2.31 0.22 17.62 0.20 3.21 0.23 0.06 0.52 3.00 (AB) 0.15 (A)
S.D. 0.12 0.01 0.92 0.01 0.17 0.01 0.00 0.03 0.16 0.01

96 h
Mean 2.62 0.25 17.16 0.15 3.65 0.10 0.05 0.57 2.25 (A) 0.16 (A)
S.D. 0.14 0.01 0.90 0.01 0.19 0.01 0.00 0.03 0.12 0.01

120 h
Mean 2.62 0.25 17.16 0.15 3.65 0.10 0.05 0.57 2.25 (A) 0.16 (A)
S.D. 0.14 0.01 0.90 0.01 0.19 0.01 0.00 0.03 0.12 0.01

C14:1 C16:1 C17:1 C18:1n9t C18:1n9c C20:1n9 C22:1n9 C24:1n9

H statistic 14.434 12.251 14.110 15.058 10.708 15.199 10.081 16.579
Asymp. Sign. 0.013 0.031 0.015 0.011 0.057 0.010 0.073 0.005

0 h
Mean 0.005 * 2.77 0.005 * 0.52 33.02 1.58 (A) 0.95 0.19 (A)
S.D. 0.00 0.14 0.00 0.03 1.73 0.08 0.05 0.01

24 h
Mean 0.005 * 3.23 0.005 * 0.63 33.33 1.47 (A) 0.85 0.17 (A)
S.D. 0.00 0.17 0.00 0.03 1.75 0.08 0.04 0.01

48 h
Mean 0.005 * 3.67 0.005 * 0.87 34.95 1.63 (AB) 0.96 0.13 (A)
S.D. 0.00 0.19 0.00 0.05 1.83 0.09 0.05 0.01

72 h
Mean 0.06 3.58 0.16 0.74 36.06 2.95 (AB) 1.03 0.33 (AB)
S.D. 0.00 0.19 0.01 0.04 1.89 0.15 0.05 0.02

96 h
Mean 0.06 3.33 0.14 0.65 38.12 3.77 (B) 1.01 0.40 (B)
S.D. 0.00 0.17 0.01 0.03 2.00 0.20 0.05 0.02

120 h
Mean 0.07 3.38 0.15 0.69 38.39 3.94 (B) 1.02 0.55 (B)
S.D. 0.00 0.18 0.01 0.04 2.01 0.21 0.05 0.03

C18:2n6t C18:2n6c C18:3n6 C18:3n3 C20:2n6 C20:3n6 C20:3n3 C20:4n6 C20:5n3 C22:2 C22:6 n3

H statistic 14.427 14.184 16.064 11.854 15.503 15.592 14.868 16.155 16.251 15.827 15.082
Asymp. Sign. 0.013 0.004 0.017 0.037 0.008 0.008 0.011 0.006 0.006 0.007 0.011

0 h
Mean 0.27 20.49 (A) 0.29 4.71 1.44 (AB) 0.26 (B) 0.18 0.60 (B) 0.16 (B) 0.39 (B) 2.93
S.D. 0.01 1.07 0.02 0.25 0.08 0.01 0.01 0.03 0.01 0.02 0.15

24 h
Mean 0.26 20.50 (A) 0.22 3.70 1.12 (A) 0.10 (A) 0.28 0.75 (B) 0.15 (B) 0.38 (B) 1.97
S.D. 0.01 1.07 0.01 0.19 0.06 0.01 0.01 0.04 0.01 0.02 0.10

48 h
Mean 0.21 19.07 (A) 0.20 4.25 1.96 (B) 0.09 (A) 0.23 0.09 (A) 0.04 (AB) 0.06 (A) 1.87
S.D. 0.01 1.00 0.01 0.22 0.10 0.00 0.01 0.00 0.00 0.00 0.10

72 h
Mean 0.29 16.98

(AB) 0.33 4.36 1.83 (B) 0.08 (A) 0.12 0.10 (A) 0.02 (A) 0.05 (A) 2.26

S.D. 0.02 0.89 0.02 0.23 0.10 0.00 0.01 0.01 0.00 0.00 0.12

96 h
Mean 0.25 15.47 (B) 0.25 4.06 1.73 (AB) 0.10 (A) 0.12 0.08 (A) 0.05 (AB) 0.06 (A) 2.45
S.D. 0.01 0.81 0.01 0.21 0.09 0.01 0.01 0.00 0.00 0.00 0.13

120 h
Mean 0.22 15.59 (B) 0.26 4.07 1.52 (AB) 0.11 (A) 0.12 0.10 (A) 0.03 (AB) 0.07 (A) 2.43
S.D. 0.01 0.82 0.01 0.21 0.08 0.01 0.01 0.01 0.00 0.00 0.13

* Values corresponding to the half of the determination limit; values in bold are significant at p < 0.01. A and B indicate homogeneous
groups at α = 0.01: fermentation times that do not differ from each other are designated by the same letter.

Previous studies carried out by Fickers et al. [43] and Yano et al. [44] reported similar
fatty acid behavior. This trend can be ascribed to the yeast and lactic bacteria activities that
degrade fats for single-cell protein production [44] and to obtain the energy necessary for
metabolic activities during the fermentation process [45]. The fatty acids resulting from the
degradation of lipids are subsequently degraded through the β-oxidation system in the
yeast cells [44], resulting in a reduction in polyunsaturated fatty acids.

4. Conclusions

This study demonstrated an effective approach to utilizing the demonstrated fer-
mented substrate for aquafeed, starting with fish and lemon peel wastes, allowing the
conversion of both animal and vegetable food wastes into an added-value product.
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The final fermented product is low in spoilage microorganisms and rich in healthy
microorganisms, representing a healthy final substrate enriched by added value.

The microorganisms’ ability to feed on fermenting fish waste that is supplemented
by lemon peel was confirmed by the protein level’s increasing during the process, up
to 48.55%, making these wastes an excellent raw material for aquafeed production via
Lactobacillus reuteri and Saccharomyces cerevisiae. In fact, the final protein and lipid contents
represent adequate levels in the resulting aquafeed, reducing the problem of a lack of
protein sources for aquaculture by encouraging the conversion of fish waste and lemon
peel into feed.

This study pointed out the possibility of setting up a fermentation process based
on the simultaneous addition of two different microorganisms, reaching a plateau after
96 h. Further studies are in progress for converting the resulting fermentation product into
pellets and for testing the effect of the final product on the growth and immune response
of fish from aquaculture and, consequently, in human consumers.

Finally, additional work will be needed to further optimize production to facilitate
future larger-scale production, also evaluating it from an economic point of view.
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Abstract: The generation of pomaces from juice and olive oil industries is a major environmental
issue. This review aims to provide an overview of the strategies to increase the value of pomaces
by fermentation/biotransformation and explore the different aspects reported in scientific studies.
Fermentation is an interesting solution to improve the value of pomaces (especially from grape,
apple, and olive) and produce high-added value compounds. In terms of animal production,
a shift in the fermentation process during silage production seems to happen (favoring ethanol
production rather than lactic acid), but it can be controlled with starter cultures. The subsequent
use of silage with pomace in animal production slightly reduces growth performance but improves
animal health status. One of the potential applications in the industrial context is the production
of enzymes (current challenges involve purification and scaling up the process) and organic acids.
Other emerging applications are the production of odor-active compounds to improve the aroma
of foods as well as the release of bound polyphenols and the synthesis of bioactive compounds for
functional food production.

Keywords: pressing residue; grape; apple; silage; animal production; enzyme production; polyphenols

1. Introduction

Pomace is the main residue (a humid, solid material) generated from the pressing of
fruits and olives to obtain juices and olive oil, respectively. This residue is heterogeneous
and may contain seeds, pulp, stems, and peels, depending on the source [1,2]. In terms
of the global production of juices and olive oil, the amount of pomace produced every
year achieves several millions of tons [3,4]. Its high organic matter, nutrients, and moisture
content favor the growth of microorganisms to decompose this residue (the generation of
greenhouse gases, unpleasant odors, and contamination of groundwater) and can attract
pests, which ultimately leads to an important environmental impact [5]. Additionally, the
consumption of juices [6,7] and olive oil [8–10] is expected to increase in the upcoming
years. In this sense, the residues from these two sectors of the food industry are expected
to increase.

Another important aspect related to pomaces is the presence of bioactive compounds
that are lost when these residues are discarded. One of the most studied classes of phy-
tochemicals are polyphenols. This class of compounds is characterized by the antioxi-
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dant [11–13], antimicrobial [3,12], anti-inflammatory [13], and anti-diabetic [14] activities
tested in vitro and in vivo. This scenario can be seen as a relevant opportunity to explore
strategies to improve the management of pomace and reduce its environmental impact.

In this sense, the concept of a circular economy is favored to improve the sustainability
in this sector of the food industry, i.e., transforming residues into raw materials with high-
added value and connecting them with other chains of food processing [15]. Moreover, a
circular economy is one of the principles of the European Green Deal that aims to improve
the efficiency of resource use and to cut pollution, for instance [16,17]. Recent publications
support the potential utilization of this strategy [18–24]. It is also important to mention
that the reutilization of residues of the food industry and the consequent development of
food products are concepts supported and well-accepted by consumers [25,26].

Among the possible solutions to manage pomaces, fermentation has been suggested
to obtain high-added value products and compounds. Moreover, fermentation can be seen
as an important and more sustainable strategy to treat food industry residues [2,27,28].
Thus, this review aims to provide an overview of the utilization of fermentation (mainly
involving lactic acid bacteria and yeasts) and biotransformation (biotransformation) of
pomace in the production of silage and supplement feed for animal, enzymes, polyphenols,
bioactive compounds (release of bound polyphenols and the synthesis of fatty acids and
carotenoids), odor-active volatile compounds, and organic acid production.

2. Utilization in Silage or as a Feed Supplement for Animal Production

The feeding of animals reared for food production is one of the possible applications
of fermented pomaces (Figure 1), for which there are two main strategies: adding the
pomace in silage production or fermenting/biotransforming the pomace and using it as
feed supplement (Table 1). Regarding the first strategy, the production of silage consists
of preserving pasture grass for further use (especially during dry periods). The process
occurs mainly by fermenting pasture with bacteria that are naturally or strategically added
to acidify the material and delay microbial and biochemical spoilage [29]. Considering the
importance of silage and the fermentation process, many studies have explored the effect
of pomace in the characteristics of silage and its effect in animal health and performance.
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Table 1. Effect of fermentation in the characteristics of silage produced from apple, white mulberry, and grape pomace.

Source Experimental Conditions Effect in Silage Characteristics Ref.

Apple pomace Alfalfa hay, timothy hay, soybean meal, and
vitamin and mineral supplement, pomace (0,
5, 10, and 20%), 3.4–22.4 ◦C, and 60 days

Increased pH, ethanol, acetic acid, and
ammonia nitrogen levels; reduced lactic
acid content

[30]

Apple pomace Maize, wheat bran, soybean meal, timothy
hay, alfalfa hay and vitamin-mineral
supplement, pomace (20% in silage),
4.4–25.8 ◦C, and 60 days

Increased pH and ethanol content; reduced
lactic and acetic acid, and ammonia
nitrogen contents

[31]

Grape pomace Calotropis procera, pomace (0, 10, 20, 40% in
silage), and 90 days

Increased ethanol, acetic, propionic and
butyric acid contents, effluent loss and gas
loss; reduced soluble carbohydrate and
lactic acid content and digestibility; no
effect in pH

[32]

Grape pomace Sweet sorghum silage, pomace (0, 5, 10,
and 15% in silage), and 90 days

Increased acetic acid (only 10%) and total
polyphenol content; reduced water-soluble
carbohydrates, lactic acid (only 15%
treatment), and butyric acid contents; no
effect in dry matter and protein neutral and
detergent fiber contents, pH, and ammonia
nitrogen level

[33]

White mulberry pomace Meadow grass, pomace (0, 25, 50, 75,
and 100% in silage), and 60 days

Increased gas production, organic matter
digestibility, and metabolizable energy

[34]

Using pomace as a raw material for silage production may shift the characteristics of
silage and change its content and composition of organic acids, digestible matter, and pH.
These results were reported in studies with apple pomace that also indicated a reduction
in the production of lactic acid [30,31]. Along with the increase in ethanol content in
silage, the pH was increased, and the accumulation of lactic acid was reduced in relation
to silage without pomace. However, these studies also indicated an unclear effect in the
accumulation of ammonia nitrogen.

In the case of grape pomace, the depletion in lactic acid content and the increase in
the production of other organic acids, polyphenol content, effluent and gas loss were also
reported in two recent studies [32,33]. Both studies did not indicate significant differences
in the pH of silage. It is relevant to mention that the study carried out by Li et al. [33]
also evaluated the combination of grape pomace with the starter culture composed of
Lactobacillus plantarum and Lactobacillus buchneri. These microorganisms led to a better
control of fermentation and quality of silage by favoring the accumulation of lactic and
acetic acid, water soluble carbohydrates, and crude protein. Moreover, ammonia nitrogen
levels were reduced and no effect in the neutral detergent fiber content and the pH of
silage were reported. A related experiment evaluated the production of silage with white
mulberry pomace with meadow grass [34]. In this case, significant effects in organic matter
digestibility and metabolizable energy, as well as in gas production, were reported.

Since silage is an important component for animal production in periods and regions
of reduced feed availability, some studies reported the effect of silage with pomace and
fermented pomace in animal nutrition, health and the composition and characteristics of
foods obtained from animals in these experimental diets (Table 2). For instance, recent
experiments reported the effect of silage added with apple pomace in the diet of Suffolk
wethers [30,31]. In both cases, significant reductions in digestibility and nitrogen retention,
in relation to the control diet, were reported. No effect in feed intake between control and
experimental diets were indicated in these studies.
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A related experiment with pigs fed with silage containing apple pomace indicated
minimal or non-significant effects in the growth performance, except for a reduction in daily
feed intake and an increase in feed efficiency in animals fed with apple pomace silage [35].
Additionally, this study also indicated a significant increase in the content of some indi-
vidual polyunsaturated fatty acids in back fat, whereas the content of few saturated and
monounsaturated fatty acids in back fat were reduced. This effect was attributed to the
dietary fiber found in apple pomace that favored the growth of probiotic microorganisms
in pig intestine and led to the potential changes in back fat fatty acid composition.

Another interesting strategy to use silage with apple pomace was reported for the
production of fish. Davies et al. [36] studied the effect of a silage produced with apple
pomace, minced sardine, and Lactobacillus plantarum as a starter culture in the production
of juvenile European sea bass. In these animals, the silage with apple pomace improved
the health status of fish, whereas growth performance indicators were reduced in relation
to the control diet (without apple pomace).

The effect of feeding animals with silage containing grape pomace was also reported
in recent studies but contrasting results have been reported. In the experiment carried out
by Massaro Junior et al. [37], increasing levels of silage with grape pomace (up to 30% in
feed) did not cause significant changes in indicators of growth performance (initial and
final body weight, average daily gain and feed conversion ratio), carcass characteristics
(hot and cold carcass yield, for instance), and meat quality (such as pH, shear force, lipid
oxidation, and color) in lambs. Conversely, the use of silage produced with grape pomace
in piglets induced the antioxidant defense system, reduced the indicators of oxidative
stress, and the counts of pathogenic microorganisms (Campylobacter jejuni, for instance) in
fecal samples [38]. Additionally, the meat produced from animals fed with the experimental
diet had more omega-3 fatty acids in comparison to the meat from animals fed with the
control diet.

Fermentation in a solid state has also been explored to obtain potential feed addi-
tives for animal production. In the case of broiler chicks, the incorporation of fermented
grape pomace in animal diets produced heavier animals with increased serum levels of
catalase (a component of the antioxidant defense system) [39]. Additionally, no significant
reductions in other components of the antioxidant defense system, intestinal morphology,
and the pH or color of liver in the animals fed with silage containing grape pomace were
reported in this study.

Olive pomace has been indicated as an interesting component to improve the diet
of chicks [40]. Adding fermented olive pomace in animal feed enhanced the antioxidant
status and the antioxidant defense system as well as reduced serum triglycerides and
total cholesterol. Conversely, body weight gain was affected and no major effects in liver
enzymes were indicated by the authors. The effects on animal health were also observed
in meat in terms of reduced fat, cholesterol contents and lipid oxidation levels in breast
meat. Another study indicated a favorable effect of solid-state fermented pomace in animal
health [41]. In this case, the consumption of fermented tomato pomace improved health
indicators (serum lipids and immune and antioxidant defense systems) in Holstein cows.
However, the authors indicated no effects in terms of feed intake and milk production and
composition (except for vitamins A, C, and E).

The effect of silage produced with pomegranate pomace in broiler chicks was eval-
uated by Gungor et al. [42]. The oxidative status was improved and some effects in the
internal morphology were reported in animals consuming the experimental silage. No
significant effects were reported for carcass characteristics, the antioxidant defense system,
and meat and liver characteristics (pH and color).

From these experiments, it seems reasonable to consider that mixing pomace with
other components for silage production modifies the microbial activity as well as the
characteristics of silage. These effects can be attributed to the composition and content
of nutrients (such as water-soluble carbohydrates). It is important to mention that the
effect is dependent on the extract composition (apple vs. grape pomace, for instance).
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Additionally, the shift in the fermentation process by using pomace as a raw material in
silage production (especially for the production of lactic acid to ethanol) may be reduced
from the addition of starter cultures. In terms of animal production, the main benefit seems
to be related to animal health and the quality of foods obtained from these animals (chicks,
cows, fish, lambs, and pigs), regardless of pomace source. In terms of animal production,
the use of either pomace as silage raw material or fermented feed supplement seems to
have a negative impact, such as in growth performance. It is worth mentioning that the
modification of foods obtained from animals fed with fermented pomace fits in the strategy
to naturally enrich foods with nutrients and functional compounds [43]. This strategy
is supported by studies with apple [35], grape [38,39], olive and tomato pomaces [40,41].
However, additional studies are still necessary to identify relevant sources due to the
controversial results such as those reported for pomegranate pomace in chicken meat [42].

3. Enzyme Production and Potential Applications

The use of pomace for the production of enzymes obtained from the agro-industrial
processing of foods is an interesting strategy for producing high-added value products
(Table 3). One of the main pomaces explored in the production of enzymes is obtained from
apple processing. Recent studies point out that apple pomace can be used to obtain different
enzymes without an additional carbohydrate source [44–48]. For instance, the production of
lignin peroxidase and manganese peroxidase were reported from the fermentation of apple
pomace with Phanerochaete chrysosporium BKM-F-1767 [48]. In this study, apple pomace
was indicated as the most versatile residue to produce these enzymes in comparison to
brewery residue, pulp and paper residue, and fishery waste.

The production of amylase, cellulose, pectinase, and xylanase was reported for fermen-
tation with Rhizopus delemar F2 [44]. Similarly, the production of pectinase was reported in
another study carried out with Aspergillus parvisclerotigenus KX928754 where the fermen-
tation was optimized in terms of pH, temperature, and the period of fermentation [45].
Similarly, the combination of two Bacillus strains, Bacillus subtilis and Bacillus pumilus, was
indicated as a relevant strategy to produce pectinase from apple pomace [46]. In this study,
the authors optimized the fermentation by exploring the effect of solid content and the
ratio between B. subtilis and B. pumilus in the production of this enzyme.
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Combining apple pomace with other sources of nutrients can improve enzyme pro-
duction yields. This factor was considered in the experiment carried out by Singh et al. [49],
who used dahlia tuber powder (source of inulin) to produce inulinase with apple pomace.
These authors optimized the fermentation in terms of moisture, fermentation period, and
pH. Another interesting strategy to obtain extracts rich in enzymes from apple pomace
consist in generating mutant strains such as those indicated by Guleria et al. [47]. In this
case, the new mutant of Cellulosimicrobium sp. CKMX1 E5 increased the production of
xylanase in relation to its parent strain.

Grape is another relevant substrate for the production of enzymes. In this case,
the production of tannase was obtained from the fermentation with Aspergillus niger
NRRL3 [50]. Similarly, the production of cellulose using Bacillus subtilis was also obtained
from the fermentation of grape pomace [51]. Another recent experiment indicated that
the production of laccase from grape pomace was dependent on the starter culture [52].
In this case, Pleurotus pulmonarius was more efficient for producing this enzyme than
Pleurotus ostreatus. Moreover, the authors also indicated that solid-state fermentation was
more appropriate than semiliquid and submerged fermentations.

The effect of adding wheat bran in grape pomace for the production of different
enzymes was studied in a recent experiment [53]. The fermentation with Aspergillus niger
successfully produced more tannase by combining wheat bran with grape pomace than
using only wheat bran. However, the presence of grape pomace limited the production of
xylanase and β-glucosidase and slowed the production of polygalacturonase. Additionally,
the authors also reported a dependency on time for the production of polygalacturonase
and carboxymethyl cellulase (higher enzymatic yields were obtained after 96 h of fermenta-
tion). Additionally, Papadaki et al. [54] reported the production of amylase, carboxymethyl
cellulase, polygalacturonase, protease, and xylanase from a substrate composed of white
grape pomace, olive mill wastewater, red grape pomace and wheat bran. Aspergillus niger
was used to obtain these enzymes.

Olive processing for oil extraction also generates a valuable substrate for microbial
enzyme production. For instance, a recent experiment with olive pomace indicated that
tannase could be obtained from the fermentation with Kluyveromyces marxianus [55]. An-
other relevant example that supports the use of this pomace in the production of enzymes
is the study carried out by Leite et al. [56]. In this case, the authors fermented the exhausted
olive pomace with Aspergillus niger and reported the production of xylanase and cellu-
lose. In the case of lipase production from grape pomace, the effect of Aspergillus species
was evaluated in a recent study [57]. Aspergillus ibericus was a more efficient species in
relation to Aspergillus niger and Aspergillus tubingensis. Interestingly, a related experiment
with exhausted olive pomace reported the production of pectinase from the growth of the
microalgae Crypthecodinium cohnii [58]. Additionally, no significant differences in terms of
substrate concentration (5 vs. 8 g/L) in the production of this enzyme were reported.

Tomato is another relevant source of pomace that can be utilized in the production
of enzymes. Proteases could be obtained from tomato pomace using Aspergillus oryzae
according to recent studies [59,60]. Moreover, the study carried out by Belmessikh et al. [59]
indicated that the production of protease from tomato pomace was more efficient in solid-
state rather than submerged fermentation. The optimization also indicated that casein and
NaCl levels are significant factors in improving the production of protease.

The combination of tomato pomace with other sources of nutrients for enzymatic
production has also been explored [61]. Particularly, for the combination with sorghum
stalks, the production in a laccase, protease, and xylanase were dependent on the starter
culture [61]. In this case, Pleurotus ostreatus was associated with a faster but less intense
production of these enzymes. Conversely, Trametes versicolor had higher production yields
but after longer fermentation periods. Another more recent experiment with tomato
pomace, wheat bran, and canola meal indicated that the fermentation with Bacillus subtilis
was associated with high xylanase content [62].
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Another relevant pomace for the production of enzymes is obtained from orange
processing. In this case, recent experiments explored the generation of pectinase from the
fermentation with Aspergillus niger [63,64]. It is also relevant to comment that a recent
experiment indicated that the use of sugarcane bagasse is a relevant strategy to reduce
moisture loss during fermentation and improve the production yield of pectinase from
orange pomace [64]. In a similar way, carrot pomace was indicated as an interesting
substrate for fermentation, which can be utilized in the production of inulinase [65]. The
production of inulinase was affected by moisture content, fermentation period, and pH.

The production of enzymes from pomaces can also be improved by the use of emerging
technologies such as microwave heating and ultrasound. This aspect was reported in the
production of carbohydrases from apple pomace by Pathania et al. [44]. According to
these authors, the intensity of microwaves (as a pre-treatment) had a significant effect on
the production yield. The maximum values for amylase, pectinase, and xylanase were
reported for the 450 W treatment. Additional power (up to 600 W) caused a reduction in
the production of enzymes. In the same line of thought, the use of ultrasound can improve
the production of enzymes. Leite et al. [56] indicated that using 750 W and 20 kHz and
optimizing the time and liquid/solid ratio (12.4 min and 7.3) maximized the production
yields of xylanase (75 U/g) and cellulase (35 U/g).

It is also important to highlight that some experiments to scale up the production of
enzymes from pomaces have been carried out in the last decade. One relevant example that
explored this aspect was performed by Boukhalfa-lezzar et al. [60] with tomato pomace
fermented with Aspergillus oryzae. In this study, similar production yields were reported
between lab scale and a bioreactor for protease production (12 U/gds after 42 h with 20 g of
substrate vs. 13.6 U/gds after 44 h with 5 kg of substrate). Another relevant experiment
supporting the increase in the production scale of enzymes was carried out with orange
pomace in a tray reactor and a rotating-drum reactor [64]. In this case, differences in
production yield were reported between these two reactors wherein the bioreactor with
trays had the highest yield. Moreover, both reactors increased the production of pectinase
in relation to a previous experiment from the same research group [63].

The purification of enzymes obtained from fermentation is another relevant aspect
considered in recent studies. In order to explore potential solutions to improve the sep-
aration of enzymes, an experiment with lignin peroxidase and manganese peroxidase
explored the use of centrifugation and filtration after the fermentation of apple pomace [48].
The results revealed that centrifugation was more efficient for separating both enzymes
than filtration. A recent study compared the use of fractionation with ammonium sul-
fate and chromatography filtration in the purification of tannase from fermented olive
pomace [55]. Both methods led to extracts with increased enzymatic activity wherein the
chromatography filtration was more efficient than fractionation with ammonium sulfate
(1026.1 vs. 664 U/mg, respectively). A similar outcome was obtained in another study
with pectinase from apple pomace (1081.7 vs. 860.6 U/mg for chromatography filtration
and ammonium sulfate fractionation, respectively) [45].

Potential applications can also be considered in the context of enzyme production.
Since pomace is a by-product from food processing, the use of these enzymes in food
production can be suggested. A relevant example is the experiment carried out by
Mahmoodi et al. [63]. In this study, cubic pieces of fresh apple were treated with pecti-
nase to produce apple juice. The main effects were the reduction in juice viscosity and
increased juice yield, soluble sugar content, and pectate content. A similar experiment with
polygalacturonase obtained from apple pomace was efficient for clarifying apple juice [66].

An interesting application for enzymes obtained from pomace fermentation is the
detoxification of food. This approach was evaluated by Cuprys et al. [67] who applied
laccase from apple fermentation with Trametes versicolor to decompose ciprofloxacin (an
antibiotic). However, the presence of a reducing agent (syringaldehyde in this study) was
necessary to favor the enzymatic degradation of this antibiotic in water. Although the sci-
entific information about the application of microbial enzymes from pomace fermentation
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in food processing is limited, the use of these enzymes could be considered to improve the
processing of beer, bread, cheese, syrup, and wine [68] in further experiments. Moreover,
potential applications in other research areas are in pharmaceutical, chemical, fuel, and
paper production [69].

The use of pomace from different sources can be seen as a relevant strategy to favor
the production of enzymes. Current scientific evidence indicates that the production of
enzymes can be improved by adding complementary sources of nutrients (such as ingre-
dients rich in carbohydrates for pomaces with reduced levels of this nutrient), applying
emerging technologies to favor the exposure of substrates, and increasing the scale of
production (minimal effect in production yield, to some extent). The purification with
different techniques can also be applied and support the progression towards application
in other industrial processes.

4. Release and Production of Bioactive Compounds

Improving the biological activity of pomace from food processing is one of the poten-
tial and emerging applications of fermentation. This strategy has been applied to obtain
carotenoids, fatty acids, γ-linolenic acid, and polyphenols (Table 4). Polyphenols are an im-
portant class of bioactive compounds that are found in pomaces. From a broad perspective,
polyphenols can be found either in free or bound forms. Polyphenols in free form are those
present in the cytosol of vegetable cells, whereas the bound polyphenols are those bound to
cell wall constituents [70]. For bound polyphenols in particular, their extraction is complex
and conventional extraction methods have low efficiency to separate these compounds
from structural components of food. In this context, the use of fermentation (by means of
the action of microbial enzymes) has been indicated as a relevant strategy to recovery this
compound [70,71].

Table 4. Bioactive compounds obtained from pomace fermentation.

Source Fermentation Conditions Bioactive Compounds Outcome Ref.

Grape pomace 2 g substrate, Rhizomucor miehei NRRL 5282,
37 ◦C, and 18 days

Polyphenols Oven dried: reduction in TPC and FRAP, no
effect in DPPH
Lyophilized: maximum TPC and FRAP
values at day 7, no effect in DPPH

[72]

Grape pomace 10 g substrate (grape pomace:wheat bran;
1:1), Aspergillus niger 3T5B8, 37 ◦C, and 96 h

Polyphenols Increased TPC, ABTS, and ORAC [53]

Grape pomace 50 g substrate, Trametes versicolor TV-6,
5 mycelial plugs, 27 ◦C, and 15 days

Polyphenols Reduced 5-lipoxygenase and hyaluronidase
activities (up to 4 days of fermentation),
and polyphenol content throughout
fermentation period

[74]

Grape pomace 60 g substrate, Actinomucor elegans ATCC-
22963 or Umbelopsis isabellina ATCC-36671,
30 ◦C, and 12 days

γ-Linolenic acid
and carotenoids

γ-Linolenic acid: maximum at 4 days for
Umbelopsis isabellina and 6 days for
Actinomucor elegans
Carotenoids: carotene increased throughout
fermentation and maximum at 8 days
for lutein

[73]

Apple pomace 2 g substrate, Rhizomucor miehei NRRL 5282,
37 ◦C, and 18 days

Polyphenols Oven dried: reduced TPC, maximum FRAP
value at day 3, no effect in DPPH
Lyophilized: slight increase in TPC and
DPPH up to day 10, maximum FRAP value
at day 10

[72]

Apple pomace 12.5 g, natural fermentation, 30 ◦C, and 72 h Polyphenols Reduced throughout
the fermentation period

[75]

Apple pomace 250 g substrate, Saccharomyces cerevisiae ref:
32, Saccharomycodes bayanus ref: C6, and
Hanseniaspora uvarum ref: 62, 25 ◦C,
and 7 days

Fatty acids
and polyphenols

Increased fatty acids
Slight reduction in polyphenols

[76]

Apple pomace 40, 60 and 80 g substrate/L,
Yarrowia lipolytica, 28 ◦C, and 6 days

Fatty acids Maximum production after day 3 [77]

Elderberry and dwarf
elderberry pomace

50 g substrate, Aspergillus niger ATCC-6275,
30 ◦C, and 6 days

Polyphenols and
fatty acids

TPC: maximum release
up to 3–4 days of fermentation
DPPH: maximum after 3–4 days of
fermentation
Lipids: slight increase in linoleic and oleic
acids up to 4 days of fermentation

[78]

Olive pomace 5 g substrate, Kluyveromyces marxianus
NRRL Y-8281, 45 ◦C, and 48 h

Tannic and gallic acids Reduced tannic acid and increased gallic
acid content

[79]

Exhausted olive pomace 5 and 8 g substrate/L, Crypthecodinium
cohnii ATCC 30772, 27 ◦C,
160 rpm, and 7 days

Fatty acids Increased total lipid and DHA content in
dry cells

[58]

114



Fermentation 2021, 7, 299

Table 4. Cont.

Source Fermentation Conditions Bioactive Compounds Outcome Ref.

Exhausted olive pomace 25 g substrate/L, Crypthecodinium cohnii
ATCC 30772, 27 ◦C, 160 rpm, and 5 days

Fatty acids High production yield; negative effect of
detoxification prior to fermentation

[80]

Chokeberry pomace 40 g substrate, Aspergillus niger ATCC-6275
or Rhizopus oligosporus ATCC-22959, 30 ◦C,
and 12 days

Polyphenols TPC: maximum at 6 days for
or Rhizopus oligosporus and 9 days for
Aspergillus niger; DPPH and TEAC:
maximum at 6 days for Aspergillus niger
and 9 days for Rhizopus oligosporus

[81]

Plum pomace 15 g substrate, Aspergillus niger ATCC-6275
or Rhizopus oligosporus ATCC-22959, 30 ◦C,
and 14 days

Polyphenols TPC: maximum after 9 days of fermentation;
DPPH: maximum at 6 days of fermentation

[82]

Apricot pomace 15 g substrate, Aspergillus niger ATCC-6275
or Rhizopus oligosporus ATCC-22959, 30 ◦C,
and 14 days

Polyphenols TPC: maximum at 9 days for Rhizopus
oligosporus; reduced after 6 days for
Aspergillus niger; DPPH: maximum at 2 days
for both

[83]

Pitahaya pomace 2 g substrate, Rhizomucor miehei NRRL 5282,
37 ◦C, and 18 days

Polyphenols Oven dried: slight decrease in TPC,
decreased FRAP, and no effect in DPPH
Lyophilized: slight increase in TPC,
maximum FRAP value at day 10 and DPPH
value at day 15

[72]

Red bayberry pomace 0.02% live yeast, 25 ◦C, 16 h followed
by 0.1% probiotic mix, 28 ◦C, 24 h, and let
for up to 7 days

Polyphenols Increased TPC and TFC values; reduced
DPPH value

[84]

DHA: Docosahexanoic acid, DPPH: (2,2-diphenyl-1-picrylhydrazyl) free radical, FRAP: ferric reducing antioxidant power, ORAC: oxygen
radical absorbance capacity, TEAC: trolox equivalent antioxidant capacity, TFC: total flavonoid content, and TPC: total polyphenol content.

For instance, studies carried out with grape pomace indicate that polyphenols [53,72],
γ-linolenic acid and carotenoids [73] can be obtained from fermentation. In addition to the
characterization of the content of these bioactive compounds, these studies also revealed
aspects related to the preparation of samples, fermentation period, and the effect of the
starter culture.

Regarding the effects of sample preparation and fermentation period in the release of
polyphenols, a recent experiment indicated that lyophilization is a better pre-treatment than
oven-drying to improve the extraction of polyphenols from grape pomace [72]. Moreover,
this study also indicated that long fermentation periods do not favor the accumulation
of polyphenols. Additionally, this effect could be explained by the instability of free
polyphenols during fermentation. The gradual decomposition of free polyphenols can
occur, which may be compensated by the release of bound polyphenols from microbial
activity. Another related study with pomace supports this consideration and the necessity
to define the optimum fermentation period. The high polyphenol and bioactivity in the
beginning of the fermentation period were followed by the reduction in both indicators
(polyphenol content and biological activity) as fermentation progressed up to 15 days [74].
Additionally, Teles et al. [53] reported increasing polyphenol content and antioxidant
activity during the fermentation of grape pomace with Aspergillus niger during a shorter
period (96 h) in relation to these aforementioned studies. This study also indicated that
polyphenol content was positively correlated with antioxidant potential.

The production of γ-linolenic acid and carotenoids by solid-state fermentation also
displayed the same dependency on fermentation time, wherein maximum yields were
obtained after 6 days of fermentation [73]. In the case of carotenoids, the synthesis of
lutein had a maximum yield after 8 days, whereas the production of carotene increased
throughout the fermentation period (18 days).

Apple pomace has also been explored as a relevant source of polyphenols and fatty
acids. For instance, the effect of pre-treatment and fermentation on polyphenol accumula-
tion during fermentation was studied by Zambrano et al. [72]. The maximum polyphenol
content was not affected by the pretreatment (lyophilization vs. over-drying), but signifi-
cant changes were reported during the fermentation period. The maximum polyphenol
yield and antioxidant potential were obtained at day 10. Conversely, Lohani and Muthuku-
marappan [75] reported a gradual reduction in the polyphenol content of naturally fer-
mented apple pomace. Madrera et al. [76] reported a slight reduction in the polyphenol
content of fermented apple pomace with different yeasts. Additionally, this study also
indicated that the production of fatty acids can be obtained from the fermentation of apple
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pomace with yeasts. An interesting experiment with apple pomace explored the production
of fatty acids in a 5 L bioreactor [77]. In this case, different concentrations of apple pomace
were used as a carbon source for lipid biosynthesis. A concentration-dependent effect
(40, 60 and 80 g substrate/L) in the production of fatty acids was reported. Moreover, the
maximum yield for each tested apple pomace concentration was achieved in a short period
(3 days).

In the case of olive pomace, the fermentation with Kluyveromyces marxianus led to a
reduction in tannic acid content and an increase in the concentration of its depolymerized
form, gallic acid [79]. Another interesting application of exhausted olive pomace (residue
obtained after the removal of residual oil from olive pomace) is the production of microbial
fatty acids, especially docosahexaenoic acid (DHA). A recent experiment indicated that
the concentration of exhausted olive pomace had a concentration-dependent effect in the
production of DHA by the microalgae Crypthecodinium cohnii [58]. Interestingly, another
study with the same microalga revealed that detoxification with activated carbon reduced
the production of fatty acids [80].

The simultaneous production of polyphenols and fatty acids from fruit pomace was
also explored in a recent study with two Sambucus species [78]. In these fruits, optimum
polyphenol production yield and antioxidant activity were obtained at day 3 and 4 (regard-
less of species), respectively. A similar effect was observed for the accumulation of linoleic
and oleic fatty acids, which had maximum values at day 4. Similarly, the accumulation of
polyphenols and antioxidant activity during the fermentation of chokeberry pomace were
dependent on the time and starter culture [81]. Maximum values for total phenolic content
were obtained between day 6 and 9 of fermentation for Rhizopus oligosporus and 9 days for
Aspergillus niger.

Studies carried out with plum [82] and apricot [83] pomaces indicated that opti-
mum fermentation periods for polyphenol accumulation and antioxidant activity from
Aspergillus niger fermentation were 9 and 6 days, respectively. Another recent experiment
indicated that the accumulation of polyphenols in pitahaya pomace from the activity of
Rhizomucor miehei was improved by lyophilizing samples before fermentation [72]. A related
experiment evaluated the accumulation of polyphenols and antioxidant activity in red bay-
berry pomace during 7 days during the sequential fermentation with Saccharomyces cerevisiae
and a mix of lactic acid bacteria (Lactobacillus bulgaricus, Bifidobacterium lactis, and other lactic
acid bacteria) [84]. A gradual increase in the polyphenol content was reported throughout
the 7 days of fermentation. Moreover, the antioxidant activity of fermented pomace after
this period was improved in relation to non-fermented pomace.

Since the fermentation of pomaces can lead to high polyphenol content and antioxidant
activity (Table 4), the biological response to the consumption of fermented pomace was also
explored in recent studies. Improvements in the antioxidant defense system and a reduction
in the oxidative status of liver and ilium in mice fed with fermented blueberry pomace
were reported [85]. The intestine inflammatory response (tumor necrosis factor-alpha and
interleukin-10) was also improved in animals that consumed the diet supplemented with
fermented blueberry pomace. Concentration-dependent effects were observed in the antioxidant
and anti-inflammatory activities. Moreover, these effects ameliorated the modifications induced
by a high-fat diet in terms of antioxidant and anti-inflammatory responses.

A further experiment carried out by the same research group explored the functional
effect of fermented blueberry pomace in indicators of gut health of mice [86]. The con-
sumption of supplemented diets improved the gut immunological response (secretory
immunoglobulin A), affected the gut microbiota and also favored the production of bu-
tyric acid (a short fatty acid associated with health benefits). Again, the supplemented
diet ameliorated the modifications induced by a high-fat diet in the gut immunological
response and gut health. Another experiment in vivo that supports the health benefits
associated with the fermentation of pomaces was carried out by Yan et al. [87]. In this
case, the consumption of fermented blueberry pomace (rich in polyphenols) improved the
resistance to fatigue in relation to control animals that ingested sterile water.
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Along with the production of fermented pomaces with increased biological activity,
it is also important to develop strategies to isolate active components from the bulk of
fermented pomace. This aspect was recently explored by Espinosa-Pardo et al. [88] who
optimized the extraction of polyphenols with super-critical CO2 and co-solvents. The
authors indicated that the extraction with CO2 (25 MPa at 60 ◦C) and 90% ethanol as
co-solvent was the most efficient extraction condition to obtain the highest polyphenol
content and antioxidant activity. Another important aspect to consider is the effect of
digestion in the stability of active compounds. Yan et al. [87] evaluated the impact of
simulated digestion and indicated significant reduction in the polyphenol content and
antioxidant activity of blueberry pomace fermented by Lactobacillus rhamnosus GG and
Lactobacillus plantarum-1 (1:1).

The fermentation of pomaces can be seen as a relevant strategy to produce func-
tional supplements with interesting biological effects, especially from berries. However,
additional advances, especially in the application of extraction technologies and the charac-
terization of biological effects in vivo, are still necessary.

5. Production of Organic Acids

Organic acids are multipurpose compounds that have been applied in animal pro-
duction [89], food processing [90], cosmetic preservation [91] and battery recycling [92],
for instance. Due to their importance and the current trends to improve sustainability
within the organic acid production sector, several studies have been carried out to explore
the use of pomaces in the production of high-added value compounds (Table 5). One
relevant example of this strategy is the study performed by Vashisht et al. [93] who eval-
uated the production of acetic acid using Acetobacter pasteurianus SKYAA25 from apple
pomace. These authors indicated that the production of acetic acid was affected by the
temperature (37 ◦C), concentration of bioethanol (8%, produced from the same strain), and
apple pomace (2%) in fermentation media. Similarly, the production of acetic acid from the
fermentation of apple pomace was reported in another study using Acetobacter aceti [94].

Table 5. Organic acids produced from pomace fermentation.

Source Fermentation Conditions Organic Acid and Yield Ref.

Apple pomace 120 g substrate/L, Acetobacter
pasteurianus, 37 ◦C, 180 rpm,
and 24 h

Acetic acid: 52.4 g/100 g DM [93]

Apple pomace 1.5 L of substrate, Acetobacter aceti,
pH 7.0, 28 ◦C, and 7 days

Acetic acid: 61.4 g/100 g DM [94]

Apple pomace 14 g substrate/100 g,
Propionibacterium freudenreichii, 37 ◦C,
and 120 h

Propionic acid: 38 g/100 g DM [95]

Apple pomace 250 mL substrate, Propionibacterium
freudenreichii, 37 ◦C, and 120 h

Acetic acid: 5.01 g/L
Propionic acid: 14.54 g/L

[96]

Apple pomace 25 g substrate, Aspergillus ornatus
and Alternaria alternate, pH 5.0,
30 ◦C, and 48 h

Citric acid: 0.5 g/L [97]

Apple pomace 25 g substrate, Rhizopus oryzae, 30 ◦C,
and 14 days

Fumaric acid: 52 g/kg [98]

Apple pomace 3–4 L working volume, 50%
moisture, Rhizopus oryzae, 1.97 atm,
and 14 days

Fumaric acid: 138 g/kg [99]

Piwowarek et al. [95] studied the optimization of the production of propionic acid
from apple pomace fermentation with Propionibacterium freudenreichii T82. According to
these authors, the accumulation of propionic acid was increased due to a better control of
the fermentation process, i.e., adding biotin to fermentation media, carrying out the pH
control at 24 and 48 h of fermentation, and increasing the nitrogen level (supplementing
the apple pomace with peptone). However, no significant effects were obtained for the
variations in temperatures from 30 to 37 ◦C. In another study from the same research
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group with apple pomace, the effect of supplementation (potato wastewater, yeast extract,
and peptone) to increase the production yield of propionic acid was evaluated [96]. The
use of yeast extract and peptone in apple pomace in the fermentation medium improved
the propionic acid yield to a maximum of 14.54 g/L after 120 h of fermentation with
Propionibacterium freudenreichii. Additionally, the production of acetic acid was also eval-
uated in this study. A continuous increase in the accumulation of this acid was reported
until the end of the fermentation period (120 h) and the most efficient supplement for apple
pomace was potato wastewater (maximum yield of 5.01 g/L).

Apple pomace can also be fermented to produce citric acid [97]. In this case, a
recent experiment explored the effect of temperature, pH, and substrate amount in the
fermentation batch with the combination of Aspergillus ornatus and Alternaria alternate.
The pH and temperature had optimum values of 5 and 30 ◦C, respectively. Increasing
the substrate caused a significant increase in the production of citric acid, which led
to choosing the maximum substrate amount tested in this study (25 g). Additionally,
supplementing the apple pomace with arginine favored the production of citric acid
(maximum yield of 2.7 g/L).

Another relevant acid produced from pomaces is the fumaric acid. The production of
this acid with Rhizopus oryzae was dependent on the fermentation time [98]. The maximum
yield was reported after 14 days (52 g/kg) and no additional increase was observed at up
to 21 days of fermentation. The production of fumaric acid using the same microorganism
and pomace was also explored in a bench scale fermenter [99]. The system comprised
by a rotary drum increased the production of fumaric acid to 138 g/kg within the same
fermentation period (14 days).

6. Production of Bioflavors

The production of high-added value compounds from pomaces has also been shown
to produce bioflavors. The production of aromas from apple pomace fermentation was ex-
plored in a recent experiment with yeasts (Hanseniaspora uvarum, Hanseniaspora valbyensis,
and Saccharomyces cerevisiae) [100]. This study indicated a strain-dependent effect in the
formation of volatile compounds wherein the use of Saccharomyces cerevisiae led to a big-
ger accumulation of volatile fatty acids and their respective ethyl esters, whereas the
fermentation with Hanseniaspora strains favored the generation of volatile acetic acid
esters. A related study evaluated the effect of fermented pomace in a volatile compo-
sition of beer [101]. In this case, apple pomace was fermented with lactic acid bacteria
(Lactobacillus rhamnosus 1473 and 1019, and Lactobacillus casei 2246) and significant dif-
ferences were reported among volatile compositions of apple pomace. However, the
fermented pomace (Lactobacillus rhamnosus 1473) led to slight modifications in the volatile
composition (particularly for ketones and alcohols) of beer. The production of biofla-
vors was also explored using Lacticaseibacillus rhamnosus to ferment orange pomace [102].
This study revealed that fermented pomace had floral (citronellyl formate, 1-nonanol,
and β-linalool), citrus (citral and limonene), fruity (β-cyclocitral and benzaldehyde), herba-
ceous (1-hexanol), bready and caramelly (furfural), and spice (eugenol and carveol) notes.

Finally, another aspect to be considered in the context of the utilization of high-added
value compounds obtained from the fermentation/biotransformation of pomaces is their
safety. Mycotoxins and pesticides are relevant contaminants in the peels of fruits that
may persist in pomaces [103–105]. The effect of fermentation to decontaminate fruits and
pomaces is still poorly studied.

7. Conclusions

The use of fermentation/biotransformation to obtain high-added value compounds is
a valuable solution to improve the reutilization of pomaces from the food industry. The
advances in incorporating and optimizing the use of pomaces in animal feed by generating
silages and feeds that improve animal health is a relevant alternative to using fermented
pomaces. Growth performance can be affected, whereas animal health status can be
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improved. The absence of negative effects and the improvement in the nutritional quality
of the foods obtained from animals fed with fermented pomaces is another favorable
characteristic to support this strategy.

In terms of industrial processes, the production of high-added value products (espe-
cially from grape, apple, and olive) such as enzymes and organic acids for application in
food processing as well as in other areas is a relevant application. The release of bound phe-
nolics for the development of functional foods (supported by studies in vitro and in vivo),
the synthesis of carotenes and fatty acids, and the production of volatile compounds to
improve the aroma of food products are potential applications.

One of the main limitations in terms of industrial application consists of its current
poor incorporation into other processing chains. Extraction and purification technolo-
gies can be seen as current bottlenecks to strengthening the connections between the
pomace generation in food industries and their incorporation into other productions
chains. In this sense, further studies could aim to explore strategies to improve the iso-
lation of high-added value compounds. Additional studies are still necessary to define
strategies to apply the high-added value compounds obtained from pomaces from fer-
mentation/biotransformation in the development of food products. Studies about the
detoxification and reduction of potential health risks associated with mycotoxins and
pesticides are necessary.
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Abstract: The objective of this study was to evaluate the effect of fermented discarded durian peel
with Lactobacillus casei TH14, cellulase, and molasses separately or in combination in total mixed
rations on feed utilization, digestibility, ruminal fermentation, and nitrogen utilization in growing
crossbreed Thai Native–Anglo-Nubian goats. Five crossbreed Thai Native–Anglo-Nubian goats
(50%) at 9 to 12 months of age and 20 ± 1 of body weight (BW) were assigned to a 5 × 5 Latin
square design. Evaluated treatments were fermented discarded durian peel without additives (FDP),
fermented discarded durian peel with 5% of molasses (FDPM), fermented discarded durian peel
with 2% of cellulase (FDPC), fermented discarded durian peel with 1.0 × 105 cfu/g fresh matter of L.
casei TH14 (FDPL), and fermented discarded durian peel with 5% of molasses and 1.0 × 105 cfu/g
fresh matter of L. casei TH14 (FDPML). This study showed that acid detergent fiber intake was
different (p < 0.05) between goats fed FDP and those fed FDPLM, 0.24 g/d and 0.20 g/d, respectively.
The FDPML ration had significantly (p < 0.05) greater apparent nutrient digestibility and a better
propionate concentration compared with other treatments. FDPML treatment significantly (p < 0.05)
decreased the acetate-to-propionate ratio, methane production, and urinary nitrogen. Therefore,
treated discarded durian peel with molasses and L. casei TH14 in combination could add 25% of dry
matter into the diet for growing goats without a negative impact.

Keywords: goat feeding; durian peel; silage additives; propionate; methane mitigation; nitrogen bal-
ance

1. Introduction

Durian, a seasonal fruit, is grown widely in tropical countries, where Malaysia and
Thailand are the main producers [1]. Approximately 20 to 30% of durian is appropriate for
human consumption, and 80 to 70% accounts for the durian peel, which is discarded as
waste [2]. Discarded durian peel (DP) contains 10.30% crude protein (CP), 3.24% fat, 22.33%
crude fiber (CF), 50.51% nitrogen-free extract (NFE), 9.50% cellulose, and 10.32% acid
detergent lignin (ADL) [3]. Due to a high NFE content, DP spoils shortly after discarding.
Ensiling is a well-known technique and is used to preserve high-fermentable-containing
feed resources using lactic acid bacteria (LAB), converting sugar into lactic acid, resulting
in low pH [4]. Ensiling additives including Lactobacillus strains, cellulase, and molasses
are usually added to improve fermentation quality [5–8]. Lactobacillus casei TH14 (L. casei
TH14), LAB strain, is a local strain isolated from sweet corn silage, which has high lactic
acid production with a low pH range [9]. Cellulase is a popular fibrolytic enzyme added
to break down cellulose, releasing soluble carbohydrate for LAB growth [10,11], while

125



Fermentation 2022, 8, 43

molasses is added as a carbon source for LAB to ensure adequate lactic acid production
if ensiling materials contain low water-soluble carbohydrate numbers [5]. Using L. casei
TH14, cellulase and molasses have been reported to improve quality of sorghum [4], rice
straw [12], and sugarcane bagasse [5]. In addition to fermentation quality improvement,
L. casei TH14, cellulase, and molasses addition also improves feed utilization, propionate
production, and methane mitigation [7,8,13]. However, the effect of L. casei TH14, cellulase,
and molasses on DP quality and using fermented DP as roughage source in goat rations
have never been evaluated. This study hypothesized that L. casei TH14 combined with
molasses could improve DP quality, nutrient digestibility, propionate production, and
methane mitigation. The objective of this study was to evaluate the effect of fermented
discarded durian peel with Lactobacillus casei TH14, cellulase, and molasses separately or in
combination in total mixed rations on feed utilization, digestibility, ruminal fermentation,
and nitrogen utilization in growing crossbreed Thai Native–Anglo-Nubian goats.

2. Materials and Methods
2.1. Animal Ethics

The use of goats in this study was approved (MHESI 68014/674) by Institutional
Animal Care and Use Committee, Prince of Songkla University.

2.2. Animals and Experimental Design

Five crossbreed Thai Native–Anglo-Nubian goats (50%) at 9 to 12 months of age and
20 ± 1 of body weight (BW) were used in this study. All goats were injected with ivermectin
(IDECTIN® The British Dispensary (L.P.) CO., Ltd., Bangkok, Thailand) with 1 mL dose
per 50 kg of BW to kill parasites before starting the experiment. Goats were assigned to
a 5 × 5 Latin square design. Treatments were fermented discarded durian peel without
additives (FDP), fermented discarded durian peel with 5% of molasses (FDPM), fermented
discarded durian peel with 2% of cellulase (FDPC), fermented discarded durian peel with
1.0 × 105 cfu/g fresh matter of L. casei TH14 (FDPL), and fermented discarded durian peel
with 5% of molasses, and 1.0 × 105 cfu/g fresh matter of L. casei TH14 (FDPML).

2.3. Fermented Discarded Durian Peel Preparation

Discarded durian peel (Monthong-Durio zibthinus Murray) was obtained from Seahorse
Intertrade Company Limited in Chana District, Songkhla Province, Thailand, and cut into
1 to 2 cm pieces. Then, discarded durian peel was fermented with the respective additives
including molasses at 5% [5], cellulase at 2% [14], and L. casei TH14 at 1.0 × 105 cfu/g
fresh matter [4]. Cellulase (powder form, 5 × 105 U/g activity, CAS number: 9004-34-6,
Sinobios Imp. & Exp., Thanghai, China) and L. casei TH14 as a silage starter (composed of
80% trehalose, 15% lactose, and 1.0 × 1011 cfu/g L. casei TH14; Bio Ag Khon Kaen, Khon
Kaen, Thailand) were used. Molasses was purchased from a local supplier located in Hat
Yai District, Songkla Province, Thailand. Additives were dissolved in clean water, sprayed
on discarded durian peel, mixed well, and fermented in 50 L plastic buckets (Changzhou
Treering Plastics Co., Ltd., Changzhou, China) for 30 days. After fermenting for 30 days,
fermented discarded durian peel samples were collected, dried at 60 ◦C for 72 h, and ground
into 1 mm pieces to analyze the dry matter (DM), CP, and ash according to AOAC [15],
and neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin
according to Van Soest et al. [16]. The chemical composition of fermented discarded durian
peel is provided under Table 1. Fermentation characteristics of fermented DP were assessed.
pH was measured according to Chen et al. [14] using pH meter (HANNA instruments HI
98153 microcomputer pH meter, Kallang Avenue, Singapore); briefly, 20 g of fermented
DP samples were taken and mixed with 80 mL of distilled water and kept at 10 ◦C for
24 h. Samples were prepared with ammonia nitrogen (NH3–N) using spectrophotometer
(UV/VIS Spectrometer, PG Instruments Ltd., London, UK) and volatile fatty acids (lactic
acid, acetate, and butyrate) using gas chromatography and analyzed according to So
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et al. [8] The pH, NH3–N, lactate, acetate, and butyrate of fermented discarded durian peel
are provided in Table 1.

Table 1. Nutrient composition of TMR diets, rice straw, and fermented discarded durian peel quality
treated with or without additives.

Nutrient Composition
(% of DM)

Treatments
Rice Straw

FDP FDPM FDPC FDPL FDPML

DM 42.50 42.72 37.20 37.77 37.53 92.12
OM 93.27 93.26 93.09 93.28 93.96 91.80
CP 15.51 15.39 15.80 15.39 15.69 2.81

NFC
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10.82 12.30 19.55 17.21 21.49 12.72
NDF 65.45 63.12 57.26 57.30 57.01 74.71
ADF 29.75 28.51 28.28 27.41 27.22 56.55
ADL 8.52 7.98 8.26 6.74 6.59 4.59

GE kcal/kg DM 4361.00 4306.26 4315.18 4363.60 4315.40 3501.53
Fermented discarded durian peel quality

DM, % 17.0 17.3 16.5 16.5 17.4
OM, % of DM 94.0 93.4 92.9 93.7 93.4
CP, % of DM 7.3 8.3 7.2 7.2 7.5

NDF, % of DM 62.5 61.0 73.4 61.9 65.5
ADF, % of DM 41.7 38.6 45.8 43.9 42.3

GE, kcal/kg DM 4413.8 4314.7 4737.4 4449.1 4205.4
pH 3.74 3.79 3.66 3.73 3.74

NH3–N, % of CP 1.29 0.70 1.18 0.74 0.89
Lactic acid, % of DM 10.12 10.79 10.89 10.54 10.98
Acetic acid, % of DM 1.02 1.05 1.07 1.04 1.09
Butyric acid, % of DM 1.32 1.30 1.37 1.29 1.28

FDP = untreated discarded durian peel in TMR; FDPM = treated discarded durian peel with molasses in TMR;
FDPC = treated discarded durian peel with cellulase in TMR; FDPL = treated discarded durian peel with L. casei
TH14 in TMR; FDPML = treated discarded durian peel with molasses and L. casei TH14 in TMR. TMR compositions
contain 25% fermented discarded durian peel with or without additives, 15% rice straw, 35.8% ground corn,
7.9% soybean meal, 0.4% fish meal, 5.4% leucaena meal, 7.2% palm kernel cake, 2.2% molasses, 0.3% dicalcium
phosphate, 0.2% salt, and 0.6% premix. Premix per kg contains vitamin A: 10,000,000 IU; vitamin E: 70,000 IU;
vitamin D: 1,600,000 IU; Fe: 50 g; Zn: 40 g; Mn: 40 g; Co: 0.1 g; Cu: 10 g; Se: 0.1 g; and I: 0.5 g. DM = dry
matter; OM = organic matter; CP = crude protein; NFC = non-fiber carbohydrate; NDF = neutral detergent fiber;
ADF = acid detergent fiber; ADL = acid detergent lignin; GE = gross energy.
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NFC = 100 − (% NDF + % CP + %
EE + % ash) [17].

2.4. Feeding, Sample Collection, and Analysis

Feeding trial consisted of five 21-day periods, in which 14 days were used for dietary
treatment adaptation and 7 days were used for sample analysis. Goats were separately
stored in pens (0.11 × 0.95 m) with free access to clean water and mineral lick and fed daily
ad libitum total mixed rations at a 40:60 ratio (25% fermented discarded durian peel, 15%
rice straw, and 60% concentrate) at 8:00 a.m. and 16:00 p.m. The diets were formulated to
meet the nutrient requirements of goats according to NRC [18], and chemical composition
of dietary treatments is provided in Table 1. Diets offered and refusal were recorded daily
to calculate DM intake. Goats were weighed at the beginning of the trial and at the end of
each period throughout the trial to adjust DM intake and calculate the BW change of goats
at the end of the trial.

During the last 7 days of each period, goats were kept in metabolism crate for sample
collection and digestibility study. Diet and refusal data were collected throughout 7 days
and divided into two portions. The first portion was used to analyze for DM content using
oven drying at 100 ◦C, and second portion was deposited according to goat and period
and stored at −20 ◦C for chemical composition analysis. Fecal and urine samples were
gathered using total collection procedure. A total of 200 g of fecal sample was collected
and oven-dried at 100 ◦C for DM analysis, and 5% of total feces was collected, deposited
according to goat and period, and stored at −20 ◦C until analysis. Urine yield was collected
using 5 L plastic tank consisting of 1 M H2SO4 to prevent nitrogen loss, and 10% of total
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urine was taken, deposited according to goat and period, and stored at −20 ◦C. Before
analysis, diet, refusal, and fecal samples were thawed, oven-dried at 60 ◦C for 72 h, and
ground through a 1 mm screen to analyze for DM, CP, and OM using AOAC [15]. The
NDF, ADF and ADL content were analyzed using Ankom fiber analyzer according to Van
Soest et al. [16]. Gross energy content in diet, refusal, and fecal samples was analyzed using
Bomb calorimetry (LECO, Berrien, MI, USA). Urine samples were thawed and analyzed for
nitrogen content using AOAC [15] method to study nitrogen balance.

On day 21 of each period, at 0 h before feeding and 4 h after feeding, approximately
100 mL of ruminal fluid was collected using vacuum pump attached with stomach tube.
Ruminal pH measurement was conducted immediately using pH meter (HANNA instru-
ments HI 98153 microcomputer pH meter, Kallang Avenue, Singapore). Then, 60 mL of
ruminal fluid samples was kept in plastic bottle containing 1 M H2SO4 at a ratio 1:10 (1 mL
of H2SO4: 10 mL of ruminal fluid) and centrifuged at 3000× g for 15 min. Approximately
35 mL of supernatant was taken and stored at −20 ◦C to analyze NH3–N using Kjeltec Auto
2200 analyzer (Foss, Tecator, UK) according to Bremner and Keeney [19] and volatile fatty
acid including acetate, propionate, and butyrate were analyzed using gas chromatography
(model HP6890, Hewlett-Packard, Palo Alto, CA, USA; column: Restek 1207384, Stabilwax
−60 ◦C−250 ◦C, 30 m × 250 µm × 0.25 µm) according to Osaki et al. [20] as described by
So et al. [8] Methane (CH4) production was estimated using Moss et al. [21] equation, CH4
(g/d) = 0.45 × acetate—0.275 × propionate + 0.4 × butyrate. Another 1 mL of ruminal
fluid sample was kept in plastic bottle consisting of 9 mL of 10% formalin and stored in
4 ◦C in a refrigerator to count bacteria, protozoa, and fungi population using total direct
count technique according to Galyean [22].

On day 21 of each period, samples of approximately 3 mL of blood were collected
from the jugular vein at 0 h before feeding and 4 h after feeding and placed in heparinized
tubes. Then, blood samples were centrifuged at 3000× g for 10 min, and plasma samples
were taken and stored at −20 ◦C until analysis. Plasma samples were sent to Stanbio
Laboratory (An EKF Diagnostics Company, Boerne, TX, USA) and used to analyze blood
urea nitrogen (procedure no. 2020), glucose (procedure no. 1070), total protein (procedure
no. 0250), and albumin (procedure no. 0285). Pack cell volume was measured using
micro-hematocrit method, and mean corpuscular hemoglobin concentration, globulin, and
albumin to globulin ratio were obtained by calculation. Hemoglobin was measured using
commercial kits (Diamond Diagnostics, Egypt). Red blood cell count, mean corpuscular
volume, and RBC distribution width were measured using hematological analyzer (ABX
Micros 60, HORBA ABX, France).

2.5. Statistical Analysis

All data were analyzed using Proc Mixed model of SAS as follows:

Yijkl = µ + ρi + γj + tl + τk + εijkl (1)

where Yijkl are the observation parameters, µ is the overall mean, ρi is the random effect of
animal, γj is the random effect of periods, tl is the random effect of time, τk is the fixed effect
of treatments, and εijkl is the error term. Differences among treatments were compared
using Duncan’s multiple range test, statistically accepted at p < 0.05.

3. Results
3.1. Nutrient Content of Diets

Dietary treatments were formulated to have approximately 15% CP content (Table 1).
NFC, NDF, ADF, and ADL content varied among dietary treatments due to the quality of
untreated and treated discarded durian peel used in the formulation. The diet containing
untreated discarded durian peel (FDP) showed the highest NDF, ADF, and ADLs content
and the lowest NFC content compared with FDPM, FDPC, FDPL, and FDPML diets. The
chemical composition of untreated and treated discarded durian peel is provided (footnote
of Table 1).
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3.2. Nutrient Intake and Body Weight Change

Table 2 presents the intake of DM, OM, CP, NDF, and ADF, weight gain, and BW
change in growing goats fed TMR containing untreated and treated discarded durian peel
with additives. DM, OM, CP, and NDF intake were not different among treatments except
ADF. ADF intake was different (p < 0.05) between FDP and FDPLM, which contained
0.24 g/d and 0.20 g/d, respectively. Weight gain and BW change in goats were not affected
(p > 0.05) by dietary treatments.

Table 2. Effects of untreated and treated discarded durian peel in TMR on intake and body weight
change in growing goats.

Items
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

DM intake
kg/d 0.796 0.757 0.785 0.797 0.806 0.02 0.56
%BW 2.96 2.84 2.89 2.94 3.04 0.06 0.28

g/kg BW0.75 67.39 64.44 66.08 67.66 68.98 1.56 0.35
Nutrient intake, g/d

OM 0.752 0.696 0.711 0.744 0.712 0.03 0.54
CP 0.125 0.115 0.120 0.123 0.119 0.01 0.42

NDF 0.528 0.471 0.437 0.457 0.432 0.02 0.05
ADF 0.236 a 0.215 ab 0.216 ab 0.216 ab 0.199 b 0.01 0.04

Weight gain, kg 2.40 1.90 1.90 2.80 2.30 0.38 0.45
BW change, kg/d 0.114 0.090 0.090 0.132 0.110 0.01 0.46

BW change,% 9.17 7.61 7.12 10.70 9.00 1.36 0.41

SEM = standard error of the mean; BW0.75 = metabolic body weight; DM = dry matter, OM = organic matter;
CP = crude protein; NDF = neutral detergent fiber; ADF = acid detergent fiber; BW = body weight. a,b Means in
the same row with different letters differ (p < 0.05).

3.3. Apparent Nutrient Digestibility, Digestible Nutrient Intake, and Energy Intake

Apparent total tract digestibility was affected significantly (p < 0.05) by dietary treat-
ments (Table 3). DM, OM, CP, NDF, and ADF digestibility were significantly lower in
FDP compared with FDPML. FDPM, FDPC, FDPL, and FDPML were comparable in terms
of DM, OM, CP, NDF, and ADF digestibility. Digestible nutrient intake including OM,
CP, NDF, and ADF was not different (p > 0.05) among treatments. Estimated ME intake,
expressed as Mcal/d, was not significant among treatments; however, estimated ME intake,
expressed as per kg DM intake, was significant (p < 0.05) among treatments. ME intake, ex-
pressed as per kg DM intake, was significantly observed between FDP, FDPM and FDPML,
in amounts of 2.55 Mcal/kg DM, 2.62 Mcal/kg DM, and 2.69 Mcal/kg DM, respectively.
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Table 3. Effects of untreated and treated discarded durian peel in TMR on nutrient digestibility and
digestible nutrient intake of growing goats.

Items
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

Apparent total
tract digestibility,

%
DM 70.42 b 72.79 a 73.91 a 74.07 a 73.81 a 0.45 <0.01
OM 71.82 b 73.95 a 75.02 a 75.48 a 75.16 a 0.49 <0.01
CP 68.42 c 71.11 b 72.66 ab 73.07 ab 73.63 a 0.61 <0.01

NDF 63.83 b 70.48 a 70.23 a 70.96 a 71.03 a 0.47 <0.01
ADF 40.96 b 47.13 a 47.09 a 47.10 a 46.08 a 0.96 <0.01

Digestible nutrient
intake, kg/d

OM 0.543 0.515 0.534 0.562 0.536 0.02 0.47
CP 0.087 0.084 0.086 0.090 0.087 0.01 0.68

NDF 0.338 0.332 0.307 0.325 0.307 0.01 0.21
ADF 0.098 0.102 0.102 0.102 0.092 <0.01 0.38

Estimated energy
intake
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ME Mcal/d 2.06 1.96 2.03 2.14 2.04 0.07 0.48
ME Mcal/kg DM 2.55 c 2.62 b 2.65 ab 2.68 ab 2.69 a 0.02 <0.01

FDP = untreated discarded durian peel; FDPM = treated discarded durian peel with molasses; FDPC = treated
discarded durian peel with cellulase; FDPL = treated discarded durian peel with L. casei TH14; FDPML = treated
discarded durian peel with molasses and L. casei TH14; SEM = standard error of the mean; DM = dry matter;
OM = organic matter; CP = crude protein; NDF = neutral detergent fiber; ADF = acid detergent fiber; ME = me-
tabolizable energy. a–c Means in the same row with different letters differ (p < 0.05).
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1 kg DOM = 3.8 Mcal
ME/kg [23].

3.4. Rumen Fermentation Characteristics

Dietary treatments significantly affected ruminal pH and NH3–N but not ruminal
temperature (Table 4). Mean ruminal pH and NH3–N were significantly (p < 0.05) observed
between FDP and FDPML but FDPM, FDPC, FDPL, and FDPML were comparable. Ruminal
pH and NH3–N were 6.71 and 22.58 mg/dL in FDP and 6.44 and 17.29 mg/dL in FDPML,
respectively. Dietary treatments significantly affected propionate concentration, the acetate-
to-propionate ratio and acetate—butyrate-to-propionate ratio except total VFA, acetate, and
butyrate concentration. The propionate concentration was significantly higher, while the
acetate-to-propionate ratio and acetate—butyrate-to-propionate ratio were significantly
lower in FDPML than FDP, FDPM, FDPC, and FDPL. FDPML showed the highest mean
propionate concentration (20.31%) and lowest mean acetate-to-propionate ratio (3.58) and
acetate + butyrate-to-propionate ratio (3.94). CH4 production was affected significantly
(p < 0.05) by dietary treatments. Mean CH4 production was significant between FDP and
FDPML, at 32.93 g/d and 29.41 g/d, respectively, but FDP, FDPM, FDPC, and FDPL were
comparable for CH4 production.
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Table 4. Effects of untreated and treated discarded durian peel on rumen characteristics in growing
goats.

Items
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

Ruminal pH
0 h 6.61 6.56 6.55 6.56 6.50 0.09 0.94
4 h 6.81 6.64 6.39 6.57 6.39 0.11 0.06

Mean 6.71 a 6.60 ab 6.47 b 6.56 ab 6.44 b 0.05 0.04
Temperature, ◦C

0 h 39.0 39.2 39.0 39.2 39.2 0.15 0.50
4 h 39.6 39.4 39.2 39.2 39.6 0.25 1.00

Mean 39.3 39.3 39.1 39.2 39.4 0.19 0.78
Ammonia–nitrogen, mg/dL

0 h 22.29 a 18.57 b 20.29 ab 19.14 b 18.00 b 0.78 0.02
4 h 22.86 a 18.57 b 18.29 b 18.57 b 16.57 b 0.63 <0.01

Mean 22.58 a 18.57 b 19.29 b 18.86 b 17.29 b 0.43 <0.01
Total volatile fatty acid, mM/L

0 h 86.50 93.13 97.63 96.79 99.54 6.26 0.62
4 h 95.12 97.09 100.26 102.30 104.58 8.42 0.93

Mean 90.81 95.11 98.95 99.55 102.06 4.98 0.56
Acetate, %

0 h 74.17 77.22 75.94 74.31 71.73 1.49 0.17
4 h 73.99 73.77 72.31 72.89 70.75 1.14 0.32

Mean 74.08 75.49 74.12 73.61 71.24 1.21 0.23
Propionate, %

0 h 13.88 b 13.23 b 15.03 b 15.82 b 19.77 a 0.82 <0.01
4 h 16.28 b 16.83 b 18.17 b 17.92 b 20.85 a 0.73 <0.01

Mean 15.08 b 15.03 b 16.59 b 16.87 b 20.31 a 0.66 <0.01
Butyrate, %

0 h 9.77 7.81 7.45 8.06 7.18 0.87 0.30
4 h 8.91 7.96 8.32 8.24 7.50 0.54 0.49

Mean 9.34 7.89 7.89 8.15 7.34 0.64 0.31
Acetate:Propionate ratio

0 h 6.02 a 5.98 a 5.32 a 4.92 a 3.73 b 0.38 <0.01
4 h 4.62 a 4.49 a 4.16 ab 4.14 ab 3.42 b 0.27 0.05

Mean 5.32 a 5.23 a 4.74 a 4.53 a 3.58 b 0.27 <0.01
Acetate + Butyrate:Propionate ratio

0 h 6.74 a 6.58 a 5.85 a 5.45 a 4.11 b 0.40 <0.01
4 h 5.18 a 4.96 a 4.62 ab 4.60 ab 3.78 b 0.28 0.04

Mean 5.96 a 5.77 ab 5.24 ab 5.03 b 3.94 c 0.27 <0.01
Methane, g/d

0 h 33.47 a 34.23 a 33.02 a 32.32 a 29.72 b 0.65 <0.01
4 h 32.38 a 31.75 a 30.88 a 31.17 a 29.10 b 0.56 0.01

Mean 32.93 a 32.99 a 31.95 a 31.74 a 29.41 b 0.52 <0.01

FDP = untreated discarded durian peel; FDPM = treated discarded durian peel with molasses; FDPC = treated
discarded durian peel with cellulase; FDPL = treated discarded durian peel with L. casei TH14; FDPML = treated
discarded durian peel with molasses and L. casei TH14; SEM = standard error of the mean. a–c Means in the same
row with different letters differ (p < 0.05).

3.5. Microbial Population

Dietary treatments did not affect (p > 0.05) the bacteria, fungal zoospores, total proto-
zoa, Holotrich sp., or Entodiniomorphs sp. populations (Table 5). The mean total protozoal
population was lowest in FDPML, at 2.46 × 106 cell/mL.
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Table 5. Effect of untreated and treated discarded durian peel in TMR on ruminal microbe population
in growing goats.

Items
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

Bacteria, ×1010 cell/mL
0 h 1.60 1.56 1.45 1.35 1.45 1.38 0.50
4 h 1.90 2.20 1.67 1.63 1.56 2.01 0.67

Mean 1.75 1.88 1.56 1.49 1.51 1.67 0.43
Fungal zoospores, ×106 cell/mL

0 h 2.18 1.92 1.67 1.67 1.55 0.29 0.13
4 h 2.25 2.67 2.16 1.65 1.62 0.40 0.19

Mean 2.21 2.29 1.92 1.66 1.59 0.30 0.15
Total Protozoa, ×106 cell/mL

0 h 2.88 2.51 2.47 2.21 2.29 0.26 0.11
4 h 3.16 3.47 3.15 2.63 2.61 0.32 0.13

Mean 3.02 2.99 2.81 2.41 2.46 0.26 0.09
Holotrich sp., ×105 cell/mL

0 h 0.63 0.57 0.40 0.72 0.27 0.28 0.74
4 h 0.50 0.75 0.57 1.07 1.15 0.45 0.34

Mean 0.56 0.66 0.49 0.90 0.72 0.21 0.44
Entodiniomorphs sp., ×106 cell/mL

0 h 2.82 2.45 2.43 2.14 2.26 1.47 0.11
4 h 3.11 3.40 3.09 2.52 2.50 1.44 0.10

Mean 2.96 2.92 2.76 2.32 2.39 1.45 0.13

FDP = untreated discarded durian peel; FDPM = treated discarded durian peel with molasses; FDPC = treated
discarded durian peel with cellulase; FDPL = treated discarded durian peel with L. casei TH14; FDPML = treated
discarded durian peel with molasses and L. casei TH14; SEM = standard error of the mean.

3.6. Blood Metabolites

Dietary treatments did not affect (p > 0.05) blood metabolites such as glucose, pack cell
volume, BUN, total protein, albumin, globulin, the albumin-to-globulin ratio, red blood
cells, hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin concentration,
or the RBC distribution width (Table 6). FDPML had a lower BUN concentration and higher
blood glucose concentration compared with FDP, FDPM, FDPC, and FDPL.

Table 6. Effects of untreated and treated discarded durian peel in TMR on blood metabolites in
growing goats.

Attribute
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

Glu, mg/dL 68.70 70.00 69.90 70.00 70.20 1.68 0.99
PCV, % 28.40 28.70 29.30 29.40 28.20 0.57 0.51

BUN, mg/dL 20.97 20.09 20.54 20.45 17.62 1.24 0.10
TP, g/L 6.21 6.19 6.33 6.24 6.20 0.08 0.82

ALB, g/L 3.67 3.68 3.71 3.69 3.70 0.03 0.92
GLB, g/L 2.53 2.51 2.62 2.54 2.50 0.06 0.73
A/G ratio 1.46 1.50 1.44 1.49 1.50 0.03 0.61

RBC, 106/µL 4.39 4.52 4.68 4.36 4.17 0.12 0.05
Hb, g/dL 10.60 10.65 10.92 10.84 10.87 0.23 0.67
MCV, fL 64.92 63.62 62.97 67.69 67.93 1.42 0.05

MCHC, g/dL 37.28 37.21 37.27 36.99 37.11 0.32 0.96
RDW, % 29.10 29.20 29.50 29.12 29.25 0.29 0.87

FDP = untreated discarded durian peel; FDPM = treated discarded durian peel with molasses; FDPC = treated
discarded durian peel with cellulase; FDPL = treated discarded durian peel with L. casei TH14; FDPML = treated
discarded durian peel with molasses and L. casei TH14; SEM = standard error of the mean; Glu = glucose;
PCV = pack cell volume; BUN = blood urea nitrogen; TP = total protein; ALB = albumin; GLB = globulin; A/G
ratio = albumin-to-globulin ratio; RBC = red blood cell; Hb = hemoglobin; MCV = mean corpuscular volume;
MCHC = mean corpuscular hemoglobin concentration; RDW = RBC distribution width.
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3.7. Nitrogen Utilization

Dietary treatments did not affect (p > 0.05) nitrogen intake, total nitrogen loss, fecal ni-
trogen, nitrogen absorption, or nitrogen retention but significantly affected urinary nitrogen
(Table 7). Urinary nitrogen was significantly observed between FDP and FDPML, 2.58 g/d
and 2.32 g/d, respectively. Apparent nitrogen absorption expressed as % of nitrogen intake
was significant among treatments, in which FDPML had the highest apparent nitrogen
absorption, 73.63% of nitrogen intake, respectively.

Table 7. Effects of untreated and treated discarded durian peel in TMR on nitrogen utilization in
growing goats.

Items
Dietary Treatments

SEM p-Value
FDP FDPM FDPC FDPL FDPML

Balance, g/d
N intake 20.03 18.39 19.31 19.65 19.03 0.60 0.41

Total N loss 8.34 7.55 7.55 7.77 7.23 0.37 0.40
Fecal N 5.77 5.27 5.24 5.25 4.97 0.15 0.05
Urine N 2.58 a 2.28 b 2.32 b 2.52 a 2.32 b 0.30 0.03

Absorbed N 14.27 13.12 14.07 14.40 14.06 0.48 0.93
Retained N 11.69 10.84 11.75 11.88 11.74 0.45 0.39

% of N intake
Fecal N 29.19 28.90 27.34 26.94 26.37 0.41 0.05
Urine N 13.18 12.32 11.78 12.96 11.85 1.44 0.94

Absorbed N 70.81 b 71.10 b 72.66 a 73.06 a 73.63 a 0.40 <0.01
Retained N 57.63 58.78 60.88 60.10 61.79 1.48 0.35

FDP = untreated discarded durian peel; FDPM = treated discarded durian peel with molasses; FDPC = treated
discarded durian peel with cellulase; FDPL = treated discarded durian peel with L. casei TH14; FDPML = treated
discarded durian peel with molasses and L. casei TH14; SEM = Standard error of the mean. a,b Means in the same
row with different letters differ (p < 0.05).

4. Discussion

Using untreated and treated discarded durian peel at the same amount in the diet
mainly caused a change in fiber content such as NDF and ADF content. Using untreated
discarded durian peel in the diet (FDP) had a higher NDF and ADF content compared with
diets containing discarded durian peel treated with molasses (FDPM), discarded durian
peel treated with cellulase (FDPC), discarded durian peel treated with L. casei TH14 (FDPL)
and discarded durian peel treated with molasses and L. casei TH14 (FDPML). This was
caused by the higher NDF and ADF content presented in untreated discarded durian peel
than treated discarded durian peel. A lower NDF and ADF content in treated discarded
durian peel is due to acid hydrolysis action during fermentation and cellulase activity.
So et al. [7] used sugarcane bagasse treated with molasses in combination with cellulase
or L. casei TH14 in TMR for dairy cows had a lower NDF content compared with the
TMR diet containing untreated sugarcane bagasse. Oba and Allen [24] stated that fiber
intake, ruminal fermentation, and production efficiency could be influenced by dietary
NDF content and digestibility.

In this study, the intake of DM, expressed as either kg/d or %BW or g/kg BW0.75,
was not significant among treatments. Thus, using untreated or treated discarded durian
peel with additives at 25% DM in the diet did not affect the daily DM intake of growing
goats. Similarly, So et al. [7] found that 50% DM of untreated and treated sugarcane bagasse
combined with additives in TMR diets did not affect the daily DM intake of dairy cows.
This suggests that any roughage feeds treated with or without silage additives does not
affect the DM intake in ruminants. Intake of ADF (g/d) was significantly different between
the FDP and FDPML treatments. The reason for this effect is not clear, although DM, OM,
and NDF intake were not different among these treatments. So et al. [7] found nutrient
intake was unchanged in dairy cows fed TMR containing untreated and treated sugarcane
bagasse with additives. Cherdthong et al. [13] fed untreated and treated rice straw with
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molasses in combination with cellulase or L. casei TH14 to Thai Native beef cattle and
found no effect on nutrient intake. Dietary treatments did not affect weight gain or BW
change in growing goats. The effect of additives in combination on performance is small
and unclear [25]. Addah et al. [26] compared untreated and treated whole-crop barley
with inoculant combination (L. buchneri, L. plantarum, and L. casei) and found no change in
weight gain in growing feedlot steers.

Using pretreatment roughage feeds with additives such as LAB, molasses, and fi-
brolytic enzymes in the diet has been reported to improve nutrient digestibility in the
rumen [6,7,13,27]. Additives contribute two mechanisms during fermentation: (1) acid
hydrolysis reaction and (2) direct effect of fibrolytic enzymes on polysaccharide structure,
which increases feed digestion efficiency of ruminal microbes [10,28]. This study showed
that FDPM, FDPC, FDPL, and FDPML were significantly better in terms of DM, OM, CP,
NDF and ADF digestibility compared with FDP. This could be due to the pretreatment
effect of molasses, cellulase, and L. casei TH14 during fermentation of carbohydrate struc-
tures, subsequently resulting in nutrient digestibility improvement. So et al. [7] reported
that L. casei TH14, cellulase, and molasses in combination with treated sugarcane bagasse
significantly increased OM, CP, NDF, and ADF digestibility in dairy cows fed TMR di-
ets compared with untreated sugarcane bagasse. Zhao et al. [29] evaluated the in vitro
degradability of untreated rice straw and rice straw treated with L. plantarum and molasses
and found a significant improvement in DM and NDF degradability by L. plantarum and
molasses in combination. FDPML significantly increased estimated ME intake expressed
per kg DM intake compared with FDP. This could be due to a significantly higher OM
digestibility found in FDPML than FDP. So et al. [7] similarly found that a combination
of sugarcane bagasse treated with molasses and L. casei TH14 in TMR-fed dairy cows
increased their estimated ME intake compared untreated sugarcane bagasse.

Ruminal pH significantly determines the normal function of microbes in the ru-
men [30–33]. The normal ruminal pH ranges from 5.5 to 7.0 [34]. This study showed
that FDPML significantly decreased the mean ruminal pH by 0.27 compared with FDP;
however, the pH was in a normal range (6.4 to 6.7). This could be due to the higher
lactic acid and LAB population found in FDPML than FDP. In addition, a significantly
higher propionate concentration in FDPML compared with FDP could contribute to a
lower pH in FDPML compared with FDP. pHs ranging from 6.4 to 6.7 showed improved
fiber digestibility (Table 3) as activity of cellulolytic bacteria slows down at a pH less than
6 [35]. Similarly, So et al. [7] showed that a combination of sugarcane bagasse treated
with molasses and L. casei TH14 in TMR fed to dairy cows significantly decreased their
ruminal pH by 0.07 after 4 h of feeding. Zhang et al. [36] revealed that whole-plant corn
ensiled with complex inoculants (L. plantarum L28, Enterococcus faecium EF08, and Lactobacil-
lus buchneri LBC136) significantly decreased ruminal pH by 0.21 compared with ensiled
whole-plant corn without inoculants in growing-finishing cattle. Lower ruminal pH leads
to lactic-acid-dependent acid production in the rumen and is achieved approximately 2
to 6 h after feeding [30]. Time after offering feed and lactic acid supply rate mainly de-
termine the change in ruminal pH [2,37]. NH3–N is a main nitrogen source for microbial
synthesis in the rumen (5 mg/dL minimum and 30 mg/dL maximum requirement) [38].
Additive-treated discarded durian peel significantly decreased mean NH3–N concentration.
This could be due to the activity of LAB present in fermented discarded durian peel that
affected deamination, resulting in less ruminal protein degradation and enhancing nitrogen
utilization in the lower digestive tract. So et al. [7] similarly revealed that additives com-
bined with treated sugarcane bagasse significantly decreased NH3–N concentration from
22 to 20 mg/dL after 4 h of feeding compared with untreated sugarcane bagasse in dairy
cows. FDPML significantly increased the propionate concentration, resulting in lowering
the acetate-to-propionate ratio and acetate—butyrate-to-propionate ratio compared with
other treatments. Increasing the propionate concentration could explain the high nutrient
digestibility (Table 3) found in FDPML. In addition, a high lactic acid concentration in
FDPML may contribute to an increase in the propionate concentration as lactic acid is
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biologically converted into propionate by ruminal microbes in the rumen. Similarly, So
et al. [7] showed that L. casei TH14 combined with cellulase- and molasses-treated sugar-
cane bagasse in TMR significantly increased the propionate concentration compared with
untreated sugarcane bagasse in dairy cows. Zhang et al. [36] revealed that whole-corn
plant treated with complex inoculants significantly increased the propionate concentration
from 6.40 mmol/L to 8.98 mmol/L in growing-finishing cattle. Cherdthong et al. [13]
similarly found that rice straw treated with L. casei TH14 and molasses fed to Thai Native
beef cattle significantly increased their propionate concentration from 20.3 mol/100 mol
to 23.2 mol/100 mol compared with untreated rice straw. Estimated CH4 production was
significantly lower in FDPML. The reason could be explained by the increase in propionate
concentration found in FDPML as hydrogen was used for propionate synthesis, resulting in
less hydrogen available in the methanogenesis pathway of methanogen bacteria to produce
CH4 as the main end-product [39]. Similarly, So et al. [7] showed that sugarcane bagasse
treated with L. casei TH14 combined with cellulase and molasses in TMR fed to dairy cows
significantly decreased CH4 production by 4%. Monteiro et al. [40] tested L. plantarum
as direct-fed microbial in high-producing cows and similarly found decreased in CH4
production compared with no additive treatment.

Dietary treatments did not affect bacteria, fungal zoospore, total protozoa, Holotrich
sp., or Entodiniomorphs sp. populations. Ruminal bacteria favor a pH around 7 for optimum
growth [35]; this study found the pH ranged from 6.44 to 6.71, which may have contributed
to the unchanged bacteria population. Similarly, Bureenok et al. [41] showed that ruzi
grass ensiled with molasses or fermented juice of epiphytic lactic acid bacteria fed to cows
separately or as a combination did not change ruminal bacteria. However, not all previ-
ous studies found unchanged ruminal bacteria when inoculants wer eused. Cherdthong
et al. [13] found that rice straw treated with molasses and L. casei TH14 combined fed to
Thai Native beef cattle significantly increased ruminal bacteria population; the changed in
bacteria population may have been due to the optimum ruminal pH ranging from 7.0 to 7.1
for bacteria growth.

Blood metabolites including glucose, pack cell volume, blood urea nitrogen, total
protein, albumin, globulin, the albumin-to-globulin ratio, red blood cell, hemoglobin, mean
corpuscular volume, mean corpuscular hemoglobin concentration, RBC distribution width,
white blood cells, and lymphocytes were similar among dietary treatments. This suggests
that the goats were in good health and had a normal metabolism status. Blood metabolites
are usually used to evaluate the nutritious plane and health status in ruminants [42,43].
As well as blood metabolites, glucose, blood urea nitrogen, total protein, and albumin
concentration were commonly used to evaluate protein and carbohydrate metabolism,
where the higher mean value suggests a better nutrient metabolism when these metabolites
changed within a normal range [44]. Liver is the main hub where glucose, albumin, and
blood urea nitrogen are synthesized [45,46], and glucose and albumin concentrations were
greater in goats fed FDPML. Mean glucose concentration ranged from 68.70 to 70.20 mg/dL,
which varied in a normal range of 50 to 75 mg/dL [47]. Blood urea nitrogen is the product
of NH3–N recycling and is produced from protein degradation by ruminal microbes [48,49].
The lower blood urea nitrogen paralleled the lower NH3–N concentration found in goats
fed FDPML.

Dietary treatments did not influence nitrogen intake, fecal nitrogen, or apparent
nitrogen retention, expressed as g/d or% of nitrogen intake in goats. Urine nitrogen was
significantly lower, at 11%, in FDPC and FDPML when compared with FDP. The effect of
cellulase or a combination of molasses and L. casei TH14 on urinary nitrogen reduction
was unknown; it may possibly be inconsistent with retained nitrogen, as it was found to
be the highest in FDPC and FDPML. Cherdthong et al. [13] showed that rice straw treated
with cellulase or L. casei TH14 separately or as a combination fed to Thai Native beef cattle
reduced nitrogen loss both in the urine and feces but failed to reach statistical significance.
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5. Conclusions

This study showed that discarded durian peel fermented with a combination molasses
and L. casei TH14 (FDPML) had significantly greater nutrient digestibility and propionate
concentration, while estimated methane production, the acetate-to-propionate ratio and
urinary nitrogen decreased when compared with untreated discarded durian peel (FDP).
Therefore, a combination treated discarded durian peel with molasses and L. casei TH14
could add 25% of dry matter to the diet for growing goats without a negative impact.
Further studies should evaluate the effect of fermented discarded durian peel with an
additive content of higher than 25% in the diet on feed utilization, digestibility, rumen
characteristics, blood metabolites, and nitrogen balance in ruminants.
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Abstract: Cheese whey (CW) constitutes a dairy industry by-product, with considerable polluting
impact, related mostly with lactose. Numerous bioprocessing approaches have been suggested for
lactose utilization, however, full exploitation is hindered by strain specificity for lactose consumption,
entailing a confined range of end-products. Thus, we developed a CW valorization process generating
high added-value products (crude enzymes, nutrient supplements, biopolymers). First, the ability
of Aspergillus awamori to secrete β-galactosidase was studied under several conditions during solid-
state fermentation (SSF). Maximum enzyme activity (148 U/g) was obtained at 70% initial moisture
content after three days. Crude enzymatic extracts were further implemented to hydrolyze CW
lactose, assessing the effect of hydrolysis time, temperature and initial enzymatic activity. Complete
lactose hydrolysis was obtained after 36 h, using 15 U/mL initial enzymatic activity. Subsequently,
submerged fermentations were performed with the produced hydrolysates as onset feedstocks to
produce bacterial cellulose (5.6–7 g/L). Our findings indicate a novel approach to valorize CW via
the production of crude enzymes and lactose hydrolysis, aiming to unfold the output potential of
intermediate product formation and end-product applications. Likewise, this study generated a
bio-based material to be further introduced in novel food formulations, elaborating and conforming
with the basic pillars of circular economy.

Keywords: cheese whey; Aspergillus awamori; β-galactosidase; lactose hydrolysis; Acetobacter xylinum;
bacterial cellulose

1. Introduction

Agro-industrial waste and by-products streams occur in each step of the food supply
chain, specifically during processing. These streams, however, still contain compounds of
importance to develop further exploitation schemes, considering also the transition from a
linear to circular bioeconomy. Likewise, cheese whey (CW) corresponds to an unavoidable
by-product stream of the dairy industry, receiving critical attention because of the high
environmental burden, but also owing to the several components with beneficial nutritional
and functional properties [1,2]. The compositional analysis of the onset material usually
outlines the deployment of subsequent valorization routes within a biorefinery concept to
generate high added-value products along with zero waste. For instance, up to date, the
vast majority of studies related to the utilization of CW through bioconversion processes
implement the application of microbial entities able to consume lactose [3–6]. As a result,
the range of end-applications, particularly sustainable food production, is restricted. Alter-
natively, whey lactose fraction could be hydrolyzed to the respective monosaccharides and
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further studied in fermentation processes. Apart from the conventional chemical methods
for lactose hydrolysis, previous studies have also undertaken enzymatic hydrolysis [7,8].

Lactose hydrolysis is accomplished via the action of galactosidases, which are ubiqui-
tous enzymes with complex structures. Galactosidases confer several advantages in food in-
dustry, including the manufacture of lactose-free dairy products or galacto-oligosaccharides
synthesis through transglycosylation reactions [8,9]. Bacterial, yeast and fungal strains
correspond to microbial sources of β-galactosidase (β-gal; EC 3.2.1.23 commonly known as
lactase), attracting significant interest owing to the ability to secrete the enzymes extracellu-
larly along with featuring properties such as high catalytic activity and reaction rate [10].
On top of that, environmentally benign enzyme production using crude renewable re-
sources as low-cost media has been demonstrated by several species [11]. Notably, several
Aspergillus species constitute key producers for sustainable and cost-effective enzymes
production, also classified as “generally recognized as safe” (GRAS) by the Food and Drug
Administration [12]. Currently, evidence for β-galactosidase production exists in the closely
related strains of Aspergillus lacticoferratus and Aspergillus awamori [13,14]. In particular, A.
awamori produces various hydrolytic enzymes such as glucoamylase, protease, phytase,
β-glucosidase, β-xylosidase and cellulases useful for agro-industrial by-product-stream
valorization [15–18].

The development of effective and feasible consolidated biorefining should include raw
materials with consistent composition, yearlong supply and engage the holistic exploita-
tion of each valuable compound for further novel applications. Extensive studies have
been performed to utilize CW derived lactose for the fermentative production of several
microbial metabolites [19]. Equally, the protein fraction prevailed in studies targeting novel
food formulations [19]. However, the ideal concept would encompass the valorization
of both protein and lactose fractions within the same biorefinery approach. Likewise,
targeted intermediate products (e.g., biodegradable polymers) within a biorefinery process
could be used as onset materials to elaborate “de novo” diversified novel formulations.
Bacterial cellulose (BC) is a natural extracellular polysaccharide demonstrating prominent
food and biomedical applications, also characterized as GRAS dietary fiber by the FDA
in 1992 [20]. Numerous research studies have suggested the use of BC in food applica-
tions, including as a flavor additive, fat replacer, stabilizer, rheology modifier and meat
analog [20]. Few recent studies also indicated the use of BC as an edible carrier for cell
cultures, enzymes, antimicrobial compounds or even biocolorants [21–23]. Despite the
simple downstream processing steps, industrial BC production is hindered owing to the
high cost of conventional synthetic media. Therefore, agro-industrial by-products and food
waste streams have been previously assessed as fermentation supplements for cost-effective
BC production [24–27].

Our ultimate target is to develop a holistic approach to exploit cheese whey fractions
to generate value-added products, with potential food formulations. Likewise, this initial
study describes a two-stage bioprocess to produce crude β-galactosidase and proteases
using A. awamori, followed by enzymatic hydrolysis of whey lactose, to formulate a nutrient
rich feedstock. BC was selected as a case study of an intermediate value-added product.
The optimization of crude enzymes production and enzymatic hydrolysis was undertaken
via the assessment of several crucial parameters that affect enzyme secretion (e.g., pH
value, temperature, enzyme loading). The performance of enzymatic hydrolysis was also
assessed, and the obtained hydrolysate was subsequently evaluated as a crude nutrient
supplement to generate BC.

2. Materials and Methods
2.1. Microbial Strains and Media

A. awamori strain 2B.361U 2/1 was kindly provided by Dr Apostolis Koutinas (Agri-
cultural University of Athens, Athens, Greece) and was employed for the generation of
crude enzymes and cheese whey hydrolysis. Fungal strain origin and revival protocols
have been reported in a previous publication [16]. Microorganisms were sub-cultured and
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stored at 4 ◦C in agar slopes containing 5% (w/v) wheat bran (WB) and 2% agar (w/v).
For inoculum preparation, the fungus was grown for 5 days at 30 ◦C on identical solid
substrate to sporulate. A. xylinum strain 15,973 purchased from DSMZ culture collection
was used for bacterial cellulose (BC) production. Bacterial stock was preserved at −80 ◦C.
For BC production, inocula preparation was performed on Hestrin–Schramm’s medium
(HS) [27]. The microorganism sub-cultures were grown at 30 ◦C for 48 h under agitation
(180 rpm) [28]. Wheat bran that consisted of 26% (w/w) carbohydrates, 14% (w/w) proteins
and 0.01% (w/w) salt, was purchased from a local market. Deproteinized (after “myzithra”
cheese manufacturing) cheese whey (approximately 50 g/L lactose) was kindly provided
by “Galiatsatos” dairy company (Kefalonia, Greece).

2.2. Crude Enzyme Production and Cheese Whey Hydrolysis

Crude enzyme production was determined during solid state fermentations (SSF) on
wheat bran (WB) and further optimized under various parameters. More specifically, 5 g
WB (dry basis) were weighed and sterilized into 250 mL Erlenmeyer flasks. To enhance
secretion of fungal β-galactosidase, the medium was supplemented with 10 mg MgSO4 in
each SSF culture [13,29]. Suspensions of approximately 2 × 106 spores mL−1 were prepared
by collecting spores of 5 days old fungal pre-cultures as described above. Inoculated WB
flasks were incubated at 28 ◦C under static conditions and enzyme activity was determined
at regular time intervals until 120 h of incubation. In terms of enzyme production opti-
mization, different initial moisture content of the substrate of 60, 65, 70 and 75% (w/w on
a dry basis) was also examined. The varying moisture content was fixed by addition of
deproteinized whey (pH 4.5) in order to stimulate enzyme production.

At the end of the fermentation process, the WB solids were mixed thoroughly with
deproteinized whey (1:10 w/v) at 120 rpm for 1 h at room temperature [30]. Crude enzyme
extracts were filtered through sterile gauze and centrifuged further at 4000 rpm for 20 min.
The effect of temperature in the hydrolytic activity of the enzymes was evaluated at
40–70 ◦C for 60 h. Lactose hydrolysis assay was further optimized employing varying
initial enzyme activities of 7.5, 11 and 15 U/mL and hydrolysis experiments were carried
out at 500 mL final volume in a water bath for 60 h under agitation. Initial enzyme activities
used in hydrolysis experiments were achieved by selecting the appropriate amount of
crude enzymes (~150 U/g), which were produced under optimal SSF conditions. Samples
for sugars and free amino nitrogen (FAN) determination were collected at regular time
intervals and heated (100 ◦C) to inactivate enzymatic reaction. Subsequently, the pH
value of hydrolysates was adjusted to 6.0, and they were sterilized to be used as nutrient
supplements for BC production. All the experiments were performed in duplicates.

2.3. Submerged Fermentation and Bacterial Cellulose (BC) Production

Cheese whey was pretreated with crude β-galactosidase extracts to break down
lactose, and the produced hydrolysates were further evaluated for the production of BC
by A. xylinum. In addition to that, experiments with unhydrolyzed CW, including initial
CW of 50 g/L (A), CW diluted to 25 g/L (B) and CW diluted and supplemented with yeast
extract (C), were also performed for comparative reasons. Experiments were conducted
in 250 mL Erlenmeyer flasks containing 50 mL of hydrolysate (pH 6.0). The substrate
was inoculated with 10% (v/v) of 48 h bacterial sub-cultures and incubated at 30 ◦C on a
10 days static cultivation. Sugars along with FAN consumption were determined during
fermentation. The obtained BC was pretreated as described by Żywicka et al. [31] with
slight modifications. Briefly, samples were purified with 0.1% NaOH at 80 ◦C for 30 min
to inactivate the bacterial cells and remove medium components. BC membranes were
washed in distilled water until the pH stabilized. Further on, the membranes were air-dried
at 40 ◦C until constant weight and stored at room temperature for future use [32]. All the
experiments were performed in duplicates.
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2.4. Analytical Methods

Sugar concentration during CW hydrolysis and fermentation process were quanti-
fied by high performance liquid chromatography (HPLC) analysis (1200 series Agilent,
Santa Clara, CA, USA) equipped with a differential refraction detector and an Aminex
HPX-87H column (300 mm length × 7.8 mm internal diameter). The mobile phase was
10 mM H2SO4. The analysis was performed under isocratic conditions at a flow rate of
0.6 mL/min and 65 ◦C column temperature [33]. Injection volume was 10 µL and run time
for samples was 25 min. Before injection, samples were diluted to appropriate concentration
and filtered through a 0.22 µm Whatman® (Maidstone, UK) membrane filter.

Protease activity was evaluated by the production of free amino nitrogen (FAN) after
hydrolysis of 7.5 g L−1 of casein in 0.2 M phosphate buffer (pH 6.0) at 55 ◦C for 30 min.
One unit (U) of proteolytic activity was defined as the amount of enzyme required for the
release of 1 µg FAN in one minute under the above conditions [34]. FAN concentration
was determined in both hydrolysis and fermentation using the ninhydrin colorimetric
method [35].

Production ofβ-galactosidase was measured by the o-nitrophenol-β-d-galactopyranoside
(ONPG) assay according to Raol et al. [29] with slight modifications. Briefly, 0.1 mL of crude
extract was added to 0.4 mL of ONPG (3.0 mM) dissolved in sodium citrate buffer (50 mM,
pH 5.0) and incubated at 50 ◦C for 10 min. The reaction was terminated by the addition
Na2CO3 (0.1 M) and the release of o-nitrophenol was estimated spectrophotometrically at
420 nm at a final volume of 3.0 mL. A calibration curve was prepared with o-nitrophenol
under the same conditions. One unit (U) of β-galactosidase was defined as the amount
of enzyme catalyzing the release of 1 µmol of o-nitrophenol per min according to the
absorbance measurement.

2.5. Statistical Analysis

Results are presented as mean values ± standard deviation. Statistical analysis was
performed by applying analysis of variance (ANOVA) to evaluate the variations between
group means (between treatment effect). Tukey HSD post-hoc test with 95% confidence
intervals was used to indicate significant differences between hydrolysis levels and bacterial
cellulose production.

3. Results and Discussion
3.1. Solid State Fermentation (SSF) and Crude β-Galactosidase Production

The leading target of this study was to evaluate the hydrolytic activity of A. awamori
on CW to obtain a nutrient-rich supplement deriving from lactose hydrolysis, that will sub-
stitute synthetic media in a following bioconversion process. Therefore, SSF optimization
to enhance β-galactosidase production using WB as a single substrate was initially under-
taken, based also on previous studies that have outlined that WB reinforced β-galactosidase
production [36]. This has been attributed to the appropriate ratio of hemicellulose to sugars,
that is defined as a stimulus factor for galactosidase production [37]. Figures 1 and 2
demonstrate the effect of initial moisture content, ranging from 60 to 75%, along with
incubation time (1–5 days). Maximum production of β-galactosidase reached 148 U/g
(db) at 70% of initial moisture after 70 h of fermentation. Earlier reports highlighted that
increased moisture levels enhanced β-galactosidase yield in A. tubingensis [29]. The latter
usually associates with the fact that moisture crucially affects nutrient solubility within
the substrate [38]. As it can be easily observed, the production rate exhibits an increas-
ing trend (Figure 1), during the first three days of fermentation followed by a decrease
after approximately 70 h (three days) of incubation. Similar results were also obtained
in studies using A. tubigensis and A. awamori, respectively [14,29], whereby prolonged
fermentation times entailed higher β-galactosidase activities. For instance, Nizamuddin
et al. [30] demonstrated optimum β-galactosidase production by A. oryzae after seven days
of incubation, Raol et al. [29] found maximum enzyme activity by A. tubingensis at seven
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days, whereas Cardoso et al. [13] performed SSF for six days to produce β-galactosidase
production by A. lacticoffeatus.
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Figure 1. Effect of solid state fermentation (SSF) time in crude β-galactosidase production by A.
awamori, at different initial moisture contents.
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Recently, Vidya et al. [14] studied α- and β-galactosidase production from A. awamori
(MTCC 548), whereby the purified enzyme exhibited 25.5–176.5 U/mg of activity, respec-
tively. On top of that, the authors reported β-xylosidase and β-glucosidase activities,
suggesting the ample substrate specificity. Several preceding studies had also suggested
multi-enzyme production by A. awamori including glucoamylase and protease [16,39].
Therefore, proteolytic activity was also undertaken (Figure 2), reaching the highest value
after 70 h of fermentation (30.9 U/g). Similarly, Wang et al. [40] reported protease ac-
tivities up to 40 U/g, (db) after 120 h employing similar SSF conditions. Evidently, it
could be speculated that the addition of CW in SSF cultures, induced the secretion of
β-galactosidases considering that fungal strains tend to adapt in the environmental niches
and develop mechanisms for the production of specific enzymes. Moreover, this could be
attributed to the low pH during fermentation, that could potentially enhance Aspergillus
β-galactosidase production [11,13,41] Ultimately, SSF time for crude β-galactosidase and
protease was standardized at 70 h to obtain maximal activities, that would be implemented
in subsequent hydrolytic reactions of CW.

3.2. Cheese Whey Hydrolysis Study

CW hydrolysis was performed using the crude enzymatic extracts obtained from SSF
cultures. Figure 3a illustrates the results obtained from different hydrolysis temperatures,
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whereby it can be observed that 60–65 ◦C was the optimum hydrolysis temperature of A.
awamori. Ultimately, at the end of the bioprocess, crude enzymes hydrolyzed >90% of the
initial whey lactose (Figure 3a). On the other hand, the optimum proteolytic activity was
observed at 55 ◦C, as it has been earlier indicated by Tsakona et al. [16]. More particularly,
as displayed in Figure 3b, FAN production increased along with the increase in temper-
ature up to 55 ◦C, followed by a gradual reduction with further temperature increments
(Figure 3b). Based on our results, significant differences (p < 0.05) were observed on the
performed hydrolyses, at almost all evaluated temperatures. Likewise, no significant
differences (p > 0.05) were observed on hydrolysis experiments carried out at 60 and 65 ◦C.
Previous studies have also demonstrated processing of cheese whey via the implemen-
tation of microbial β-galactosidase to generate value-added products [42,43]. Generally,
temperatures ranging between 50 and 60 ◦C and acidic pH values (3.5–4.5) have been
reported as the optimal conditions for fungal β-galactosidase activity [13]. Additionally,
Silvério et al. [44] recently studied β-galactosidase production in several Aspergillus species,
aiming to synthesize potential prebiotics, whereby an increased enzyme activity in the
range of 50–60 ◦C was noted. The current observation highlights the significant potential of
the enzymes, since thermal stability is of imperative practical use for diverse bioprocesses,
preventing various contaminations [45,46]. Furthermore, the results obtained postulate
that the enzyme is more accessible during the first hours of hydrolysis. More specifically,
a higher hydrolysis rate during the first 12 h entailed 30–50% of lactose hydrolysis, fol-
lowed by a decreased rate at prolonged incubation time. Several studies also coincide
with such findings where hydrolysis products decreased or even restricted lactose hydrol-
ysis reaction [41,47,48]. Indeed, it has been previously established that at high galactose
concentrations, β-galactosidase activity is impaired since the conformational modifica-
tion of the enzyme’s active site reduces the affinity for its substrate [49,50]. Moreover,
galactose could also act as a competitive inhibitor of β-galactosidase via the formation of
galactosyl–enzyme intermediate products [51].
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Figure 3. Effect of temperature on cheese whey (CW) hydrolysis using crude β-galactosidase and
proteases. Kinetics of (a) lactose hydrolysis and (b) free amino nitrogen (FAN) production.

In an effort to further optimize whey hydrolysis, trials were also performed to evaluate
the effect of different initial enzymatic activities on lactose breakdown and FAN production.
Initial enzymatic activities of 7.5, 11, 15 U/mL were employed, and the results are illustrated
in Figure 4. Figure 4a presents the kinetic profile of lactose hydrolysis, whereas Figure 4b
presents FAN production in specific timepoints. Evidently, the use of 15 U/mL resulted in
accelerated rates and complete lactose hydrolysis at 36 h and the production of 583.13 mg/L
FAN. On the other hand, initial enzymatic activities of 7.5 and 11 U/mL yielded 87 and
93% of hydrolysis, respectively, at the same time point, providing lower productivities.
Even though the degree of hydrolysis seems to follow a dose-dependent trend, apparently
much higher concentrations do not significantly alter the hydrolysis efficiency, although
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complete hydrolysis is performed significantly earlier at higher initial enzymatic activities.
Worth noting, FAN production increased almost two-fold at higher initial enzymatic
activities. Rosolen et al. [52] also presented similar efficiency levels on whey lactose
hydrolysis by A. oryzae, regardless of the enzyme concentrations used (3, 6 and 9 U/mL).
This observation probably also indicates the saturation of lactose at high β-galactosidase
concentrations [53]. Thus, as in previous studies, our results imply that CW lactose
hydrolysis is not strictly proportional with enzyme concentration [7,54]. However, complete
hydrolysis was performed in almost half the time, using 15 U/mL, compared with the
case of 7.5 U/mL. Nonetheless, in the event that scale up should be considered, lactose
hydrolysis efficiency and FAN production should coincide with the feasibility of the process
to highlight the most favorable operating conditions, which will be designated by the end
target products.
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hydrolysis. Kinetics of (a) lactose hydrolysis and (b) free amino nitrogen (FAN) production.

3.3. Bacterial Cellulose Production

CW constitutes a renewable, zero-cost substrate suitable for microbial fermentation,
mostly requiring minimal pretreatment. However, often lactose does not undergo fer-
mentation by several microorganisms including acetic acid bacteria. Previous reports
demonstrated low BC-production from unhydrolyzed CW, thus hindering further imple-
mentation. Thus, pretreatment is often essential to overcome such limitations. Besides
this, only limited studies have evaluated CW for BC production [55,56]. Based on similar
literature reports, BC production is species and strain dependent. Evidently, the results of
the current work confirmed the ability of A. xylinum to use CW hydrolysate under three
different fermentation schemes. Hydrolysates derived from 11.25 (Hydrolysate A) and
7.5 U/mL (Hydrolysate B) crude β-galactosidase, respectively, were used to evaluate BC
production, and the results are presented in Table 1. Different nitrogen concentrations were
used, based on previous observations where elevated levels of nitrogen content induced
cell proliferation at the expense of BC production [32]. As it can be seen in Figure 5a, the
consumption of 13.91 g/L of glucose and 224.79 mg/L of FAN resulted in the production
of 7.05 g/L BC (Hydrolysate A). Hydrolysate B followed a similar trend with respect to
glucose consumption rate. The consumption of 13.41 g/L of glucose and 132.64 mg/L
FAN, resulted in 5.78 g/L of BC production (Figure 5b). However, it is worth noting
that in both experiments a considerable amount of sugars remained unfermented by A.
xylinum. Therefore, a third treatment was deployed using diluted hydrolysate (hydrolysate
C) (1:1 CW:H2O) in order to evaluate the BC production yield on approximately 25 g/L
total sugar content and 260 mg/L FAN concentration (Figure 5c). In fact, in these exper-
imental conditions, almost complete glucose consumption was attained along with the
consumption of 114.94 mg/L FAN, achieving a final BC concentration of 5.59 g/L.
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Table 1. Experimental schemes of cheese whey and cheese whey hydrolysates fermentation by A. xylinum.

Fermentation
Media

Initial Total
Sugars
(g/L)

Initial
Glucose

(g/L)

Residual
Glucose

(g/L)

Initial FAN
(mg/L)

FAN
Consumption

(mg/L)

BC Production *
(g/L)

BC
Productivity

(g/L/d)

Hydrolysate A 45.04 ± 2.60 23.31 ± 0.77 9.40 ± 0.24 520.05 ± 0.34 224.79 ± 8.39 7.05 ± 0.14 A 0.71
Hydrolysate B 45.80 ± 0.77 22.35 ± 0.46 8.93 ± 0.19 331.36 ± 12.96 132.64 ± 5.21 5.78 ± 0.35 A,B 0.58
Hydrolysate C 24.68 ± 0.69 11.48 ± 0.48 1.00 + 0.08 259.25 ± 5.70 114.94 ± 4.73 5.59 ± 0.22 B 0.56
Cheese whey A 50.00 ± 1.22 2.51 ± 0.23 - 56.00 ± 3.35 19.49 ± 2.78 0.58 ± 0.01 a 0.06
Cheese whey B 24.45 ± 1.03 1.28 ± 0.10 - 22.98 ± 5.70 22.98 ± 0.00 0.71 ± 0.05 a,b 0.07
Cheese whey C 24.29 ± 1.18 1.39 ± 0.14 - 250.00 ± 10.06 81.33 ± 4.65 1.07 ± 0.09 b 0.11

* Different letters (A, B, a, b) within each group (hydrolysates and cheese whey) indicate significant differences (p < 0.05). FAN: free amino
nitrogen; BC: bacterial cellulose.

The above results are in accordance with other studies describing the utilization of
several monosaccharides and disaccharides as carbon sources to generate BC by various
Acetobacter spp. strains. Semjonovs et al. [55] reported a high BC yield with CW hydrolysate
(20 g/L reducing sugars) as the sole carbon source using the strain Komagataeibacter rhaeticus
P 1463. Additionally, Salari et al. [57] recently referred to a BC production of 3.5 g/L within
14 days of fermentation by Gluconacetobacter xylinum PTCC 1734 in static cultures, using an
equimolar glucose/galactose mixture from hydrolyzed CW. In all the conducted experi-
ments, a considerable increase in BC production was observed when compared with the
results obtained by media with lower amount of FAN concentration. On the other hand, BC
production levels by unhydrolyzed whey were quite close to those previously reported [58].
More specifically, as it is presented in Table 1, A. xylinum consumed 19.49 mg/L of FAN,
producing 0.58 g/L of BC in unhydrolyzed CW (cheese whey A) (Table 1). Likewise, signif-
icant differences (p < 0.05) on BC production were observed, when different fermentation
media were applied, whereas significantly higher concentrations were produced using all
types of CW hydrolysates, compared to sole CW (Table 1).

Recently, Kumar et al. [59] demonstrated the production of 1.4 g/L of BC under static
culture conditions in whey medium by Acetobacter pasteurianus. The formation of BC in
these cases is mostly due to the presence of several other compounds such as the residual
carbon present in the initial inocula. In addition to this, higher BC production was observed
using diluted CW, which is consistent which similar studies [60]. In specific, A. xylinum
produced 0.71 g/L and 1.07 g/L BC, when diluted CW (cheese whey B) and diluted CW
supplemented with yeast medium (cheese whey C) were, respectively, applied (Table 1). In
general, lactose as a sole carbon source is reported as a weak substrate for BC production
leading to 0.04–0.07 g/L [39,61], while BC production by unhydrolyzed CW is recorded
slightly higher ranging from 0.15 to 0.78 g/L [58,60]. Our results (using unhydrolyzed CW)
are in agreement with those previously reported, whereas BC production was significant
higher using CW hydrolysates. Overall, in this study, high production of BC was achieved
using CW hydrolysates compared even to BC production using conventional synthetic
HS medium. These findings are exceptionally promising pointing out potential for a
cost-effective bioprocess.

3.4. Technological Consideration of the Study

The principal target of this study was the development of a holistic exploitation ap-
proach for cheese whey, that will engage with sustainability and generate value-added
products via the aligned food waste reduction and by-product streams treatment, as cor-
nerstones of the circular economy concept. Likewise, an efficient fungal-based, two-stage
bioprocess was employed to produce a nutrient rich feedstock for subsequent upstream
bacterial bioconversions. Cost effective production of crude enzymes, without further
purification steps was undertaken using food industry by-products, specifically cheese
whey. The significant hydrolytic activity of this novel biocatalyst was demonstrated, lead-
ing to the formulation of a suitable feedstock for bacterial cellulose (BC) production. The
results of our study confer an insight for the fermentative production of BC using whey
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lactose hydrolysates, which effectively sustained the nutrient requirements of A. xylinum,
displaying high production yields. Evidently, enhanced feasibility could be established
through the development of suitable bioprocesses to mediate BC production costs via the
replacement of conventional fermentation media. The consolidated bioprocess presented
hereof is currently further extended within the concept of holistic refining of cheese whey
streams (lactose and protein). In particular, in our forthcoming research, novel probiotic
starter cultures will be developed, and BC generated in this study will be implemented as a
carrier for lactic acid bacteria starter to be reintroduced into dairy products, thereby closing
the loop. Ultimately, the combined proposed approach conforms to the pillars of circular
bioeconomy, encompassing environmentally benign processes, zero waste generation in
parallel with novel food product development and potential health benefits.

4. Conclusions

The results of the present study indicate the successful development of a novel cheese
whey valorization approach within the concept of circular bioeconomy. More specifically, a
two-stage operation was established to generate crude enzymatic consortia via fungal solid
state fermentations with A. awamori. Fermentation conditions were optimized and a novel
biocatalyst was effectively secreted, and subsequently implemented to hydrolyze whey lac-
tose formulating a nutrient substrate for fermentative bioconversions. BC production was
conceptualized as a transitional compound for subsequent functional food formulations,
along with the protein fraction to complement sustainability and circularity of the process.
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Abstract: Waste reduction and reuse is a crucial target of current research efforts. In this respect,
the present study was focused on providing an example of local investment in a simple process
configuration that converts whey into value-added compounds and allows recovery of a clean
water stream. In particular, buffalo milk whey obtained during mozzarella manufacturing was
ultrafiltered in-house on spiral membrane modules (20 kDa), and the two obtained fractions, namely
the retentate and the permeate, provided by the dairy factory, were further processed during this
work. The use of an additional nanofiltration step allowed the recovery of high-quality water to be
reused in the production cycle (machine rinsing water within the facility) and/or in agriculture, also
reducing disposal costs and the environmental impact. The ultrafiltration retentate, on the other
hand, was spray-dried and the powder obtained was used as the main substrate for the cultivation
of Lactobacillus fermentum, a widely studied probiotic with anti-inflammatory, immunomodulatory
and cholesterol-lowering properties. In addition, the same sample was tested in vitro on a human
keratinocytes model. Resuspended concentrated whey powder improved cell reparation rate in
scratch assays, assisted through time-lapse video-microscopy. Overall these data support the potential
of buffalo whey as a source of biologically active components and recyclable water in the frame of a
local circular economy approach.

Keywords: whey product; proteins; ultrafiltration; nanofiltration; keratinocytes scratch assay;
mozzarella cheese manufacturing

1. Introduction

Whey is the main and most polluting by-product obtained from cheese manufac-
turing processes due to its organic load consisting of lactose, lactic acid, proteins and
salts. However, the substantial production of whey worldwide, estimated to be around
180–190 × 106 ton/year [1], and the consideration that 1 or 2 kg of cheese yields 8 to 9 kg
of whey [2] is fostering its valorization. In fact, the discovery of its potential use as a
functional food with nutritional applications is transforming it from a waste [3] into an
added value product. Numerous studies have attributed several biological actions to these
by-products which are important in the medical, pharmaceutical and food industries for
their properties with potential benefits to human health [4]. The biological components of
whey, including lactoferrin, beta-lactoglobulin, alpha-lactalbumin, glycomacropeptide, and
immunoglobulins, demonstrate a range of immune-enhancing properties [5]. In addition,
whey has the ability to act as an antioxidant, antihypertensive, antitumor, hypolipidemic
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and chelating agent. A number of clinical trials have successfully been performed using
whey in the treatment of cancer, HIV and hepatitis B [6–8]. Moreover, today, whey is
a popular dietary protein supplement that may provide antimicrobial activity, immune
modulation, improved muscle strength and body composition, and prevent cardiovascular
disease and osteoporosis [8,9]. The commercial success of whey proteins has led to the de-
velopment of high-quality protein-based supplements manufactured as primary products,
and not as a by-product, of cheese manufacturing. In fact, currently, proteins are processed
with less aggressive treatments, for example under low temperatures and controlled pH, to
avoid denaturing their native structures [5].

Due to the high lactose content in addition to proteins, whey, very often in combination
with other medium components, was also used as a substrate for the cultivation of diverse
microorganisms [10]. Whey-based media were in fact investigated for the production of
value-added chemicals (e.g., succinic acid, lactic acid), antimicrobial peptides and probiotic
biomasses [11–16].

The use of membrane technologies in order to obtain bioactive molecules from whey is
a topic of growing interest. The main advantages are low energy requirement, no need for
additives, separation efficiency and easy scale-up, and temperature control that prevents
denaturation of recoverable added value products [5]. Several treatment technologies
based on membranes were proposed. In particular, four basic types of membrane filtrations
present potential applications for the dairy industry, i.e., microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO) [17,18]. The application of filtration
processes to produce clean effluents thereby reducing wastewater and generating a purified
stream (e.g., machinery washing, irrigation) transforms a difficult to manage and polluting
effluent into a resource. Moreover, the use of membrane devices with different cut-offs
allows the separation of compounds (proteins, peptides and lactose) present in whey into
differentially enriched fractions that are, therefore, suitable for different applications.

Cheese manufacturing is one of the main industrial activities in the food sector present
in the Campania region. The scope of this study was to promote a locally integrated bio
refinery approach fully exploiting discarded whey. Therefore, the permeate and retentate
of ultrafiltered whey, both provided by a local dairy factory, were evaluated in this work.
The permeate was further processed to investigate a potential downstream approach to
obtain reusable water with a low organic load. The retentate was evaluated to identify
other potential biotechnological applications of whey from buffalo milk. In particular, it
was investigated as the main substrate for the growth of Lactobacillus fermentum, a probiotic
with several potential biomedical usages [19]. Moreover, it was also assessed for the
presence of molecules active on tissue repair induction by using wound healing assays on
mammalian cells.

2. Materials and Methods
2.1. Materials

The buffalo whey used in this work was provided by the dairy factory “La Perla
del Mediterraneo” (Battipaglia, Italy) in the framework of research and development
processes in collaboration with the Dept. of Experimental Medicine, Bioteknet and the
manufacturing facility. The company performed ultrafiltration on polyethersulphone
20 kDa spiral membranes (filtering surface 40 m2) and provided (i) a sample (15–20 L) of
the retentate concentrated fraction that was spray-dried in the framework of this research
and used as substrate for the growth of L. fermentum and for wound healing assays (ii) a
permeate that was nanofiltered and characterized.

L. fermentum was isolated from buffalo milk (data not shown). All salts and medium
components for bottle and fermentation experiments were supplied by Sigma-Aldrich (St.
Louis, MO, USA). Yeast extract was furnished by Organotechnie (La Corneuve, France),
while sulphuric acid was purchased by Biochem s.r.l. (Turin, Italy). Dulbecco’s Modified
Eagle Medium (DMEM), Fetal bovine serum(FBS), penicillin–streptomycin, Phosphate
Buffer Solution, (PBS) and Trypsin are provided by Gibco Invitrogen (Milan, Italy). HaCaT
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cells, a spontaneously transformed non-tumorigenic human keratinocytes cell line, were
provided by the Zooprophylactic Institute (Brescia, Italy).

2.2. Downstream Process

NF processes were performed using a polyethersulfone spiral membrane with a
nominal cut-off of 150–200 Da, respectively, with a total filtering area of 0.3 m2 (Fluxa
Filtri, Milano, Italy). The system used for the membrane process was a UF-NF system
equipped with a 10 L volume steel tank, pressure gauges on the inlet and retentate lines,
and a thermostatic bath to keep the temperature constant (Idea 3 Engineering, Lessona,
Italy). The whey fraction provided by the dairy factory had been ultrafiltered in site on
20 kDa polyethersulfone membranes with a filtering surface of about 40–50 m2 and flux of
2500–3000 L/h. The concentration factor reported was 13–14 fold, on the basis of 10,000 L
used at the inlet for each treatment. In this study, 10 L of the permeate of the above-
mentioned UF on 20 KDa were nanofiltered and concentrated. All recovered fractions
were characterized by analyzing lactate, lactic acid and total proteins as described in the
following paragraph.

2.3. Spray Drying

Spraying was carried out on the UF retentate sample (UF_Ret20) provided by dairy
company. The spray drier used was a Mobile MinorTM (GEA Process Engineering, Dani-
marca). Samples were loaded into the specific chamber by means of a peristaltic pump with
a flow rate of 2–2.5 Kg/h, the internal temperature of the chamber (in which the sample
remained in contact with the gas for drying for about 10 s) was of about 160–170 ◦C, the
outlet temperature 80–85 ◦C; compressed air was used as the drying gas. One g of spray-
dried sample indicated as UF_Ret20Pow was dissolved in 100 mL of sterile bi-distilled
water and characterized to determine the protein, sugars, lactic acid and insoluble solid
content. Water content was determined by drying 100 mg of powder on a thermobalance
(Mettler Toledo HR 83 Halogen). The sample was heated at 105 ◦C and temperature was
maintained for 6 h until a constant weight was recorded.

For ashes determination, 10 g of sample were placed in a tared crucible. The crucible
was placed in a muffle furnace for 18 h at about 550 ◦C. When the temperature dropped
below 250 ◦C the sample was quickly transferred to a desiccator until cooled before
weighing. Calculation for dry ash content [20]:

% ash (dry basis) = (wt after ashing − tare wt of crucible)/(original sample wt × dry matter coefficient) × 100.

2.4. Analytical Methods

The various fractions and samples were analyzed for lactose, galactose, glucose, lactic
acid, acetic acid and ethanol content using a UHPLC Dionex Ultimate 3000+ chromatograph
(Thermofisher, Italy) equipped with a UV/Vis and RI detector. The standards and the
samples, previously ultrafiltered on Centricon systems with 3 kDa cut-off, were injected
in a Shodex sugar SH1011 300 × 8 mm, 6 µ column according to the following operating
conditions: isocratic elution with 0.1% sulfuric acid in water at a flow rate of 0.8 mL/min;
temperature: 40 ◦C; concentration range: 20–0.01 mg/mL; acquisition time 25 min [21].

2.5. Total Protein Quantification

The total protein content was obtained by analyzing the samples by UV/Vis spec-
trophotometry at 595 nm with a colorimetric method by using the Kit Protein assay Biorad
(Bio-Rad Laboratories Inc., Hercules, CA, USA) [22] and the bovine serum albumin (BSA)
as standard (Bio-Rad Laboratories Inc., Hercules, CA, USA). A Beckmann DU-800 spec-
trophotometer was used.
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2.6. Bottle and Bioreactor Experiments

Frozen stocks of L. fermentum were prepared from cells growing exponentially on
Mann, Rogosa and Sharpe (MRS) broth and stored at −80 ◦C after the addition of a 20%
v/v glycerol solution. Bottle experiments were performed in 100 mL screw-cap bottles
with a working volume of 90 mL and incubated at 37 ◦C and 150 rpm in a rotary shaker
incubator (model Minitron, Infors, Bottmingen, Switzerland) for 24 h. Modified semi-define
medium SGSL [23] contained the following per liter: 10 g yeast extract; 10 g soy peptone; 2 g
Na3C6H5O7; 0.5 g L-ascorbic acid; 0.5 mL Tween80; 0.25 g MgSO4 · 7 H2O; 0.2 g NaCl; 0.05 g
MnSO4 · H2O. The concentrated and spray-dried UF retentate (UF_Ret20Pow) was used for
growth experiments. In particular, the medium consisted of 1 ± 0.1, 2 ± 0.2 and 4 ± 0.2%
UF_Ret20Pow reconstituted in SGSL medium. UF_Ret20Pow 4 ± 0.2% reconstituted in
distilled water was also tested. Control experiments on SGSL supplemented with 30 g/L
glucose or lactose were also performed. Samples were withdrawn at time 0, and after 8
and 24 h of growth to analyze optical density (600 nm) carbon sources consumption, and
acid and ethanol production. All bottle experiments were performed in triplicate. Viability
was evaluated by serially diluting the samples and plating on MRS-agar medium. Plates
were incubated at 37 ◦C for 36 h before counting viable cells. Each sample was analyzed
in triplicate.

Bioreactor experiments were performed in a Biostat CT plus (Sartorius Stedim, Got-
tingen, Germany) bioreactor with a working volume of about 2.2 L. Temperature was
controlled at 37 ◦C, pH at 6.1 and agitation was fixed at 150 rpm. Fermentation medium
containing UF_Ret20Pow reconstituted in water or in water supplemented with salts
present in the SGSL medium and 2 g/L of yeast extract and soy peptone (1/5th of that
present in SGLS) were used for bioreactor growth. Before each experiment, a concentrated
stock solution of L. fermentum was inoculated in 0.25 L of SGSL medium at 37 ◦C and
150 rpm and grown for 8 h. The pre-culture was then transferred to the bioreactor with a
peristaltic pump (model 313 U, Watson-Marlow, England) to reach up to 10% (v/v) of the
working volume inside the fermenter. Stirring was set to 150 rpm and air was sparged at
a constant flow of 0.44 vvm. A constant pH of 6.1 was maintained by addition of NaOH
10 M and 30% v/v H2SO4 solutions. Experiments lasted up to 24 h. Samples were with-
drawn during the experiments to analyze cell density (600 nm), cell viability, carbon source
consumption, and acid and ethanol production. Viability was evaluated as previously
described. Batch experiments on UF_Ret20Pow only were repeated 4 times whereas those
on UF_Ret20Pow supplemented with salts and complex nitrogen sources were performed
in duplicate.

2.7. Cell Cultures and Treatments

Human Keratynocytes cell lines (HaCat) were grown in Dulbecco’s Modified Eagle
Medium DMEM, supplemented with 10% (v/v) heat-inactivated FBS, penicillin 100 U/mL
and streptomycin 100 µg/mL (Sigma Aldrich, MI, USA). The cells were grown on tissue
culture plates (BD Bioscience-Falcon, San Jose, CA, USA), in a humidified atmosphere (95%
air and 5% CO2, v/v) at 37 ◦C.

UF_Ret20Pow whey powder was dissolved in ultrapure (bi-distilled) water at a
concentration of about 20 g/L (w/v) and sterilized by microfiltration on 0.22 µm filter
devices. The sample was diluted with PBS to a final titer of 2 and 4 g/L before being added
to the medium. Opportunely diluted PBS was used as control in the medium. During the
wound healing assay, the concentration of FBS in the medium was reduced to 1% v/v to
slow down the migration phenomena that could then be better evaluated.

2.8. In Vitro Scratch Test and Time-Lapse Video Microscopy (TLVM)

Briefly, HaCaT cells were seeded in 12-wells until complete cellular confluence was
reached. Successively the confluent monolayer was scratched with a sterile tip (Ø = 0.1 mm)
and the diluted UF_Ret20 samples were added to the medium.
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The in vitro cell migration was analyzed by a video microscopy time-lapse station
(TLVM) (OKOLAB, Pozzuoli, Italy), assembled with an inverted microscope (AxioVi-
sion200, Zeiss, Germany), a CCD-gray-camera (ORCA ER, Hamamatsu Photonics, Hama-
matsu City, Japan) that records the images, a motorized stage incubator that logs the
position and maintains the in vitro condition of the cell culture (37 ◦C, 5% CO2 in hu-
midified air) and the custom-tailored software OKO-Vision 4.3 software that follows the
overall process and allows image analysis. The TVLM tracks the wound repair process
in real-time for 48–72 h, due to the selection and recording of representative images
of the experiments. The quantitative analysis of wound closure rates is calculated as
[(Area t0 − Area t)/Area t0] × 100 directly by the software or alternatively by manual
mode tracking for each image of the wound area over time. For each well a minimum of
5 fields of view was used for deriving the overall averaged curves of wound closures (%)
as a function of the time, thus ensuring the statistical significance of the experiment.

2.9. Statistical Analysis

All data were analyzed by means of two-tailed non homoscedastic Student’s t-test,
and p < 0.05 was considered as statistically significant.

3. Results and Discussion

In line with current circular economy approaches, a waste material from one of the
production sectors of excellence of the Campania region, namely the dairy industry, was
processed and recovered to obtain on the one side purified water for cleaning use within
the manufacturing facility, and on the other a spray-dried concentrate that could be tested
as substrate for the growth of L. fermentum and as bioactive compound useful in promoting
tissue regeneration. An overview of the process approach is presented in Figure 1.
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3.1. Clean Water Generation, Spray Drying of Concentrated Ultrafiltered Whey and
Characterization of the Obtained Fractions

The first part of the project regarded the evaluation of a simple membrane-based
process based on sequential UF and NF steps for the reduction of the organic load (BOD
and COD) of whey that represents a substantial pollution source. The use of filtration is
easily applicable in small/medium-sized companies that can not only reduce costs due to
the disposal of numerous tons of discarded whey produced daily, but also reuse it for the
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separation of fractions enriched in lactose, proteins and peptides, and for the recovery of
clean water. Results of the NF process are reported in Table 1a,b.

Table 1. Downstream processing of whey (a) Nanofiltration on 150–200 Da membranes of buffalo whey previously
ultrafiltered on 20 kDa membranes. TMP, transmembrane pressure; LMH, L/m2·h; (b) Composition change of buffalo whey
during ultrafiltration and nanofiltration. * Indicates the volume of permeate used for the nanofiltration experiments in the
present study.

(a) Nanofiltration
Parameters

Initial Vol.
(L)

Final Vol.
(L)

Concentration
Factor

Initial Flux
(LMH)

Final Flux
(LMH)

Initial TMP
(bar)

Final TMP
(bar)

150–200 Da
cut-off 10 1.25 8 33 28 10 12

(b) Sample Protein
(g/L)

Lactose
(g/L)

Lactic Acid
(g/L)

Vol
(L)

Buffalo whey 1.10 29.8 5.0 10,000
UF ret 5.19 42.9 6.7 800
UF per 0.05 31.7 5.5 9200 (10 *)
NF ret 0.09 120.3 10.9 1.25
NF per n.d. 0.03 2.3 8

Thirteen liters of UF_Ret20 were spray-dried in 6 h and resulted in the recovery
of about 525 g of powder (Table 2). The residual water present in the sample resulted
equal to 3.50 ± 0.50%. The powder was of thin and palpable grain size and contained
prevalently lactose (Table 2). When suspended at 20 g/L, pH in bidistilled water was equal
to 5.15 ± 0.05 and a conductivity of 3.18 ± 0.10 mS/cm was measured. Spray drying of
the volume used in this work was affected by the void volume within the equipment, thus
the yield was lower than 70%. However, the treatment of greater volumes on an industrial
scale typically improves process yields, as the amount of solids lost in the spray dryer
remains constant once a steady-state is achieved, and only the very fine powder that cannot
be separated in the cyclone defines the actual process yield on solids.

Table 2. Characterization of spray-dried powder UF_Ret20Pow. Lac, lactose; Gal, galactose; Glu, glucose; LA, lactic acid.
Ins. Solids, insoluble solids.

Sample
Protein

w/v
(%)

Lac
w/v
(%)

Gal
w/v
(%)

Glu
w/v
(%)

LA
w/v
(%)

Ins. Solids
w/v
(%)

Water
w/w
(%)

Ash
w/w
(%)

Dried powder 6 44 8 6 5 7 4 11

3.2. Evaluation of Ultrafiltered Spray-Dried Whey as Substrate for the Growth of L. fermentum

The use of whey proteins for the growth of biotechnologically interesting microorgan-
isms is well established [16]. For example, the probiotic strain L. casei is a well-known case
study for the production of biomass [11] and other antimicrobial products such as nisin
and bacteriocins [12,13]. Since lactic acid bacteria present specific and critical nutritional
requirements, often supplementation with growth factors, vitamins and amino acids is
necessary. L. fermentum DSM 20,049 was previously grown on whey with the addition of
hydrolyzed lupin flour as an auxiliary nitrogen source in flask experiments, showing a
shorter lag phase and a 70% higher biomass yield as compared to growth on MRS in the
same conditions [24].

In the present study, buffalo milk-derived whey was evaluated as a substrate for the
growth of an L. fermentum strain isolated from buffalo milk. In particular, the powder
obtained from the spray-dried ultrafiltered retentate (UF_Ret20Pow) was used in fermenta-
tion experiments to evaluate its potential as a one-pot medium; this would in fact strongly
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simplify cultivation medium preparation and overall upstream processes. Since this frac-
tion was not diafiltered it contained a large amount of sugars, in particular 44%, 8% and 6%
of lactose, glucose and galactose, respectively, and about 6% of protein, a necessary nitrogen
source for bacterial growth. Strain viability, sugars consumed and metabolic products
produced (lactic acid, acetic acid and ethanol) were initially evaluated in bottle experiments.
L. fermentum was cultivated on semi defined SGSL medium supplemented with different
amounts of UF_Ret20Pow. SGLS supplemented with glucose, the carbon source most effi-
ciently used by L. fermentum [25], or lactose, the main sugar present in whey powder, were
used as controls. As shown in Figure 2, a higher concentration of viable cells and related
metabolic products (e.g., lactic acid, ethanol) were observed in relation to higher initial
concentrations of ultrafiltered whey; in particular, in the presence of 4% UF_Ret20Pow, the
final average concentration of viable cells (8.85 ± 0.17 Log10 CFU/mL) was comparable to
that obtained in control experiments on glucose (8.97 ± 0.14 Log10 CFU/mL), whereas it
was significantly higher compared to results obtained in control experiments with lactose
(8.43 ± 0.17 Log10 CFU/mL). Additional experiments on UF_Ret20Pow dissolved in water
(in the absence of SGLS medium components) showed that growth was still supported by
the organic compounds present in the ultrafiltered whey fraction, although a significantly
lower sugar consumption and biomass concentration were achieved (Figure 2), probably
due to the lower amount of nitrogen source compared to that present in SGSL medium [25].

Fermentation 2021, 7, x FOR PEER REVIEW 7 of 11 
 

 

addition of hydrolyzed lupin flour as an auxiliary nitrogen source in flask experiments, 
showing a shorter lag phase and a 70% higher biomass yield as compared to growth on 
MRS in the same conditions [24]. 

In the present study, buffalo milk-derived whey was evaluated as a substrate for the 
growth of an L. fermentum strain isolated from buffalo milk. In particular, the powder 
obtained from the spray-dried ultrafiltered retentate (UF_Ret20Pow) was used in 
fermentation experiments to evaluate its potential as a one-pot medium; this would in fact 
strongly simplify cultivation medium preparation and overall upstream processes. Since 
this fraction was not diafiltered it contained a large amount of sugars, in particular 44%, 
8% and 6% of lactose, glucose and galactose, respectively, and about 6% of protein, a 
necessary nitrogen source for bacterial growth. Strain viability, sugars consumed and 
metabolic products produced (lactic acid, acetic acid and ethanol) were initially evaluated 
in bottle experiments. L. fermentum was cultivated on semi defined SGSL medium 
supplemented with different amounts of UF_Ret20Pow. SGLS supplemented with 
glucose, the carbon source most efficiently used by L. fermentum [25], or lactose, the main 
sugar present in whey powder, were used as controls. As shown in Figure 2, a higher 
concentration of viable cells and related metabolic products (e.g., lactic acid, ethanol) were 
observed in relation to higher initial concentrations of ultrafiltered whey; in particular, in 
the presence of 4% UF_Ret20Pow, the final average concentration of viable cells (8.85 ± 
0.17 Log10 CFU/mL) was comparable to that obtained in control experiments on glucose 
(8.97 ± 0.14 Log10 CFU/mL), whereas it was significantly higher compared to results 
obtained in control experiments with lactose (8.43 ± 0.17 Log10 CFU/mL). Additional 
experiments on UF_Ret20Pow dissolved in water (in the absence of SGLS medium 
components) showed that growth was still supported by the organic compounds present 
in the ultrafiltered whey fraction, although a significantly lower sugar consumption and 
biomass concentration were achieved (Figure 2), probably due to the lower amount of 
nitrogen source compared to that present in SGSL medium [25]. 

 
Figure 2. Small-scale experiments performed in 100 mL bottles at 37 °C and 150 rpm. Gal, galactose; 
Lac, lactose; Glc, glucose; LA, lactic acid; AA, acetic acid; EtOH, ethanol. Sup indicates media in 
which UF_Ret20Pow was reconstituted in SGLS medium. Data were analyzed by two-tailed non 
homoscedastic Student’s t-test. * indicates p < 0.05 compared to results obtained on SGLS Glu; ** 
indicates p < 0.01 compared to results obtained on SGLS Glu; § indicates p < 0.05 compared to results 
obtained on SGLS Lac; §§ indicates p < 0.01 compared to results obtained on SGLS Lac. 

Figure 2. Small-scale experiments performed in 100 mL bottles at 37 ◦C and 150 rpm. Gal, galactose;
Lac, lactose; Glc, glucose; LA, lactic acid; AA, acetic acid; EtOH, ethanol. Sup indicates media in
which UF_Ret20Pow was reconstituted in SGLS medium. Data were analyzed by two-tailed non
homoscedastic Student’s t-test. * indicates p < 0.05 compared to results obtained on SGLS Glu;
** indicates p < 0.01 compared to results obtained on SGLS Glu; § indicates p < 0.05 compared to
results obtained on SGLS Lac; §§ indicates p < 0.01 compared to results obtained on SGLS Lac.

With the aim of simplifying upstream and downstream procedures on an industrial
scale by using buffalo milk waste as the only component of fermentation media, bioreactor
experiments in controlled conditions were performed. L. fermentum probiotic biomass
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production was therefore investigated on UF_Ret20 as a one-pot medium (powder re-
constituted in water) and on UF_Ret20 supplemented with SGSL salts, yeast extract and
soy peptone (1/5th of that present in SGLS). Each experiment was performed at least in
duplicate. Table 3 shows the results obtained. Controlled pH and constant air sparging
improved viability that reached 8.1 ± 0.2 Log10 CFU/mL on the medium containing
concentrated whey only. The addition of salts and of low amounts of complex N sources
(soy peptone and yeast extract), yielded similar results, indicating an impact only on sugar
consumption and LA production which increased (Table 3); LA, in particular, showed a
3.3 fold titer increase with a final concentration of about 10.0 ± 0.3 g/L and a final yield of
0.61 ± 0.03 g/g. Apparently, due to the lower amount of nitrogen source, the sugars were
addressed to acid instead of biomass production [26].

Table 3. Data obtained by growing L. fermentum in batch in a Biostat CT plus (3 L) bioreactor reported as mean ± s.d.
UF_Ret20Pow indicates that the fermentation medium was obtained by reconstituting the UF_Ret20Pow spray-dried
powder in water; UF_Ret20Pow sup indicates the additional presence of SGLS salts, yeast extract and soy peptone (2 g/L)
in the medium. Lac, initial lactose; Gal, initial galactose; Glu, initial glucose; LA, lactic acid; AA, acetic acid; EtOH, ethanol.
Data were analyzed by two-tailed non homoscedastic Student’s t-test: * p < 0.05; ** p < 0.01.

Viability
(Log10 CFU/mL)

Lac
(g/L)

Glu
(g/L)

Gal
(g/L)

Sugars Cons.
(g/L)

LA
(g/L)

AA
(g/L)

EtOH
(g/L)

YLA/s
(g/g)

UF_Ret20Pow 8.1 ± 0.2 3.3 ± 0.8 ** 2.5 ± 0.8 * 1.5 ± 0.2 7.2 ± 1.4 ** 3.0 ± 0.6 ** 1.3 ± 0.4 1.4 ± 0.5 0.42 ± 0.01
UF_Ret20Pow

sup 8.0 ± 0.2 9.4 ± 0.3 5.1 ± 0.3 2.0 ± 0.2 16.4 ± 0.3 10.0 ± 0.3 1.5 ± 0.4 1.9 ± 0.2 0.61 ± 0.03

3.3. Whey Valorization as Wound Repair Agent

Buffalo milk whey has been shown to contain various proteins with immunomodula-
tory and antitumor activity, and a series of bioactive peptides with antimicrobial, antioxi-
dant, antihypertensive and remineralizing properties [5]. For example, the effect of whey
proteins in improving the inflammatory status during wound healing in diabetic rats, in
particular by reducing the expression of specific cytokines involved in the reparation, was
previously reported [27]. Kalinina and collaborators [28] identified whey proteins, and in
particular WFDC12, as a specific marker for the last stage of keratinocytes differentiation,
probably enhancing the occurrence of epidermal homeostasis.

Our research aimed to evaluate the ability of ultrafiltered and concentrated whey
from buffalo milk, to prompt cell migration and regeneration of the human keratinocyte
monolayers by using a scratch assay [29]. This assay is generally run to obtain a preliminary
but robust evaluation of the regenerative potential of biomolecules.

The sprayed powder was diluted in the cell growth medium and tested by an in vitro
wound healing assay, as reported in the material and methods section. Representative
fields of view of wound closure reported in Figure 3a are clearly showing that the addition
of UF_Ret20Pow prompts keratinocytes migration, confirming the role of whey proteins
in dermal repair. Quantitative analyses (Figure 3b) indicate that in the presence of the
sprayed powder at a concentration of 4 g/L, 40% wound closure occurred within 15 h, as
compared to the control that, at the same time, reached about 20% of repair. Moreover, the
sample induced complete healing within 30 h, whereas the closure area of the control was
lower than 40%. Data analysis by means of a two-tailed non homoscedastic Student t-test
indicates that the wound closure rate significantly improves (p < 0.05) in the supplemented
sample from 9 h onwards, as compared to the control (Figure 3b). The treatment with a less
concentrated sample (2 g/L) did not improve significantly the natural occurrence of wound
healing. Overall these data clearly establish a beneficial effect of diluted fractionated whey
powder, suggesting a potentially promising effect in topical products for skin treatments.
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4. Conclusions

Overall, the present study provides a small local circular economy example in which
one of the most abundant industrial wastes produced by small and medium regional
companies could be easily valorized by configuring processes that generate value-added
products using a bio-refining concept.
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In particular, the implementation of a membrane-based process involving a ultrafiltra-
tion and a nanofiltration step was demonstrated to be sufficient to reduce the organic load
of whey resulting in a clean and reusable effluent.

Maybe even more importantly, this downstream process generates fractions differ-
entially enriched with potentially interesting compounds. The concentrated UF retentate
was investigated here and demonstrated (i) to be by itself a sufficient source of sugars and
proteins to support the growth of a probiotic strain with known biomedical applications,
and (ii) to stimulate epidermis (keratinocyte) regeneration and therefore meaning potential
applicability as an ingredient in skincare products.
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Abstract: Various biotechnological approaches have been employed to convert food waste into
value-added bioproducts through fermentation processes. Whey, a major waste generated by dairy
industries, is considered an important environmental pollutant due to its massive production and
high organic content. The purpose of this study is to investigate the effect of different fermentation
parameters in simultaneous hydrolysis and fermentation (SHF) of whey for pigment production
with Monascus purpureus. The submerged culture fermentation parameters optimized were type and
pretreatment of whey, pH, inoculation ratio, substrate concentration and monosodium glutamate
(MSG) concentration. Demineralized (DM), deproteinized (DP), and raw whey (W) powders were
used as a substrate for pigment production by simultaneous hydrolysis and fermentation (SHF).
The maximum red pigment production was obtained as 38.4 UA510 nm (absorbance units) at the
optimized condition of SHF. Optimal conditions of SHF were 2% (v/v) inoculation ratio, 75 g/L of
lactose as carbon source, 25 g/L of MSG as nitrogen source, and fermentation medium pH of 7.0. The
specific growth rate of M. purpureus on whey and the maximum pigment production yield values
were 0.023 h−1 and 4.55 UAd−1, respectively. This study is the first in the literature to show that DM
whey is a sustainable substrate in the fermentation process of the M. purpureus red pigment.

Keywords: microbial red pigment; Monascus purpureus; simultaneous hydrolysis and fermentation;
sustainability; whey

1. Introduction

Color introduces data to the class of products and particular brands, creating effec-
tive visual recommendations to show attractiveness, tastes, distinction, and novelty in
packages. Food producers have preferred to use natural pigments instead of artificial
pigments in response to the developing consumer perception that natural pigments are
safer. Plant-originated pigments have some disadvantages, such as low solubility in water,
being unstable against heat and light [1,2], and high prices along with the required large
agricultural areas. However, microbial pigments have many advantages such as being
independent of seasonal changes, use of low-cost raw materials, being biodegradable,
having different color tones depending on the conditions of culture and higher efficiency
compared to chemical synthesis [1,3]. Thus, microbial pigments identified as bio-pigments
are the safer preference for the food industry. The production of microbial pigments has
been gradually increasing since health concerns such as carcinogenicity and teratogenicity
are related more to the synthetic pigments [4]. Furthermore, environmental policies are
other main drivers for the diffusion of biopigments in the market.

Among the various pigment-producing organisms, Monascus purpureus, is a fungus that is
isolated from red-fermented rice in Indonesia [5]. This filamentous fungus has been extensively
preferred in the production of fermented foods in Asian countries, southern China, Japan,
and Southeastern Asia [6]. Monascus pigments (MPs) as secondary metabolites have many
therapeutic effects such as antioxidant, anti-inflammatory, antimicrobial, anticarcinogenic
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and antimutagenic [7]. The main color pigments produced by Monascus spp. in polyketone
structure are red, orange and yellow. The red ones of those six major pigments are called
rubropunctamine (C21H26NO4) and monascorubramine (C23H27NO4); orange ones are called
rubropunctatin (C21H22O5) and monascorubrin (C23H26O5) and yellow pigments are called as
monascin (C21H26O5) and ankaflavin (C23H30O5) [8,9].

Monascus pigments are used as food additives, color thickener, or nitrite substitute
in different types of foods (red wine, tofu, surimi, sausage, ham, different sauces, noodle
products, ready meals, meat products, etc.) especially in East Asian countries. There are
also application areas in the dairy, textile and cosmetics industries [1,4,10–12].

The wastes generated by the food industry cause serious environmental pollution
and global warming. The major criteria of sustainable industrial production is the re-
covery and reuse of these wastes as a resource within the cycle of circular economy [13].
Hence, researchers in recent years have concentrated on studies about the use of food
industry wastes in the production of high value biotechnological products. The utiliza-
tion of wastes containing carbon and nitrogen in the bioprocesses is important in terms
of reducing environmental pollution and also building low cost, robust and sustainable
production schemes.

Various food industry wastes were used to produce Monascus pigments in the lit-
erature. These are; hydrolyzed rice straw [14], waste beer [15], brewer’s spent grain [9],
orange peels [16], chicken feather [17], sugarcane bagasse [18,19] bakery wastes [20], rice
water based medium [21], sweet potato [22], corn cob [23,24], potato powder [1], the grape
pulp [10], corn step liquor [25], Jack fruit wastes [26], wheat [5] and prickly pear juice [27].

Whey, which is a by product of cheese, casein and yogurt manufacturing, is considered
as waste of the dairy industry [28]. When processed further, whey becomes a high value
by product that is used as substrate in microbial fermentations utilizing lactose. However,
it is defined as an ecologically harmful and most polluting waste when released directly
into water receiving bodies [29]. With the rapid industrialization observed in the last
century [30] and the growth rate of milk production (around 2.8% per annum), dairy
processing is usually considered as the largest industrial food wastewater source, especially
in Europe [31,32]. Depending on cheese type and production method, 150–200 kg of cheese
is produced from a ton of milk, while 800–850 kg of whey is generated. Approximately
180–190 million tons of whey are produced annually in the world. It is a great threat to
the environment [33] due to its very high biological oxygen demands (BOD > 35,000 ppm)
and chemical oxygen demands (COD > 60,000 ppm) along with its low pH [34]. For a long
time in the 20th century, the industry worked on an inexpensive removal strategy for whey,
which included release into waterways, the ocean, municipal sewage treatment works,
and/or onto fields. Today, these disposal methods are prevented by strict environmental
regulations. Treatment and/or recovery of whey for its use in the production of value-
added products have become a major concern. Since whey contains 4.5–5.0% lactose,
0.6–0.8% protein, 0.4–0.5% lipid, vitamins and minerals, there are many studies on its use
as substrate in bioprocesses [34–36]. Since some microorganisms can not utilize lactose
in whey as the carbon source, some bioprocesses require the hydrolysis of lactose into its
monomers, glucose and galactose by the enzyme β-galactosidase.

The aim of this study is to investigate whey as an alternative low-cost sustainable
substrate in the fermentation of Monascus purpureus CMU 001 strain to produce red color
pigment for the food industry. Raw, demineralized, deproteinized whey as a substrate,
fermentation pH, initial lactose concentration, monosodium glutamate (MSG) concentra-
tion as the nitrogen source, inoculation ratio, mycelial development and pigment synthesis
kinetics of Monascus purpureus were studied. In contrast to the production of red pigments
from different waste resources as a fermentation substrate, to the best of our knowledge no
previous study in the literature has systematically investigated the simultaneous hydrolysis
and fermentation of whey for the production of red pigment by Monascus purpureus from
the point of sustainable resource recovery.
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2. Materials and Methods
2.1. Microorganisms and Culture Media

The microorganism used in this study was the Monascus purpureus CMU 001 kindly
provided by the Department of Biology, Chiang Mai University of Thailand. Our previous
work [37] has showed that this strain did not produce the mycotoxin citrinin, which is a
secondary metabolite of Monascus species. The strain was kept on potato dextrose agar
(PDA; pH:5.6 ± 0.2, Merck, Darmstadt, Germany) at 4 ◦C and sub-cultured every 4 weeks
to fresh PDA slants incubated at 30 ◦C for 7 days.

Raw whey powder, demineralized whey powder and deproteinized whey powder
were supplied by Enka Süt ve Gıda Mamulleri Sanayi ve Ticaret A.S. located in Konya
city, Turkey. All the whey samples were sweet whey-based samples as declared by the
supplier. β-galactosidase (Saphera 2600L) enzyme was kindly donated by Novozymes
A/S (Bagsvaerd, Denmark) for the hydrolysis of lactose in whey. Saphera 2600L is a
bacterial β-galactosidase enzyme from Bacillus licheniformis with a specific activity of
2600 LAU-B/g (enzyme activity was stated as β-galactosidase that hydrolyzes terminal
non-reducing β-D-galactosides releasing beta-D-galactose residues). Whey powder was
diluted with distilled water to contain 50 g/L lactose concentration (unless otherwise
stated) for fermentation experiments.

2.2. Preparation of Inoculum and Fermentation Medium

The inoculum was prepared by collecting spores from the surface of the PDA dishes
under aseptic conditions with 10 mL of sterile distilled water. The spore suspension
was used to prepare the inoculum culture containing 1.25 × 106 spores/mL. The spore
concentration was estimated using a Neubauer chamber (Marienfeld-Superior, Lauda-
Königshofen, Germany). The inoculation medium (50 mL in 250 mL Erlenmeyer flasks)
was prepared by reconstituting whey powder in water to contain lactose at 50 g/L con-
centration and pH 6.0. Since Monascus purpureus can not utilize lactose as the carbon
source, β-galactosidase enzyme (Saphera 2600L) was added to the fermentation medium
at a rate of 0.1% (v/v) (simultaneous hydrolysis and fermentation, SHF). The fermentation
for inoculum preparation was performed in a shaking incubator operated at 200 rpm, 30 ◦C
for 4 days.

Fifty milliliters of demineralized whey medium (pH 6.0, unless otherwise stated)
containing 50 g/L lactose was the substrate in SHF. The pH of the whey medium was
adjusted to pH 6.0 by using 1 N potassium hydroxide and sterilized at 121 ◦C for 15 min.
The inoculation ratio was 2% (v/v) and the SHF’s were carried out in a shaking incubator
at 200 rpm, 30 ◦C for 8 days. Inoculation and fermentation media were supplemented with
5 g/L of MSG (MSG; Sigma Aldrich, St Louis, MO, USA) as the nitrogen source. Samples
were collected at equal time intervals for the determination of biomass growth rate and red
pigment synthesis.

Prehydrolysis and a separate fermentation (PHSF) method was also used for the
production of the red pigment. In this method, the prehydrolysis of lactose in demineralised
whey medium was done at 50 ◦C (pH 6.0) for 8 h enzymatically before fermentation
with M. purpureus.

2.3. The Effect of Whey Type on Pigment Production

Whey powder (W), demineralized whey powder (DM), deproteinized whey powder
(DP), treated deproteinized raw whey powder (DPW), and treated deproteinized deminer-
alized whey powder (DPDM) were used as fermentation substrate. Initial concentration of
lactose was 50 g/L for each fermentation. DM and W samples were subjected to depro-
teinization to obtain DPW and DPDM. The process of deproteinization was adapted from
Roukas et al., [38]; the pH of W and DM were adjusted to 5.0 and protein precipitation
was induced by heating W and DM solutions at 90 ◦C for 20 min. The solutions were kept
at room temperature for 1 h and precipitated proteins were removed by centrifugation
(Hettich Universal 320 R, Tuttlingen, Germany) at 6000× g for 15 min.
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2.4. Optimization of Fermentation Parameters

The experiments were conducted to find optimum fermentation conditions and to
determine the effect of fermentation parameters on red pigment production. Different
initial pH values (5.0, 6.0, 7.0, 8.0, 9.0), initial lactose concentrations (25, 50, 75, 100 g/L),
MSG concentrations (2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 20.0, 25.0, 30.0 g/L) as nitrogen source,
and inoculation ratios of Monascus (1, 2, 3, 4, 5, 6%; (v/v)) were investigated for the pigment
production. The pigment production kinetics and mycelial development were examined at
the optimal conditions of fermentation determined from the experiments.

2.5. Analytical Methods

The biomass was measured gravimetrically at the end of fermentation by filtering the
mycelia through Whatman No: 1 filter paper, washing three times with distilled water and
drying at 65 ◦C to constant weight in an oven (Memmert, UN 55, Schwabach, Germany).
The biomass concentration was expressed as mycelial dry weight per unit volume of
culture medium [39].

The supernatant obtained by centrifugation of the fermentation medium in the cen-
trifuge (Hettich Universal 320 R, Tuttlingen, Germany) at 5400 rpm/20 min was filtered
with Whatman No. 1 filter paper. The filtrate obtained was used for the quantification
of the synthesized red pigments using a spectrophotometer (Thermo Scientific, Genesys
10S UV-VIS, Paisley, UK) at 510 nm and the readings were given in absorbance units
(UA510) [40]. Sterile fermentation medium was used as the blank sample since the medium
itself may have some absorbance at 510 nm wavelength. The pH values were determined
with the pH-meter (WTW Inolab 7110, Weilheim, Germany). Lactose concentration in the
medium was determined spectrophotometrically at 540 nm by the phenol-sulfuric acid
method [41]. Total nitrogen content was determined by the Kjeldahl method [42] and
the protein content of demineralized whey was calculated by multiplying the nitrogen
content by the factor 6.25 in order to convert the nitrogen content into protein content.
Moisture content of demineralized whey was determined by drying the sample to constant
weight at 80 ◦C. The ash content of demineralized whey was determined by burning the
sample for 12–18 h at 550 ◦C in a muffle furnace followed by cooling to room temperature
and weighing.

Each experiment was performed in triplicate and the results were expressed as the
mean ± standard deviation. The experiments were carried out in two repetitions and the
analyses were carried out in three parallel samples. The results were expressed as the mean
± standard deviation. All statistical analyses were performed using the software IBM SPSS
(v. 22). All data obtained were analyzed by one way analysis of variance, and tests of
significant differences were determined by using Duncan’s test at p < 0.05. In all the figures,
mean values for all the factors given in x-axis that are not followed by the same letter (a–g)
are significantly different (p < 0.05).

2.6. Cost Analysis

In this study, red pigment production cost was determined. The production cost
includes the handling of raw materials (whey), chemicals (MSG and enzyme), electricity for
fermentation, downstream processes (autoclaving, centrifuging, and drying) and the cost
of water. Energy consumption values for fermentation and downstream processes were
measured by a TT-Technic PM 001 plug power meter device. Prices of whey, chemicals,
electricity, and water were obtained from the suppliers for cost analysis.

3. Results and Discussion
3.1. The Effect of Whey Type as Fermentation Substrate on Pigment Production

Raw whey powder (W), demineralized whey powder (DM), deproteinized whey
powder (DP), treated deproteinized raw whey powder (DPW) and treated deproteinized
demineralized whey powder (DPDM) were prepared to investigate the effect of whey
type on pigment production by Monascus purpureus. The simultaneous hydrolysis and
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fermentation (SHF) method was used in the fermentation experiments. The chemical
composition of whey type has an important role in red pigment production since different
types of whey have different protein and mineral contents [34].

As seen from Figure 1, the highest pigment concentration (20.8 UA510 nm) was produced
from demineralized whey (DM) medium. Similar pigment yield value of 20.2 UA510 nm was
obtained with deproteinized and demineralized whey powder medium (DPDM). No signifi-
cant difference (p > 0.05) in pigment yields were observed with DM and DPDM media. The
lowest pigment yield was obtained from the DP medium (5.3 UA510 nm). While DP and DPW
have yielded very low red pigment production values, DM and DPDM produced higher
values. Lower pigment synthesis values observed in DP and PDW samples might have origi-
nated from the inhibitory effect of high concentration of cations (Na+, NH4

+, K+, Mg+2, and
Ca+2) and anions (Cl−, SO4

−2, PO4
−3, and citrate) present in whey medium [43,44]. Since the

demineralization process decreased monovalent, divalent cation and anion levels in whey,
pigment production values obtained from DM and DPDM are satisfactory compared to the
literature [45]. Raw whey powder (W) yielded 12.1 UA510 nm pigment production value which
was slightly higher than the values of DP and DPW as a substrate of pigment synthesis. The
biomass concentration values observed in all types of whey were very close to each other
and no significant correlation was observed between pigment and biomass production values
(Figure 1). This indicates that biomass can reproduce in all types of whey, but the conditions
for pigment production can be achieved at low anion and cation concentrations.
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Figure 1. The effect of whey types on the red pigment and biomass production by M. purpureus CMU
001 (Fermentation conditions: 30 ◦C, 8 days, 200 rpm, pH 6.0, 5 g/L monosodium glutamate (MSG),
50 g/L lactose).

Demineralised whey powder with the highest pigment yield had the following com-
position (%): total sugar 70.46 ± 0.24, protein 5.32 ± 0.05, ash 3.32 ± 0.36, total nitrogen
0.86 ± 0.01, moisture 2.72 ± 0.3. As long as the lactose present in whey is enzymatically
hydrolyzed, DM whey with its high lactose sugar content (70.5%) is a suitable substrate for
M. purpureus in the synthesis of the red pigment.

3.2. Effects of Different Fermentation Methods on Pigment Production

Raw demineralised whey powder (DM) containing lactose as the carbon source in
unhydrolyzed form was used for pigment production to determine the effect of lactose
on growth and pigment production by M. purpureus. As seen in Figure 2, lactose found
in DM was not utilized efficiently by M. purpureus for growth and pigment production.
Other researcher also pointed out the difficulties of using lactose as the carbon source for
the production of biopigments [45–48]. Therefore, it is necessary to hydrolyze lactose with
β-galactosidase enzyme to its monomers of glucose and galactose for its proper utilization
by M. purpureus as an energy source. In this study, two fermentation methods were
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compared for lactose hydrolysis; simultaneous lactose hydrolysis and fermentation (SHF)
and enzymatic pre-hydrolysis and separate fermentation (PHSF) for pigment production
by M. purpureus. Demineralised whey powder (DM) containing 50 g/L lactose was used as
the substrate in the fermentation experiments. As shown in Figure 2, the highest pigment
production value (21.3 UA510 nm) was obtained with the SHF application. When lactose
was hydrolyzed by the enzyme prior to fermentation (PHSF), lower red pigment synthesis
(16.8 UA510 nm) was obtained compared to SHF. Similar biomass yields of 16.3 and 14.9 g/L
were obtained for PHSF and SHF, respectively. Hence, SHF yielded higher pigment
production values. Da Costa and Vendruscolo [45], determined pigment production by
Monascus ruber CCT 3802 in the presence of several carbon sources such as glucose (20 g/L),
lactose (20 g/L), and hydrolyzed lactose (20 g/L). Parallel to the results of our study, they
found that the average production of yellow and orange pigments were higher in the
hydrolyzed lactose medium by M. ruber compared to lactose.
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Figure 2. The effect of fermentation mode on the red pigment and biomass production by M. purpureus
CMU 001 (Fermentation conditions: 30 ◦C, 8 days, 200 rpm, pH 6.0, 5 g/L MSG, 50 g/L lactose).

3.3. Effect of Initial pH on Pigment Production

The pH of fermentation medium is an important factor in red pigment synthesis
by Monascus species since high pH values and the existence of suitable nitrogen source
leads to the chemical modification of orange pigments changing into extracellular and
water-soluble red pigments [49]. The effect of initial pH of fermentation medium was
studied for pH range 5.0–9.0 using demineralised whey powder containing 50 g/L of
lactose as the substrate. SHF (30 ◦C/8 days) was performed in 250 mL Erlenmayer flasks
containing 50 mL of fermentation medium. As seen in Figure 3, the highest pigment
synthesis of 25.3 UA510 nm was observed at the initial pH value of 7.0. A low amount
of pigment formation was observed at high and low pH values. In the fermentation
medium with an initial pH of 9.0, growth and pigment synthesis were found to be the
lowest (4.4 UA510 nm). Other researchers have also reported that pH of fermentation
medium was highly important for red pigment synthesis by M. purpureus [48,50]. Orozco
and Kilikian [50] investigated the synthesis of pigments by Monascus purpureus and they
obtained 11.3 U of red pigments at pH 8.5. They stated that high pH medium facilitates the
transfer of intracellular pigments to the fermentation medium. Parallel to the findings of
our study, Mukherjee and Singh [39] stated that M. purpureus produced more red pigments
at pH values of 6.0–8.0. Lee et al. [51] also indicated that the pH range of 5.5–8.5 was
suitable for red pigment production, whereas pH values higher than 8.5 and lower than
5.5 led to a decrease in red pigment production. Prapajati et al. [48] achieved maximum
Monascus pigment synthesis at pH 8.5. It has been reported that water-soluble extracellular
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red pigment production increased at high pH values and at high MSG concentrations and
the transition of pigments from the cell to fermentation medium was restricted at low
pH values [49].
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Figure 3. The effect of initial pH on the red pigment and biomass production by M. purpureus CMU 001 (Fermentation
conditions: 30 ◦C, 8 days, 200 rpm, 5 g/L MSG, 50 g/L lactose).

3.4. Effect of Initial Lactose Concentration on Pigment Production

The effect of lactose concentration on pigment production by M. purpureus CMU 001
was investigated with DM whey containing different initial lactose concentrations as 25, 50,
75, and 100 g/L by SHF at 30 ◦C for 8 days. The initial pH of the fermentation medium
was 7.0. The highest pigment density was determined as 27.7 UA510 nm in the fermentation
medium containing 75 g/L of lactose (Figure 4). Red pigment concentrations of 10.2,
25.4, and 25.3 UA510 nm were found for the fermentation media containing initial lactose
concentrations of 25, 50, and 100 g/L, respectively. Chen and Johns [52] reported that
high glucose concentration of 50 g/L led to low biomass, pigment synthesis and ethanol
production, while high maltose concentration of 50 g /L increased red pigment production
by three fold compared to the same concentration of glucose. Liu et al., [53] studied pigment
production by M. purpureus M183 and found the optimum glucose concentration as 80 g/L
in terms of maximum efficiency, pigment yield and cost efficiency for industrial applications.
Parallel to our findings, they stated that the initial substrate concentration has a negligible
effect on biomass (dry cell weight). The high glucose concentration in the fermentation
medium can be an advantage for mycelium growth, but as fermentation progresses, the
fermentation medium becomes more acidic and this can lead to low pigment yields [54].

3.5. Effect of Monosodium Glutamate (MSG) Concentration on Pigment Production

The previous studies showed that M. purpureus had higher red pigment production
efficiency in the presence of MSG than other nitrogen sources [9,15]. Pigments produced
by Monascus species are usually intracellular and insoluble in water. These pigments
turn into extracellular and water-soluble red pigments as a result of a non-enzymatic
reactions in the presence of MSG at neutral pH values. MSG replaces the ammonia in
the orange pigment to produce the red pigment derivatives [51,55–57]. To investigate
the effect of MSG concentration on red pigment production, SHF was performed with
DM whey containing 75 g/L of lactose at pH 7.0 and 30 ◦C temperature during 8 days.
As seen in Figure 5, MSG concentration had a significant effect on red pigment synthesis
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by M. purpureus. The pigment production increased steadily and linearly up to 25 g/L of
MSG concentration resulting in a maximum pigment synthesis of 45.7 UA510 nm and then
declined at higher MSG concentrations. Atalay et al. [15] tested different nitrogen sources
(monosodium glutamate, malt sprouts, corn steep liquor, peptone, urea, ammonium sulfate
and yeast extract) for Monascus pigment production using residual beer as the fermentation
medium and found that fermentation medium containing 7.5 g/L of MSG yielded the
highest red pigment production of 18.5 UA510 nm. Sharmila et al. [1] obtained the maximum
pigment synthesis by using 6 g/L of MSG as the nitrogen source. Babitha et al. [26] stated
that Jackfruit seeds could not produce water-soluble pigments without using additional
nitrogen sources. Zhang et al. [57] determined that glutamate and glycine was the most
suitable source for growth of Monascus. Silbir and Göksungur [9] and Lee et al. [51] also
used a submerged culture technique to determine the effect of various nitrogen sources on
red pigment synthesis by M. purpureus and obtained maximum pigment production when
MSG was used. Lee et al. [51] stated that increased MSG concentrations decreased pigment
production while increasing biomass concentrations. Hamano and Kilikian [25] stated
that the highest pigment production (20.7 U) was obtained in a fermentation medium
containing 7.6 g/L of MSG concentration. Our results showed that the optimal MSG
concentration found for DM is different and higher than the concentration values found
for other substrates in the literature for the production of red pigment by M. purpureus.
Demineralized whey medium might contain low concentration of nitrogen as stated before.
When higher MSG concentrations are used to overcome this problem, Monascus purpureus
gave higher pigment production values.
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Figure 4. The effect of initial lactose concentration on red pigment and biomass production by
M. purpureus CMU 001 (Fermentation conditions: 30 ◦C, 8 days, 200 rpm, pH 7.0, 5 g/L MSG).

3.6. Effect of Inoculation Ratio on Pigment Production

To investigate the effect of inoculation ratio on red pigment production, DM medium
was inoculated with 1, 2, 3, 4, 5, and 6% (v/v) spore suspension solutions. SHF was
performed at 30 ◦C for 8 days (pH 7.0) with initial lactose and MSG concentrations of
75 g/L and 5 g/L, respectively (Figure 6). Although maximum pigment synthesis was
obtained at an MSG concentration of 25 g/L, an MSG concentration of 5 g/L was used
in the fermentation experiments due to economical considerations and feasibility of the
process. It was observed that the highest pigment production of 38.4 UA510 nm was ob-
tained when DM fermentation medium was inoculated with 5% of spore suspension. The
results of this study showed that different inoculum ratios influenced the synthesis of the
red pigment by M. purpureus, while 2 to 5% inoculum ratios had very little effect on the
biomass concentration. Babitha et al. [26] studied pigment production by M. purpureus
from jackfruit seed using solid-state fermentation and reported that low inoculum concen-
tration produced insufficient biomass while high inoculum concentrations led to excessive
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biomass formation depleting the nutrients in the fermentation medium that are necessary
for the product formation. Atalay et al. [15] studied pigment production from residual
beer using M. purpureus and obtained the highest pigment production of 18.5 UA510 nm
with the fermentation medium inoculated with 2% (v/v) of culture medium. Silbir and
Goksungur [9] also studied pigment production from brewer’s spent grain in submerged
fermentation system and found that 2% (v/v) spore suspension yielded the highest pigment
production of 22.3 UA500 nm.

Fermentation 2021, 7, x FOR PEER REVIEW 9 of 15 
 

 

tained in a fermentation medium containing 7.6 g/L of MSG concentration. Our results 
showed that the optimal MSG concentration found for DM is different and higher than 
the concentration values found for other substrates in the literature for the production of 
red pigment by M. purpureus. Demineralized whey medium might contain low concen-
tration of nitrogen as stated before. When higher MSG concentrations are used to over-
come this problem, Monascus purpureus gave higher pigment production values. 

 
Figure 5. The effect of monosodium glutamate (MSG) concentration on the red pigment and biomass production by M. 
purpureus CMU 001 (Fermentation conditions: 30 °C, 8 days, 200 rpm, pH 7.0, 75 g/L lactose). 

3.6. Effect of Inoculation Ratio on Pigment Production 
To investigate the effect of inoculation ratio on red pigment production, DM me-

dium was inoculated with 1, 2, 3, 4, 5, and 6% (v/v) spore suspension solutions. SHF was 
performed at 30 °C for 8 days (pH 7.0) with initial lactose and MSG concentrations of 75 
g/L and 5 g/L, respectively (Figure 6). Although maximum pigment synthesis was ob-
tained at an MSG concentration of 25 g/L, an MSG concentration of 5 g/L was used in the 
fermentation experiments due to economical considerations and feasibility of the process. 
It was observed that the highest pigment production of 38.4 UA510 nm was obtained when 
DM fermentation medium was inoculated with 5% of spore suspension. The results of 
this study showed that different inoculum ratios influenced the synthesis of the red 
pigment by M. purpureus, while 2 to 5% inoculum ratios had very little effect on the bi-
omass concentration. Babitha et al. [26] studied pigment production by M. purpureus from 
jackfruit seed using solid-state fermentation and reported that low inoculum concentra-
tion produced insufficient biomass while high inoculum concentrations led to excessive 
biomass formation depleting the nutrients in the fermentation medium that are necessary 
for the product formation. Atalay et al. [15] studied pigment production from residual 
beer using M. purpureus and obtained the highest pigment production of 18.5 UA510 nm 
with the fermentation medium inoculated with 2% (v/v) of culture medium. Silbir and 
Goksungur [9] also studied pigment production from brewer’s spent grain in submerged 
fermentation system and found that 2% (v/v) spore suspension yielded the highest pig-
ment production of 22.3 UA500 nm. 

g

f

e e
d

c
b

b
a

e

d cd d c c cd
b ab a

e

0

5

10

15

20

25

30

35

40

45

50

0 2.5 5 7.5 10 12.5 15 20 25 30

R
ed

 p
ig

m
en

t (
U

A
5l

0n
m

), 
Bi

om
as

s (
g/

l)

MSG (g/l)

Red pigment

Biomass

Figure 5. The effect of monosodium glutamate (MSG) concentration on the red pigment and biomass
production by M. purpureus CMU 001 (Fermentation conditions: 30 ◦C, 8 days, 200 rpm, pH 7.0,
75 g/L lactose).
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Figure 6. The effect of inoculation ratio on the red pigment and biomass production by M. purpureus
CMU 001 (Fermentation conditions: 30 ◦C, 8 days, 200 rpm, pH 7.0, 5 g/L MSG, 75 g/L lactose.

3.7. Kinetics of Red Pigment Production by M. purpureus

The mycelial development and pigment synthesis kinetics of M. purpureus were inves-
tigated by SHF under the optimized conditions (demineralized whey diluted to contain
75 g/L lactose, 5 g/L MSG concentrations, pH 7.0, 30 ◦C, 200 rpm, and 8 days). As shown in
Figure 7, red pigment production started at the beginning of the exponential growth phase
and reached a maximum value of 37 UA510 nm on the 8th days of fermentation. The red
pigment concentration decreased after the 8th day of fermentation most probably due to the
substrate limitation, possible chemical decomposition of the pigment, conversion to other
products or oxidation by the microorganisms. The decrease in total sugar concentration
during fermentation proved that hydrolyzed lactose was used by M. purpureus for growth
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and pigment synthesis. The pH value dropped during the first 3 days of fermentation and
increased afterwards to 8.0 at the end of the fermentation. The pH increase in the last stage
of fermentation was probably due to M. purpureus producing ammonia as a result of the
deamination of amino acids. Dry biomass weight steadily increased during the 8 days of
fermentation period and then decreased.
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Figure 7. Simultaneous hydrolysis and fermentation (SHF) profiles of mycelial growth of M. purpureus CMU 001, red
pigment synthesis, lactose consumption, and pH under the optimum conditions (Fermentation conditions: 30 ◦C, 8 days,
200 rpm, pH 7.0, 5 g/L MSG, 75 g/L lactose). The standard deviation of each experimental point ranged from 1.5 to 4.8.

Maximum pigment productivity and specific growth rate of M. purpureus were deter-
mined as 4.55 UAh−1 and 0.023 h−1, respectively for SHF of DM whey at the optimized
conditions in this study. Da Costa and Vendrusculo [45] investigated the use of hydrolyzed
lactose, glucose, and lactose as a substrate for pigment production. While productivity
values were calculated as 0.059 AU510 h−1, 0.072 AU510 h−1, and 0.032 AU510 h−1, specific
growth rate values were determined as 0.031 h−1, 0.042 h−1, and 0.017 h−1 for hydrolyzed
lactose, glucose, and lactose, respectively. Atalay et al. [15] produced 18.5 UA510 red pig-
ment from residual beer by M. purpureus after 192 h of fermentation. Productivity and
specific growth rate values were found as 2.3 UAh−1 and 0.03 h−1 respectively. Even
though the calculated specific growth rate value of M. purpureus grown on DM whey was
in the range reported by the other authors, pigment productivity was found to be higher
than the other substrates. These findings make DM whey a productive and sustainable
substrate for the production of red pigment by SHF of M. purpureus.

3.8. Assesment of Production Cost of Pigment Production

The utilization of agricultural residues and organic waste from agro-industries as
carbon sources for the production of value-added products reduce the production cost and
provide environmental sustainability. On the other hand, product yield, transporting, han-
dling and pretreatment costs should be considered when wastes are used as inexpensive
organic substrates for fermentation processes. The operational cost includes the handling
and pretreatment processes of raw materials, fermentation, downstream processes, labor,
and maintenance along with the plant and administrative costs. Furthermore, the pre-
treatment process of the waste substrate should be appropriate in terms of process and
environmental sustainability. Physical, chemical and hydrothermal processes are among
the several pretreatments applied to agricultural waste materials [58].

As can be seen from Table 1, the amount of pigment produced from soybean, coconut
and bagasse is low, therefore transportation and handling costs for utilizing large volumes
of waste materials for pigment production will be very high. The concentration of pigment
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produced from corn meal supplemented with glucose (6%) and whey (1%) is higher than
pigment concentrations when other waste materials are used. The addition of whey to
the fermentation medium may have provided the necessary nitrogen and mineral sources
for cell proliferation. Since coconut and bagasse contain glucose sources in the form of
cellulose, the pigment yield will also be low unless the substrate is pretreated. Hence,
the use of cellulosic agricultural waste in fermentation requires a costly pretreatment
process and more waste will be generated after the fermentation limiting the environmental
sustainability of the process. However, instead of lignocellulosic waste, the use of agro
industrial wastes such as whey that does not require many pre-treatment unit operations
prior to the fermentation seems to be a more economical and sustainable alternative for the
red pigment production process.

Table 1. Pigment yields and necessary waste material for red pigment production.

Agricultural Waste Material Pigment Yield
(mg/g Dry Substrate)

Waste Material
(g Dry Substrate/g Pigment)

Cost
($/kg) References

Soy bean residues
(Supp. with 6% glucose) 1.65 606.06 [2]

Coconut residues
(Supp. with 6% glucose) 5.65 176.99 [2]

Bagasse
(Supp. with 6% glucose) 7.5 133.33 [2]

Corn meal
(Supp. with 6% glucose) 20.86 47.94 [2]

Corn meal
(Supp. with 6% glucose + 1% whey) 47.42 21.09 [2]

Demineralized whey
(6% glucose equivalent) 133.3 7.50 14.92 This Study

Glucose (6%) 166.67 6.00 14.84 Theoretical

In this study, the operational cost of red pigment production by M. purpureus is
calculated as 14.92 dollars/kg when commercially processed, demineralized whey was
used for pigment production. This calculated cost is close to the pigment production
process cost when glucose is used as the carbon source, since both are processed products.
Pigment production cost can be reduced by the use of raw liquid whey coming directly
from cheese production, but the membrane filtration process needed to concentrate the
sugar will possibly increase the production cost of the process. Therefore, it is important to
concentrate more on the economic feasibility of the process for future work.

4. Conclusions

Suitable substrates rich in nutrients are necessary for microbial growth in the fermen-
tation processes to produce economical, sustainable high value-added bioproducts. In this
study, whey from the dairy industry was investigated as a fermentation medium for red
pigment production by M. purpureus. To optimize fermentation conditions and maximize
the yield, the effects of whey type, fermentation methods, initial lactose concentration,
MSG concentration, initial pH, and inoculation ratio on red pigment synthesis by M. pur-
pureus were systematically investigated. The results showed that DM whey is a suitable
substrate for the red pigment synthesis by M. purpureus and SHF was highly affected by the
tested process parameters. This research provides new insights into the utilization of whey
produced in massive amounts and presents a possible solution for serious environmental
pollution problems. The highest pigment synthesis was obtained with treated samples
of whey (DM and DPDM) in this study. Since the nutrients or inhibitory compounds are
different in each form of whey, they might have different effects on biomass formation and
product synthesis. Hence, future studies will focus on the full characterization of all whey
types and the positive and negative effects of the major and minor constituents on pigment
synthesis by Monascus purpureus.
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W Whey powder
DM Demineralized whey powder
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DPDM Treated deproteinized demineralized whey powder
DPW Treated deproteinized raw whey powder
MSG Monosodium glutamate
PHSF Prehydrolysis and separate fermentation
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Abstract: Biosurfactants have attracted increasing interest from the food industry due to their emul-
sifying, foaming and solubilizing properties. However, the industrial use of microbial biosurfactants
has been hampered by the high production costs related mainly to the use of expensive substrates.
The search for low-cost alternative substrates is one of the strategies adopted to overcome this
problem. In the present study, a biosurfactant produced by Bacillus cereus UCP1615 by fermentation
in a medium supplemented with waste frying soybean oil as a low-cost substrate was evaluated
as a bioemulsifier for the production of cookies. The biosurfactant was evaluated for its emul-
sifying capacity against different vegetable oils, antioxidant activity and toxicity, demonstrating
favorable results for use in food. In particular, it showed satisfactory antioxidant activity at the tested
concentrations and no cytotoxicity to the L929 (mouse fibroblast) and Vero (monkey kidney epithe-
lial) cell lines using the MTT assay. The biosurfactant was then added at different concentrations
(0.25%, 0.5% and 1%) to a standard cookie dough formulation to evaluate the physicochemical char-
acteristics of the product. Cookies formulated with the biosurfactant exhibited similar energy and
physical characteristics to those obtained with the standard formulation but with a lower moisture
content. The biosurfactant also ensured a good preservation of the cookie texture after 45 days of
storage. These results suggest that the biosurfactant has a potential application as a green emulsifier
in accordance with the demands of the current market for biocompatible products.

Keywords: biosurfactant; bioemulsifier; waste frying oil; Bacillus cereus; food additives; cookie

1. Introduction

Globalization and the growth of the population have promoted the expansion of the
production of, and investments in, complex food supply dynamics. However, food safety
issues arise such as the origin and properties of products and components added to food.
Most of these substances, including thickeners, stabilizers and emulsifiers, are important
additives for the quality of food [1] because they help maintain or even improve their
appearance, freshness, flavor, texture and safety [2].
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The search for “green” ingredients has intensified in the food industry thanks to the
progress of studies and the increase in competition in the sector as well as the growing
interest of consumers for natural ingredients over synthetic additives [3]. This interest is
mainly associated with the growing demand for natural, organic and vegan food [4].

Biosurfactants are promising products obtained from biological sources whose attrac-
tiveness is due to their biodegradability, specific bioactivity, sustainable production and
low toxicity [5,6]. These features give biosurfactants considerable potential for practical
applications particularly in the food, cosmetic, healthcare, biomedical and pharmaceutical
sectors [5].

The literature describes improvements in the texture, volume and conservation of
baked goods due to the addition of biosurfactants. Researchers reported improvements in
the viscosity of food products when using microbial emulsifiers, the efficient emulsification
of fat from meat products, enhanced solubilization of aromas and a greater stability of
salad dressings [1]. Biosurfactants are also effective in solubilizing vegetable oils, stabi-
lizing fats during cooking processes and improving the organoleptic properties of bread.
Biomolecules can be used in ice cream formulations, muffins (as an ingredient to replace
baking powder and eggs), cookies and salad dressings. The use of microbial emulsifiers
was also shown to reduce the use of currently marketed emulsifiers in farinaceous food
and to improve their rheology [1,2].

Among the different types of biosurfactants explored, lipopeptides and glycolipids
stand out due to their desirable properties for application in the food industry such as
antibacterial activity against a variety of species, antioxidant activity and low cytotoxicity.
The lipopeptides produced by bacteria of the genus Bacillus are examples of microbial
biosurfactants obtained by fermentation [7,8] whose main characteristics are an emulsifi-
cation capacity and a reduction of surface tension along with antioxidant, antiadhesive,
antibiofilm, antibacterial, antifungal, antitumor and antiviral properties [6,9].

However, the industrial production of biosurfactants faces great challenges due to the
high costs of microbial cultivation and their recovery [10]. One of the solutions to make
the industrial production of these biomolecules economically feasible consists of the use
of agro-industrial co-products as substrates for the fermentation process, given that the
substrate accounts for up to 50% of the final manufacturing cost [7]. The food industry
generates waste products that often contain high concentrations of carbohydrates, lipids
and proteins, which makes these co-products attractive candidates for fermentation pro-
cesses [11]. Among such substances, waste cooking oil—which is produced in the kitchens
of homes, restaurants and industries—is considered to be hazardous to the environment
and human health; therefore, it should be collected to reduce the environmental impact of
its improper disposal [12].

A 2019 report on the prospects for the commodities market by the Organization for
Economic Cooperation and Development (OECD) and the Food and Agriculture Organiza-
tion (FAO) of the United Nations states that approximately 210 million tons of vegetable
oils are produced and consumed by humans every year. Therefore, the estimated annual
global production of waste cooking oil is around 42 million tons [13]. The use of agro-
industrial waste products or renewable raw materials in fermentation processes to produce
biosurfactants is in line with green chemistry and is an important tool for sustainable
innovation, which meets the demands of the current market [14].

Therefore, the aims of the present study were (a) to investigate the use of a biosurfac-
tant produced by Bacillus cereus UCP 1615 as an additive in a cookie formulation, (b) to
analyze the nutritional benefits of its addition, (c) to check its non-toxicity, (d) to determine
its antioxidant potential and (e) to evaluate its effects on the physicochemical properties as
well as the texture of the product.
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2. Materials and Methods
2.1. Microorganism and the Production of the Biosurfactant

The bacterium Bacillus cereus UCP 1615 obtained from the culture bank of the Catholic
University of Pernambuco was used as the biosurfactant-producing microorganism. This
strain was previously isolated from environmental samples of water contaminated with
petroleum byproducts spilled from ships (port area) in the Atlantic Ocean in the state of
Pernambuco, Brazil. As described by Durval et al. [15], the bacterium was cultured by
adding a 2% cell suspension (optical density of 0.7 at a wavelength of 600 nm corresponding
to a 24 h inoculum of 107 colony-forming units/L) to a 500 mL flask containing 100 mL
of a mineral salt medium (0.087% K2HPO4, 0.65% trisaminomethane, 0.02% KCl, 0.06%
MgSO4·7H2O, 0.01% NaCl and 0.005% yeast extract) supplemented with 2% waste frying
soybean oil and 0.12% peptone with the pH adjusted to 7.0 ± 0.2. After culturing for 48 h
at 28 ◦C and 250 rpm, the samples were withdrawn to determine the concentration of the
biosurfactant.

2.2. Isolation of the Biosurfactant

The biosurfactant was extracted after centrifugation of the fermentation broth at 5000×
g for 30 min to remove the cells. A 6.0 M HCl solution was added to the supernatant to
adjust the pH to 2.0, followed by the addition of a 2:1 (v/v) solution of CHCl3/CH3OH.
After vigorous shaking by hand for 15 min and a phase separation, the organic phase was
removed and the operation was repeated two more times. The organic phases were pooled
and put on a rotary evaporator under a vacuum at 40 ◦C until the complete evaporation of
the solvents and the obtention of the isolated biosurfactant [15]. The extraction procedure
allowed the isolation of the biomolecule from the fermented broth and, at the same time,
the suppression of any live cells still present in it.

2.3. Evaluation of the Biosurfactant Cytotoxic Potential

The biosurfactant cytotoxicity was assessed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (MTT) method [16,17]. The L929 (mouse fibroblast)
cells and the Vero (renal epithelial) cells from the African green monkey were maintained
in Dulbecco’s Modified Eagle Medium supplemented with 10% inactivated fetal bovine
serum and a 1% antibiotic (penicillin and streptomycin) solution. The cells were kept in a
chamber at 37 ◦C in an atmosphere enriched with 5% CO2 and 95% humidity.

The cells were plated (105 cells/mL) in 96-well plates and incubated for 24 h. Next,
10 µL of the biosurfactant solutions was added to the wells at a final concentration of 3.12
to 400 µg/mL. After a further incubation for 72 h, 25 µL of the MTT solution (5 mg/mL)
was added, followed by an incubation of 3 h. The culture with the MTT was then aspirated
and 100 µL of dimethyl sulfoxide was added to each well. The absorbance was measured
in a microplate reader at a wavelength of 560 nm. The experiments were conducted in
triplicate and the percentage of inhibition was calculated with the aid of the demo version
of GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA).

An intensity scale was used for the determination of toxicity. Samples with 95 to
100% inhibitory activity were considered to be highly toxic, those with 70 to 90% inhibitory
activity were considered to be moderately toxic and those with inhibitory activity less than
50% were considered to be non-toxic [18].

2.4. Antioxidant Activity
2.4.1. Total Antioxidant Capacity

The total antioxidant capacity (TAC) was determined using the phosphomolybdenum
method [19], which is based on the reduction of Mo6+ to Mo5+ by the sample and the
subsequent formation of a greenish phosphate/Mo5+ complex. Tubes containing the
samples and reagents (0.6 M sulfuric acid, 28 mM sodium phosphate and 4 mM ammonium
molybdate) were incubated at 100 ◦C for 90 min. The absorbance of each solution was
measured at wavelength of 695 nm against a blank. The TAC was expressed in relation to a
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solution of ascorbic acid at a concentration of 1 mg/mL assumed to be 100%. All assays
were carried out in triplicate.

2.4.2. DPPH Scavenging Activity

The antioxidant activity of the biosurfactant was also evaluated using the free rad-
ical sequestration method based on hydrogen donation using the stable 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH•) [20]. The measurements were performed in triplicate and
the inhibition activity was calculated based on the percentage of DPPH• scavenged. The
vitamin E analogue 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and
butylated hydroxytoluene (BTH) were used as standards. The percentage of inhibition (I%)
was calculated using the equation:

I% =
Ac − As

Ac
× 100 (1)

in which Ac is the absorbance of the control and As is the absorbance of the sample.

2.4.3. ABTS Scavenging Activity

The determination of the antioxidant activity of a biosurfactant using the 2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay is based on the generation of
the cationic chromophore radical obtained from the oxidation of ABTS by potassium
persulfate [20]. The measurements were performed in triplicate and the inhibition activity
was calculated based on the percentage of ABTS removed. Trolox and BTH were used as
standards. The percentage of inhibition (I%) was calculated as described above for the
DPPH scavenging activity.

2.5. Emulsification Activity

The emulsification activity of the biosurfactant was determined following the method
described by Gaur et al. [21]. Vegetable oils from soybeans, corn, canola and peanuts were
added at a 1:1 proportion (v/v) to an aqueous biosurfactant solution at concentrations of 10,
5.0 and 2.5 mg/mL in glass tubes and the content was vortexed for 2 min at a frequency of
50 Hz. After 24 h, the emulsification index (E24) was determined according to the equation:

E24 =
he

ht
× 100 (2)

in which he is the height of the emulsion layer and ht is the total height of the mixture.
All samples were stored at room temperature.

2.6. Cookie Formulation and Preparation

The biosurfactant was tested in the standard cookie formulation described by Ribeiro
et al. [22] (Table 1). The extract containing the biosurfactant was used in this formulation
as an additive at three different concentrations (1%, 0.5% and 0.25%) in relation to the total
dough for the analysis of the physical and physicochemical properties.

Table 1. Composition of the cookie dough.

Ingredient Standard Formulation (%)

White wheat flour 47.0
Margarine 20.0

Sugar 15.0
Vanilla extract 3.0
Baking powder 1.0

Pasteurized egg white 40.0
Pasteurized egg yolk 4.0

Biosurfactant 0.0

182



Fermentation 2021, 7, 189

The dough was also prepared following the method described by Ribeiro et al. [22].
The ingredients were purchased from local establishments and blended in a mixer (Tur-
bomix Duo MX21, Arno Ciranda, Florianópolis, SC, Brazil) for 7 min. The dough was then
spread on a polyethylene cutting board and shaped into circular forms with the aid of
stainless steel molds with a 50 mm diameter to standardize the cookies. The specimens
were placed in an oven for 5 min at 150 ◦C after which the temperature was increased
to 180 ◦C for an additional 15 min. The cookies were then cooled, weighed, packed in
vacuum-sealed plastic bags and stored at room temperature for 24 h.

2.7. Physicochemical Properties and the Energy Value of the Cookies

The weight, diameter, thickness and spread factor of the cookies were determined
with and without the biosurfactant [23,24]. The total diameter was determined by using
four randomly selected specimens placed side by side. The cookies were then turned 90◦

and the diameter was measured again. The final diameter was expressed as the mean of the
two measurements divided by four. The thickness was determined by stacking four cookies
and expressed as the total height divided by four. The spread factor was determined by
dividing the diameter by the height.

The physicochemical properties of the cookies were determined using the analysis
methods of the Association of Official Analytical Chemists [25]. The moisture content was
determined gravimetrically considering the mass loss from the specimens submitted to
heating in an oven at 105 ◦C until a constant weight was reached. The concentration of
total protein was calculated using the Kjeldahl method, which consists of the acid digestion
of organic matter followed by distillation, the quantitative determination of nitrogen by
titration and multiplication of the obtained value by a factor of 6.5. The gravimetric method
was used for the determination of the fixed mineral residue (ash) based on the loss of
mass from the specimens submitted to incineration at 550 ◦C. The Bligh and Dyer [26]
extraction method was employed to quantify the lipids. The energy value was determined
by the sum of the values of carbohydrates, lipids and proteins multiplied by 4, 9 and 4,
respectively [27].

2.8. Texture Profile Analysis

The texture profile analysis involved the determination of the hardness, cohesiveness,
adhesiveness and springiness of the cookie dough with and without the biosurfactant
after baking. For this purpose, a CT3 texture analyzer (Brookfield, Middleboro, MA,
USA) was used with a 245 N load cell. The specimens were compressed at a constant
velocity of 1 mm/s using a 60 mm-wide polymethacrylate plate. A second compression
was performed after a 5 s interval and the hardness was defined as the force of half of the
height on the specimen during the first compression. The cohesion was defined as the ratio
between the compression work in the second compression cycle and the compression work
in the first cycle. The sponginess was calculated using the relative height of the remaining
specimen when the initial force was registered during the second compression [28].

2.9. Statistical Analysis

The data were analyzed statistically using the one-way procedure in Statistica (ver-
sion 7.0) (StatSoft. Inc, Tulsa, OK, USA), followed by a linear one-way analysis of variance
(ANOVA). The results were expressed as mean ± standard deviation (SD) determined
from the triplicate experiments. The differences were examined using the Tukey post hoc
test with a 95% confidence level, i.e., a significant level (p) of 0.05.

3. Results and Discussion
3.1. Cytotoxicity of the Biosurfactant

Cytotoxicity tests were among the first in vitro bioassays used to predict the toxicity of
substances and are performed in laboratories throughout the world to classify compounds
and evaluate safety [29]. The biosurfactant produced by Bacillus cereus UCP 1615 was
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submitted to the MTT assay to monitor the response of the cells in the cultures and
determine the viability of the biosurfactant for human consumption.

The results of the cytotoxicity tests regarding the viability of the L929 (mouse fibroblast)
cells and the Vero (renal epithelial) cells from the African green monkey exposed to different
concentrations of the biosurfactant are displayed in Table 2.

Table 2. Viability (percentage) of L929 and Vero cell lines after contact with the biosurfactant from
Bacillus cereus UCP 1615 at different concentrations (data expressed as mean ± SD of the triplicate
determinations).

Concentration
(µg/mL)

Cell Viability (%)

L929 Line Vero Line

Control 99.99 ± 3.33 100.03 ± 2.80
3.12 111.41 ± 5.18 102.66 ± 5.79
6.25 103.00 ± 5.42 103.51 ± 5.28
12.5 103.80 ± 2.56 101.25 ± 4.96
25 92.89 ± 2.56 98.13 ± 3.56
50 92.17 ± 2.49 94.84 ± 5.60
100 98.61 ± 0.56 86.05 ± 5.21
200 104.30 ± 2.09 74.77 ± 6.40
400 53.89 ± 1.80 12.13 ± 0.55

The viability of the L929 cells was 54% when submitted to the highest concentration of
the biosurfactant (400 µg/mL) but above 93% when submitted to concentrations between
3.12 and 200 µg/mL. The viability of the Vero cells was 12.13, 74.77 and 86.05% when
exposed to concentrations of 400, 200 and 100 µg/mL, respectively, but above 95% when
exposed to concentrations between 3.12 and 50 µg/mL (Table 2). Substances that enable an
80% or higher cell viability rate are considered to be without cytotoxic activity [30].

The MTT results revealed that the biosurfactant may have a potential application in
food as it did not exhibit cytotoxicity to either cell line at concentrations of up to 100 µg/mL,
equivalent to 0.1 g/L. Moreover, the viability of the L929 cell line was 100% at the relatively
high concentration of 200 µg/mL. These results are compatible with those reported by
Ribeiro et al. [22] for the biosurfactant produced by Saccharomyces cerevisiae incorporated
into a cookie formulation, which exhibited no toxicity to the L929 and RAW 264.7 (mouse
macrophage) cell lines.

The use of the biosurfactant produced by Candida bombicola URM 3718 in a cupcake
formulation was successful after the determination of its toxicity to the L929 and Vero
cell lines at concentrations up to 50 µg/mL [31]. The survival rate of the BHK-21 cell line
(kidney cells from hamster pups) was 63% after exposure to a biosurfactant produced by
Bacillus cereus MMC at a concentration of 104 µg/mL [32]. The biosurfactant produced by
Lactobacillus helveticus also exhibited no cytotoxicity to the L929 cell line at concentrations
of up to 25 × 103 µg/mL [33].

3.2. Antioxidant Activity of the Biosurfactant

Oxidation can occur during the processing and/or storage of food, resulting in the
deterioration of their nutritional value, color, flavor, texture and safety. The most effective,
convenient and economical method employed to control oxidation is the use of antioxi-
dants [34]. The food industry uses antioxidants to stabilize lipids in food, which are the
most sensitive compounds to the oxidation process [35]. In addition to the preservation
of food, antioxidants are also used in fields related to health and wellbeing due to their
capacity to protect the body from oxidative damage.

The results of the total antioxidant capacity (TAC) as well as those of scavenging the
DPPH• radical and the ABTS cation radical (ABTS•+) by the biosurfactant are presented in
Table 3.
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Table 3. Total antioxidant capacity (TAC) and oxidative inhibition based on the DPPH• and ABTS•+

scavenging capacity of the biosurfactant produced by Bacillus cereus UCP 1615 at different concentrations.

Biosurfactant Concentration
(mg/mL) TAC (%) DPPH• (I%) ABTS•+ (%)

40.00 476.43 ± 12.34 28.45 ± 3.24 36.67 ± 4.23
20.00 353.46 ± 10.45 19.34 ± 5.34 25.62 ± 3.52
10.00 218.25 ± 14.37 11.23 ± 3.28 18.24 ± 4.23
5.00 147.56 ± 17.45 4.34 ± 1.35 10.23 ± 3.60
2.50 98.35 ± 8.56 2.14 ± 1.11 7.24 ± 2.49
1.25 49.56 ± 4.03 0.35 ± 0.04 4.65 ± 0.97
0.62 27.45 ± 3.15 0.00 ± 0.00 3.35 ± 1.38
0.32 15.34 ± 7.36 0.00 ± 0.00 2.84 ± 1.87

The biosurfactant showed promising results in terms of reducing the phosphomolyb-
denum complex when comparing its percentage of the total antioxidant capacity (TAC)
with that of ascorbic acid at a concentration of 1 mg/mL. The addition of the biosurfac-
tant at the lowest concentration (0.32 mg/mL) led to a TAC of 15.34%; it exceeded 100%
with concentrations above 2.5 mg/mL and reached 476.43% at the highest concentration
(40 mg/mL). A linear increase in the TAC with the increase in biosurfactant concentration
was observed.

One percent (equivalent to 10 mg/mL) was the maximum concentration of the bio-
surfactant tested in the present study for application in the cookie formulation. The TAC
at this concentration was 218.25%, demonstrating that the biosurfactant had potential
regarding protection from oxidation in food. The total antioxidant activity in this study
was consistent with the indices reported for biosurfactants from Candida bombicola [31] and
Saccharomyces cerevisiae [22], which were also evaluated for use in food.

In the assessment of the oxidative inhibition in terms of the DPPH• scavenging ca-
pacity of the biosurfactant, the results were low even at the highest concentration tested
(40 mg/mL), preventing only 28.45% of oxidation (Table 3). In the assessment of the antiox-
idant activity based on ABTS•+ scavenging, the index achieved at the highest biosurfactant
concentration was 36.67%. These results show that the biosurfactant under investigation
did not have sufficient antioxidant potential to serve as the only antioxidant agent in a
formulation.

3.3. Emulsification Activity

Stability is an important indicator when determining the commercial value of food
products with water-in-oil emulsions. However, these emulsions are thermodynamically
unstable due to the large interfacial area of the dispersed phase [36]. Their structural
organization and amphiphilic nature make biosurfactants excellent emulsifiers acting
at the oil–water interface, promoting the thermodynamic stability of unstable systems.
Moreover, the characteristics of biosurfactants enable these natural compounds to interact
with carbohydrates and proteins in food products [37].

The choice of vegetable oils in the emulsification tests was based on their importance
and use in the food industry. Soybean oil stands out in terms of production and consump-
tion whereas the other oils were selected due to their specific beneficial and functional
properties for human consumption. In particular, peanut oil has a high vitamin E content,
canola oil has a low content of saturated fatty acids and contains omega 3, and corn oil
has essential acids and is considered to be of a high quality [38]. The emulsifying capacity
of the biosurfactant produced by B. cereus at different concentrations against the selected
vegetable oils is displayed in Table 4 in terms of the emulsification index (E24).
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Table 4. Emulsification index (E24) of the biosurfactant produced by B. cereus UCP 1615 for different
vegetable oils (data expressed as mean ± SD of the triplicate determinations). Data are expressed in %.

Biosurfactant Concentration
(mg/mL)

Vegetable Oil

Corn Soybean Peanut Canola

10.0 64.5 ± 1.1 56.0 ± 1.0 68.1 ± 0.0 65.8 ± 1.5
5.0 65.9 ± 1.4 54.0 ± 0.0 62.7 ± 1.7 64.4 ± 1.6
2.5 42.1 ± 1.1 47.7 ± 1.3 53.5 ± 1.5 36.0 ± 2.0

The results indicated that the biosurfactant was able to ensure a satisfactory emul-
sification of all the oils studied. As expected, the increase in the concentration of the
biosurfactant led to an E24 increase. The best results were achieved at concentrations of 5.0
and 10.0 mg/mL, with E24 values ranging from 54 to 68%.

Few studies have investigated the capacity of biosurfactants produced by the genus
Bacillus to emulsify vegetable oils or the application of these natural compounds as bioemul-
sifiers in food products. A study involving a biosurfactant produced by Bacillus subtilis
ICA56 reported E24 > 50% for soybean oil [39]. Studies involving bioemulsifiers produced
by Candida albicans reported E24 values around 50% for peanut, mustard, olive and soybean
oils [21]. The bioemulsifier from Candida utilis showed indices around 30% for corn and
sunflower oil under different conditions of pH and salinity [40]. The biosurfactant pro-
duced by C. bombicola achieved indices of 56% for corn oil, 51% for soybean oil, 69% for
peanut oil and 50% for canola oil [31]. Thus, the present results were consistent with the
findings described in the literature.

3.4. Characterization of the Cookies

The concentrations of the biosurfactant chosen for this study were defined based
on the maximum concentrations recommended for most of the emulsifying additives
authorized by both the Brazilian Health Vigilance Agency (Agência Nacional de Vigilância
Sanitária, ANVISA) and the US Food and Drug Administration [41,42]. Figure 1 illustrates
the cookies before and after baking, and the mean values of their physical properties
(weight, diameter, thickness and spread factor) are gathered in Table 5.
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Table 5. Physical properties of the cookies after baking for standard formulation, formulation A (1%
biosurfactant), formulation B (0.5% biosurfactant) and formulation C (0.25% biosurfactant).

Formulation Weight (g) Diameter (mm) Height (mm) Spread Factor

Standard 5.85 ± 0.02 a 48.66 ± 0.31 a 6.42 ± 0.15 a 7.59 ± 0.19 a

A 4.88 ± 0.25 b 48.87 ± 0.40 a 5.79 ± 0.14 b 8.44 ± 0.19 b

B 5.87 ± 0.53 a 49.11 ± 0.16 a 6.08 ± 0.04 c 8.08 ± 0.06 c

C 5.37 ± 0.14 ba 50.18 ± 0.09 b 6.50 ± 0.16 da 7.72 ± 0.18 da

a, b, c, d: Different letters in same column denote statistically significant differences (p ≤ 0.05, Tukey test). The
values for each property were compared statistically taking the standard formulation as a reference.

To complement the ANOVA results, the Tukey test was used to evaluate statistically
significant differences (p ≤ 0.05) between the standard formulation and the formulations
containing different concentrations of the biosurfactant with regard to weight, diameter,
height and spread factor.

The increase in the concentration of the biosurfactant led to a linear increase in the
spread factor. In addition to the benefits regarding the dough homogenization, the addition
of the biosurfactant produced by B. cereus UCP 1615 promoted an increase in the quantity
of lipids in the cookies due to the presence of fatty acids in its non-polar portion, which is a
biochemical characteristic of the biomolecule previously described by Durval et al. [15].
This was reflected in the greater spread rate (increase in diameter) during cooking, which
was likely related to the increase in the mobility of the system as the lipid fraction melted.
It is a well-known fact that the spread rate exerts a direct influence on the diameter and
height. Indeed, significant differences in height were found among the formulations as a
higher spread factor led to a shorter height.

The physicochemical composition and energy value of the baked cookies are listed in
Table 6. This study was necessary to determine whether the addition of the biosurfactant
maintained the pre-established standards of identity and quality of the cookie.

Table 6. Physicochemical composition and energy value of cookies prepared with standard formula-
tion, formulation A (1% biosurfactant), formulation B (0.5% biosurfactant) and formulation C (0.25%
biosurfactant) (data expressed as mean ± SD of triplicate determinations).

Variable Standard
Formulation Formulation A Formulation B Formulation C

Moisture (%) 6.35 ± 0.04 a 5.44 ± 0.06 ba 4.87 ± 0.06 cb 5.87 ± 1.24 cba

Ash (%) 1.60 ± 0.08 a 1.92 ± 0.07 b 1.74 ± 0.17 cb 1.66 ± 0.01 ca

Lipids (%) 11.10 ± 0.13 a 13.83 ± 0.82 b 11.69 ± 0.69 a 11.47 ± 0.31 a

Proteins (%) 1.07 ± 0.00 a 1.02 ± 0.06 b 1.07 ± 0.00 a 1.07 ± 0.00 a

Carbohydrates (%) 87.83 ± 0.13 a 85.14 ± 0.88 b 87.74 ± 0.69 a 87.47 ± 0.31 a

Energy Value (cal) 455.52 ± 0.67 a 469.17 ± 4.10 b 455.97 ± 3.46 a 457.33 ± 1.56 a

a, b, c: Different letters on same line denote statistically significant differences (p ≤ 0.05, Tukey test). The values
obtained for each physicochemical variable in the different formulations were compared statistically taking the
standard formulation as a reference.

A 24% reduction in moisture was found in formulation B containing 0.5% biosurfactant
compared with the standard formulation. Thus, the use of the biosurfactant was quite
promising as the reduction in moisture minimizes the proliferation of microorganisms,
thereby enhancing the durability of the product. On the other hand, the ash content only
differed (around 20%) when the highest concentration of the biosurfactant was used.

Seventy-eight percent of the fatty acids in the composition of the biosurfactant were
essential and unsaturated fatty acids [15], which suggests that its addition should not
compromise the nutritional aspects of the cookie. The biochemical composition of the
biosurfactant investigated in this study had a direct impact on the quantity of lipids in the
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cookies with a statistically significant increase in formulation A containing 1% biosurfactant
compared with the other formulations, promoting a proportional increase in the caloric
value of the cookies. A cupcake and cookie containing a glycolipid biosurfactant also
presented a caloric value increase [22,31]. Conversely, the protein content was unaffected,
which may be related to the low protein moiety of the biosurfactant.

3.5. Texture Profile

Studies on the texture profile of food emerged due to the need for a better under-
standing of human sensorial sensitivity in relation to food. Over time, such studies have
acquired a greater relevance due to the need for the presence of functional ingredients and
the emergence of innovative technologies that improve texture to ensure quality and satisfy
the preferences of consumers [43].

Table 7 shows the results of the texture profile analysis of the cookies after the addition
of the biosurfactant. The Tukey test revealed that the addition of the biosurfactant did not
cause any significant change in most of the variables analyzed (hardness, cohesiveness and
sponginess).

Table 7. Texture profile analysis of the dough 24 h and 45 days after baking for standard formulation, formulation A (1%
biosurfactant), formulation B (0.5% biosurfactant) and formulation C (0.25% biosurfactant) (data expressed as mean ± SD of
triplicate determinations).

Formulation
Hardness (N) Cohesiveness (mm) Sponginess (mm)

24 h 45 days 24 h 45 days 24 h 45 days

Standard 2133.70 ± 570.75 a 2440.30 ± 94.80 a 0.34 ± 0.03 a 0.49 ± 0.03 a* 0.40 ± 0.00 a 0.60 ± 0.00 a

A 2827.70 ± 82.59 a 1882.00 ± 63.32 a* 0.31 ± 0.04 ba 0.42 ± 0.06 a 0.63 ± 0.12 b 0.63 ± 0.06 a

B 4557.00 ± 566.77 b 2310.00 ± 763.42 a* 0.45 ± 0.03 ca 0.52 ± 0.02 a* 0.60 ± 0.00 cb 0.57 ± 0.06 a

C 3234.70 ± 236.90 a 1969.30 ± 278.44 a* 0.49 ± 0.07 c 0.42 ± 0.06 a 0.63 ± 0.06 cb 0.63 ± 0.06 a

a, b, c: Different letters in same column denote statistically significant differences (p ≤ 0.05, Tukey test). The values for each texture
component in the different formulations were compared statistically taking the standard formulation as a reference. * Asterisk on same line
denotes a significant difference after storage (p ≤ 0.05, Tukey test).

The similarities among the results for the different formulations are important for
the maintenance of the typical characteristics of a cookie; the bioemulsifier proved to be
effective in this sense, having led to an improvement in the properties of the cookies in
comparison with those of the standard formulation. A considerable difference in hardness
was found for the cookie made with formulation B containing 0.5% biosurfactant especially
in comparison with the standard formulation, which suggested an increase in crispness
when using this biosurfactant concentration. The significant increases in cohesiveness and
sponginess can be expected to enhance the chewability.

Zouari et al. [28] reported that the addition of the biosurfactant produced by B. subtilis
at a concentration of 0.1% to a cookie formulation promoted a significant improvement
in the texture profile of the dough; moreover, the action of this bioemulsifier was more
pronounced than that of a commercial emulsifier (glycerol monostearate). Kiran et al. [44],
who incorporated a lipopeptide at a concentration of 0.75% to a muffin formulation, found
an improvement in the final softness due to the increase in sponginess and cohesiveness as
well as a reduction in hardness.

The literature offers other reports on the potential of microbial biosurfactants [1,3,45]
but with few examples of applications in the formulation of products for human consump-
tion. Such examples include the addition of microbial bioemulsifiers to the formulations of
mayonnaises [46], cupcakes [31] and cookies [22].

The biosurfactant at the lowest concentration (formulation C) did not promote a
significant improvement in the texture profile compared with the standard formulation.
However, cohesiveness was maintained after 45 days of storage, which did not occur with
the standard formulation. Campos et al. [40] found that the use of a bioemulsifier produced
by C. utilis at a concentration of 0.7% offered a greater stability and hardness to a salad
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dressing formulation after 30 days of storage; the product was considered a good emulsifier
compared with commercial products such as guar gum and carboxymethylcellulose.

In the production of food, the useful life of emulsions during long-term storage should
be considered to ensure the consistent quality of the product. Studies have shown that the
oily phase composition and the type of emulsifier exert significant effects on the long-term
stability and sensorial properties such as spreadability, viscosity and appearance [36].

As the biosurfactant investigated herein had no significant negative effect from the
statistical standpoint on the texture profile of the cookie, it could be considered to be a
potential ingredient for the food industry. A simple assessment of aroma, flavor, color
and texture revealed no significant differences between the formulations containing the
biosurfactant and the standard formulation. However, sensory assessments are needed
and the biosurfactant should be added to other formulations of flour-based products to
determine whether it can be incorporated into other food without compromising the desired
characteristics. Such investigations could expand the applications of this biosurfactant.

4. Conclusions

The present findings demonstrate that the biosurfactant produced by Bacillus cereus
UCP 1615 grown in a medium containing waste frying oil has the potential for use as a
bioemulsifier in food systems because it has been shown to be an effective emulsifying
agent for various vegetable oils. The addition of the biosurfactant did not drastically
affect the final product as the biosurfactant-containing formulations showed energetic
and physical characteristics similar to those of the standard formulation, indicating the
feasibility of applying this biomolecule in the formulation of cookies. The biosurfactant was
non-toxic, which suggested its safe use, and had a considerable antioxidant activity. The
biosurfactant demonstrated promising results as an ingredient for a flour-based product in
terms of the physical, physicochemical and textural properties of the cookies formulated.
The biosurfactant also ensured a good preservation of the cookies. Based on the results
obtained in this study, the bacterial surfactant could be tested in other products as a green
additive in the food industry. However, further studies are needed to enhance the economic
viability of the production of this microbial surfactant on an industrial scale for its use as
an emulsifier in food.
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Abstract: The core objective of this work was to take advantage of the unexploited wheat straw
biomass, currently considered as a broadly available waste stream from the Greek agricultural sector,
towards the integrated valorization of sugar streams for the microbial production of polyunsaturated
omega-3 fatty acids (PUFAs). The OxiOrganosolv pretreatment process was applied using acetone
and ethanol as organic solvents without any additional catalyst. The results proved that both cellulose-
rich solid pulp and hemicellulosic oligosaccharides-rich aqueous liquid fraction after pretreatment can
be efficiently hydrolyzed enzymatically, thus resulting in high yields of fermentable monosaccharides.
The latter were supplied as carbon sources to the heterotrophic microalga Crypthecodinium cohnii
for the production of PUFAs, more specifically docosahexaenoic acid (DHA). The solid fractions
consisted mainly of hexose sugars and led to higher DHA productivity than their pentose-rich liquid
counterparts, which can be attributed to the different carbon source and C/N ratio in the two streams.
The best performance was obtained with the solid pulp pretreated with ethanol at 160 ◦C for 120 min
and an O2 pressure of 16 bar. The total fatty acids content reached 70.3 wt% of dried cell biomass, of
which 32.2% was DHA. The total DHA produced was 7.1 mg per g of untreated wheat straw biomass.

Keywords: microalgae; DHA; lignocellulosic biomass; organosolv fractionation; liquid fraction; solid
pulp; omega-3 fatty acids

1. Introduction

Lignocellulosic biomass has become the subject of a great deal of attention from re-
searchers in order to mitigate the diminution of fossil reserves stemming from growing
energy requirements worldwide. Biomass is considered one of the most low-cost and
largest sources of carbon, rendering it the most important raw material with great poten-
tial to support the development of a bio-based economy. This renewable feedstock can
contribute to the production of versatile and value-added products in either stand-alone
processors or biorefineries [1]. Lignocellulose is encountered in hardwood, softwood,
grasses, agricultural and forest residues, domestic and municipal solid wastes, as well
as food/feed industry residues. The main components of these materials are cellulose,
hemicellulose and lignin which form a compact and recalcitrant structure [2]. The present
study focuses on agricultural residues and specifically on wheat straw from Greek wheat
fields, aiming to exploit the maximum potential of lignocellulosic-derived sugar streams
valorization. Towards this direction, the choice of integrated processes for the conversion
of all sugar streams is considered to be of paramount importance. Hence, not only the
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pretreatment step of biomass but also the performance of a successful fractionation of
biomass to its constituents holds a prominent role in the biorefinery concept.

Due to the recalcitrant structure of lignocellulosic biomass, pretreatment and hy-
drolysis are deemed necessary, in order not to rate-limit the subsequent fermentation [3].
Therefore, aiming for the adequate disruption of the compact structure of biomass, an
initial pretreatment procedure is required in order to remove hemicellulose/lignin and
expand the accessible surface area of cellulose for enzymes [4]. Among all pretreatment
processes that have been thoroughly examined throughout the recent years, organosolv
stands out due to the numerous advantages it offers such as the high purity of cellulose and
the isolation of high-quality, sulfur-free lignin [5,6]. The organosolv treatment uses a liquid
phase reaction medium of organic solvents or their aqueous solutions and allows for the
separation and the simultaneous recovery of three streams, namely a cellulose-rich solid
pulp, an aqueous hemicellulose liquid fraction and a dry solid lignin that can be obtained
after evaporation of the organic solvent [7]. Moreover, organosolv pretreatment contributes
to high lignin dissolution, thus resulting in high delignification rates [8] and preservation
of β-O-4 linkages for downstream lignin utilization [9] while maintaining the formation of
sugar degradation products at very low levels. It is worth noting that despite the costs of
the chemicals that are used through the organosolv pretreatment, there are many reports in
the literature that highlight the recyclability of these solvents, thus reducing the economic
constraints as much as possible [7].

Microalgae include both photosynthetic and heterotrophic unicellular organisms that
commonly live in freshwater or marine aquatic environments, and they can be of a high
value or can be used as a green feedstock for many important products [10]. Nowadays,
microalgae are already cultivated for commercial purposes, adding value to the market by
producing microalgae-based products, such as health food supplements (nutraceuticals),
pharmaceuticals, cosmetics, lubricants and feed for aquaculture hatcheries in agriculture
and in many other applications [11]. In this context, the cultivation of heterotrophic microal-
gae on sustainable, abundant and available carbon sources, such as lignocellulosic residues,
not only provides an option to take advantage of these streams but also significantly re-
duces the cost and carbon footprint compared to autotrophic or conventional microalgae
production systems that use pure sugars in the growth medium. This is achieved by
converting biomass-derived hydrolysates as low-value resources into value-added bio-
products, including compounds of nutritional value, such as omega-3 fatty acids (FA) and
carotenoids [12,13]. Poly-unsaturated fatty acids (PUFAs), especially those with very long
chains (LC-PUFAs) such as eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic
acid (22:6n-3, DHA), are bioactive compounds of great importance within the food and
nutraceutical industry, where they are used as ingredients in functional foods, fulfilling
the appropriate specifications of high value-added products [14]. Crypthecodinium cohnii
is a heterotrophic microalga widely known for its ability to produce high percentages of
DHA [15], a necessary provider for the proper cardiovascular and neural development of
humans. This microorganism has been shown to be able to utilize a variety of different car-
bon sources apart from glucose, including volatile fatty acids from anaerobic digestion [16],
ethanol [17], liquor produced after exhausted olive pomace pretreatment [18] as well
as sugar-rich hydrolysates obtained after enzymatic hydrolysis of organosolv-pretreated
beechwood [19,20]. In this study, we attempted to expand the range of substrates that
can support the growth of C. cohnii and lead to accumulation of DHA by assessing wheat
straw from Greek agricultural residues as a feedstock. Both pentose and hexose streams
yielded after organosolv pretreatment were evaluated as carbon sources. The present work
reports an efficient holistic approach for the integrated valorization of all sugar-containing
fractions of biomass towards the production of this valuable product through fermentation.
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2. Materials and Methods
2.1. Material and OxiOrganosolv Pretreatment Process

The wheat straw feedstock used in this work was provided by Flourmills Thrakis S.A.
It originated from soft white wheat and it was collected from wheat fields in Northern
Greece in 2019. The wheat straw was analyzed according to the methods described in
Section 2.2.

The fractionation of the wheat straw feedstock was carried out with an acid-free
oxidative organosolv fractionation (OxiOrganosolv), as described previously [6]. An
amount of 25 g of wheat straw and an organic solvent/water mixture (solid: liquid ratio
1:20, organic solvent: H2O ratio 1:1) were added into an autoclave reactor, which was
pressurized with 100% O2 gas to 16 bar and then heated to the desired temperature. The
organic solvents investigated in this work were acetone (ACO) and ethanol (EtOH), which
were chosen to comply with food industry regulations. Three reaction temperatures were
studied, 150, 160 and 175 ◦C, while the reaction time was kept constant at 120 min. The
starting time of the reaction (t0) was considered as the time when the system reached the
desired temperature. After the reaction, the cellulose-rich solid fraction was separated
from the liquid with vacuum filtration. The liquid fraction contained water, organic
solvent, dissolved lignin and hydrolyzed hemicellulose fragments. The organic solvent
was separated from the liquid fraction in a rotary evaporator under vacuum, which caused
the lignin to precipitate. The lignin was then separated from the liquid fraction by vacuum
filtration. The solid fraction, referred to as pulp, was washed first with 500 mL of the
organic solvent and then with 250 mL of distilled water before it was finally air dried to a
moisture content of around 5–8 wt%.

2.2. Analysis Methods
2.2.1. Moisture Content

The moisture content was determined by weighing ca. 2 g of as-received wheat straw
in a pre-weighed crucible and placing it in a muffle furnace at 100 ◦C for 3 h. The crucible
was then placed in a desiccator to cool down to room temperature, and then it was weighed.
The moisture content was calculated from the weight difference of the sample before and
after drying.

2.2.2. Ash Content

The ash content was determined by weighing 1 g of as-received or extractives-free
wheat straw in a pre-weighed crucible and placing it in a muffle furnace at 575 ◦C for 3 h, in
the presence of ambient air. The crucible was then removed from the furnace and placed in
a desiccator to cool down to room temperature, and then it was weighed. The ash content
was calculated based on the final sample weight, which was considered to be the ash in
the sample.

2.2.3. Elemental Analysis

The carbon and hydrogen content of the as-received wheat straw feedstock was
determined by analysis in a CHN 628 elemental analyzer from Leco Corporation, according
to ASTM D5291. The oxygen content was determined by difference (O% = 100% − C% −
H% − Ash%).

2.2.4. Compositional Analysis of Lignocellulosic Samples

The extractives content of the wheat straw feedstock was determined according to the
method described by the National Renewable Energy Laboratory [21]. The hemicellulose,
a-cellulose and lignin content of the wheat straw feedstock and the wheat straw pulp
were determined after hydrolysis with 4 wt% H2SO4 in an autoclave (121 ◦C for 60 min)
according to the procedures described by the National Renewable Energy Laboratory [22].
The hydrolyzed samples were filtered to remove any solids and analyzed by Ion Chro-
matography (IC) on an ICS5000 (Dionex, Sunnyvale, CA, USA) to quantify the content
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of sugars. The quantification was based on external calibration, using standard solutions
of sugars (glucose, mannose, xylose, fructose, galactose, arabinose and rhamnose) and
sugar alcohols (sorbitol and mannitol). The analysis was performed using a CarboPac PA1
(10 µm, 4 × 250 mm) column and guard column (10 µm, 4 × 30 mm) connected to a pulsed
amperometric detector (PAD). The eluent was 20 mM NaOH at a 0.6 mL/min flow rate,
and the total analysis time was 75 min. The compositional analyses were carried out twice,
and the mean values are reported.

2.3. Enzymatic Hydrolysis of Solid Pulps

Both the cellulose-rich solid fraction and the hemicellulose-rich liquid fraction of the
OxiOrganosolv pretreatment were exploited for the production of DHA with C. cohnii.
An SHF approach (separated hydrolysis and fermentation) was employed because the
conditions of these operations are different.

The solid fraction was enzymatically hydrolyzed to fermentable sugars following a
procedure previously reported [19]. The reaction took place by employing a commercial
enzyme cocktail, namely Cellic® CTec2 (Novozymes A/S, Bagsværd, Denmark), with a
protein content of 95.6 mg/mL, as determined by Bradford assay [23]. Hydrolysis was
performed in 250 mL glass flasks, at 50 ◦C, under agitation (160 rpm) and at an initial dry
matter (DM) of 9% (w/v), in order to obtain a hydrolysate with high sugar concentration,
suitable for C. cohnii cultivation. An enzyme loading of 9 mg/g of biomass was used,
and the pH levels were maintained constant at 5.5 upon addition of 80 mM MES (2-N-
morpholino-ethanesulfonic acid) buffer solution. The final ratio of the reaction volume to
shake flask volume was 1/10.

In order to track down the glucose and total reducing sugars (TRS) production, the glu-
cose oxidase/peroxidase (GOD/POD) [24] and 3,5-dinitrosalicylic acid (DNS) method [25]
were used, respectively. Samples were taken at different time intervals (8, 24, 48 and 72 h),
centrifuged before each analysis, and the supernatant was filtered with 0.22 µM pore size
filters. As a complement, in order to accurately determine the monosaccharide (glucose,
xylose) and acetic acid concentration, a chromatographic analysis was performed (HPLC)
by isocratic ion-exchange chromatography using an Aminex HPX-87H column with a
micro-guard column, at 50 ◦C (Bio-Rad Laboratories, Hercules, CA, USA), using 3 mM
H2SO4 as a mobile phase at a flow rate of 0.6 mL/min. After 72 h of hydrolysis and analysis
of released products, all supernatants containing fermentable sugars were collected after
vacuum filtration and kept in the freezer (−20 ◦C) for future use.

2.4. Detoxification and Enzymatic Hydrolysis of Liquid Fractions

Detoxification and enzymatic hydrolysis of liquid fractions were required before the
evaluation of pretreatment aqueous liquors as carbon source for C. cohnii. Even after the
initial removal of the OxiOrganosolv organic solvent, as described in Section 2.1, some
residual organic solvent with potential to alter the microalga metabolism was still present
(as detected by HPLC analysis), so an additional evaporation step was necessary. After the
removal of the organic solvent, the liquid fraction was filled with water up to its original
volume in order to maintain the same sugar concentration as the corresponding sample
prior to evaporation. Moreover, the OxiOrganosolv-derived liquid fractions contained
phenolic compounds that are toxic to the microalgae used. Therefore, 5% (w/v) active
carbon was used for the removal of phenol compounds, whose levels were determined
with the Folin−Ciocalteu method [26].

The liquid fractions are richer in hemicelluloses in comparison with the solid fractions.
However, most of the compounds are found in the form of oligosaccharides, which cannot
be metabolized by C. cohnii. As a result, hydrolysis with Cellic® HTec2 enzyme cocktail
(Novozymes A/S, Bagsværd, Denmark) was carried out in order to produce fermentable
monosaccharides. The protein content was 75 mg/mL, as calculated by the Bradford
method [23]. Hydrolysis experiments were performed in 500 mL glass flasks at 45 ◦C under
agitation (100 rpm) with an enzyme loading of 10 mg/g of oligosaccharides at pH 5.5
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(self pH, no addition of buffer). The total reaction volume to shake flask volume was
1/10. Samples were analyzed with HPLC by isocratic ion-exchange chromatography using
an Aminex HPX-87P column with a micro-guard column at 85 ◦C (Bio-Rad Laboratories,
Hercules, CA, USA) and using water as a mobile phase at a flow rate of 0.6 mL/min. With
this HPLC analysis, the levels of glucose, xylose, mannose, galactose and arabinose were
determined. The hydrolysis yield was calculated based on the increase of monosaccharides
after enzymatic reaction.

2.5. Microalga Cultures

The heterotrophic marine microalga C. cohnii ATCC® 30772™ (American Type Culture
Collection) was used to study the production of omega-3 fatty acids. Stock cultures
and growth procedure were performed according to ATCC guidelines and protocols, as
previously described [16]. Initially, the microalgal cells were incubated in standing pre-
cultures at 27 ◦C in the dark, on a medium containing 9 g/L glucose, 25 g/L sea salts and
2 g/L yeast extract. The pH of the medium was set at 6.5. After 4 days of growth, the
standing cultures were used as inoculum for shaken cultures.

The medium for the shaken cultures contained 25 g/L sea salts and 2 g/L yeast extract,
while hydrolysates after enzymatic treatment of the solid pulps (6 samples) or the liquid
fractions (3 samples) were employed as a carbon source. In order to increase the total sugar
content of the hydrolysates from solid pulps, enzymatic reactions took place at 12% (w/v)
initial solids, while all other parameters (temperature, enzyme loading, pH, agitation)
were the same as those mentioned in Section 2.3. The total culture volume was 30 mL in
100 mL shake flasks, 27 mL of either 2-times diluted enzymatic hydrolysate from solid
fraction or undiluted enzymatically treated liquid fraction and 3 mL inoculum, as it had to
consist of 10% (v/v) of the final culture volume. The pH of the culture was set at 6.5 with
NaOH solution. The temperature of the culture was set at 27 ◦C and agitation was essential
for homogeneity, namely 160 rpm [27]. Each experiment was performed in duplicate.
The growth of cells was supervised on a daily basis by measuring the optical density
(OD) at 685 nm and the TRS concentration with the DNS method. Moreover, to track
carbon consumption more accurately, an HPLC analysis was performed with an Aminex
HPX-87H column, as mentioned above. At the end of cultivation, cells were harvested by
centrifugation, washed thoroughly with dH2O contacting 25 g/L sea salts, lyophilized and
weighed, in order to determine the biomass concentration.

2.6. Extraction of Lipids, Quantification and Evaluation of Fatty Acids Profile

For the extraction of lipids, the Folch method was utilized [28] with some alter-
ations [19]. Namely, 50 mg of dried cells were mixed with 10 mL of chloroform: MeOH
2:1 mixture and left overnight at room temperature. Then, distilled H2O was added at a
volume equal to 20% of that of the organic mixture, and the mixture was centrifuged. After
centrifugation, the lower phase was collected in glass tubes and washed with a MeOH:
dH2O 1:1 mixture. The organic solvents used were evaporated in a vacuum oven for a
maximum of 24 h in order to minimize the risk of sample oxidation. After the evaporation
of the solvent, the total lipids were weighted. Following this, the collected fatty lipids
had to be transformed into fatty acid methyl esters (FAME). For this reason, they were
diluted in 1 mL pure chloroform and mixed with 2.5 mL solution of MeOH: HCl 92:8. The
samples at that point were incubated at 60 ◦C for 15 min for the esterification to take place.
The reaction was halted with the addition of 2.5 mL of CaCl2 5% (v/v). The methyl esters
were extracted from the mixture using hexane, which proved to be a very good solvent,
and analyzed by GC–MS, as described by Chalima et al. [19]. The quantification of fatty
acids took place by employing a commercially accessible FAME combination (Supelco® 37,
Sigma-Aldrich, St. Louis, MI, USA), whereas estimation of wt% DHA was considered out
of the whole sum of five fatty acids that were primarily distinguished (C14:0, C16:0, C18:0,
C18:1 and DHA).
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3. Results
3.1. OxiOrganosolv Fractionation of Wheat Straw with ACO and EtOH as Organic Solvents

Initially, wheat straw biomass was organosolv-pretreated by following the OxiOrgano-
solv process [6] with an H2O/ACO 50:50 or an H2O/EtOH 50:50 co-solvent system. The
pretreatment time was kept constant at 120 min in all cases upon addition of 16 bar O2
as a catalyst. The only parameter shifting was the temperature that was regulated at 150,
160 and 175 ◦C for both solvent mixtures, resulting in six different experimental runs. Pre-
treatment conditions as well as compositional analysis, cellulose/hemicellulose recovery
and lignin removal of solid fraction are shown in Table 1. The results showed that, with a
constant residence time of 120 min, increasing the pretreatment temperature results in a
corresponding increase in the % biomass solubilization in the case of both ACO and EtOH.
This was attributed to the removal of the hemicellulose and lignin fractions from the wheat
straw substrate. Delignification peaked at 175 ◦C of pretreatment both in the case of ACO
and EtOH, reaching 87.5 ± 0.6% and 86.9 ± 0.1% for sample S3 and S6, correspondingly.
Notably, cellulose recovery in the solid fraction was almost 100% in almost all cases in
both solvents, indicating only very limited hydrolysis of cellulose in the pre-treatment
conditions that were studied. On the other hand, hemicellulose recovery in the solid
fraction reached the highest values of 82.6 ± 0.8% in the case of ACO (sample S1) and
84.6 ± 0.1% in the case of EtOH (sample S4) in the lowest temperature of 150 ◦C, while
increasing temperature resulted in increased hemicellulose removal and also combined
with increasing lignin removal. As such, both solvents achieved very good delignification
of the wheat straw, while ACO was also more effective for the removal of hemicellulose,
resulting in the most cellulose-rich pulps.

Table 1. Pretreatment conditions, compositional analysis of solid pulps, lignin removal and % recovery of cellulose and
hemicellulose. Standard error is ≤2.5% in all measurements.

Sample Temperature
(◦C)

Reaction
Time (Min)

Solvent
(50:50%) % Solubilization

Composition of Solid Pulp % Recovery in the Pulp

Lignin (wt%) Cellulose
(wt%)

Hemicellulose
(wt%) 1

Total Mass
Closure

Total Lignin
Removal

C6 C6/C5

Cellulose
Recovery

Hemicellulose
Recovery

S1 150 120 H2O/ACO 32.6 12.5 60.1 28.3 100.8 49.3 101.5 83.3

S2 160 120 H2O/ACO 44.6 7.8 71.0 23.2 102.0 73.8 98.6 56.1

S3 175 120 H2O/ACO 55.2 4.4 83.2 11.4 99.0 88.1 93.3 22.3

S4 150 120 H2O/EtOH 31.1 14 56.2 28.4 2 98.6 41.8 97.0 85.4

S5 160 120 H2O/EtOH 44.4 8.6 70.0 23.6 102.2 70.9 97.5 57.3

S6 175 120 H2O/EtOH 52.7 4.6 82.4 17.3 104.3 86.8 97.6 35.7

S7 Untreated 16.6 39.9 22.9 3 98.0 4 - - -

1 Unless stated, hemicellulose fraction consists only of xylose-containing structures. 2 Contains 28.1 wt% xylose and 0.3 wt% galactose.
3 Contains 21.8 wt% xylose, 0.5 wt% mannose and 0.8 wt% galactose. 4 Includes also extractives 15.5 wt% and inorganic content (ash)
3.1 wt%.

The aqueous liquid fraction resulting from the organosolv pretreatment was examined
for hemicellulose recovery after organic solvent evaporation and lignin removal by vacuum
filtration. The results, presented in Figure 1 and in Table 2, demonstrate that the highest
% of hemicellulose recovery in the form of monosaccharides and polysaccharides was
achieved when the temperature was the highest for both organic solvents, reaching up
to 32.7 ± 1.2% for ACO, 175 ◦C, 120 min (sample L3) and 34.4 ± 0.9% for EtOH, 175 ◦C,
120 min (sample L6). These values accounted for 119 and 88.3 mg/g of untreated wheat
straw biomass after ACO or EtOH pretreatment, respectively. The aforementioned results
are in agreement with the % hemicellulose recovery values in solid pulps, as depicted in
Table 1, where the samples that underwent pretreatment at higher temperatures stood
out for their high cellulose and low hemicellulose content. As such, the results in Table 2
demonstrated a dwindling trend in the oligosaccharides/monosaccharides ratio in the
aqueous phase when the pretreatment conditions became more severe in the case of ACO.
More specifically, the ratio was 10.5 for 150 ◦C, 120 min (sample L1) noting a remarkable
decline to 2.2 for 175 ◦C, 120 min (sample L3), which was linked to the degradation of
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oligosaccharides in severe conditions. Contrariwise, the corresponding data in the case
of EtOH did not follow the same trend, instead exhibiting a similar ratio regardless of the
pretreatment temperature, and more specifically, 10.8 for 150 ◦C, 120 min (sample L4) and
10.5 for 175 ◦C, 120 min (sample L6).

Table 2. Compositional analysis of monosaccharides/oligosaccharides in the liquid fraction. Standard
error is ≤2.5% in all measurements.

Sample

mg/g of
Untreated Biomass

% Hemicellulose Recovery in
Liquid Fraction

Mono- Oligo- Total Mono- Oligo- Oligo-/Mono-
Ratio Total

L1 (ACO 150 ◦C) 3.9 40.3 44.2 1.5 15.7 10.5 17.2
L2 (ACO 160 ◦C) 7.3 65.1 72.3 2.8 25.4 9.1 28.2
L3 (ACO 175 ◦C) 37.2 81.7 119.0 14.5 31.9 2.2 32.7
L4 (EtOH 150 ◦C) 3.0 33.0 36.0 1.2 12.9 10.8 14.0
L5 (EtOH 160 ◦C) 2.6 14.2 16.9 1.0 5.6 5.6 6.6
L6 (EtOH 175 ◦C) 7.7 80.6 88.3 3.0 31.4 10.5 34.4
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Figure 1. Compositional analysis and hemicellulose sugar profile of liquid fractions. The concentration of sugars in the
form of (a) monosaccharides and (b) oligosaccharides is presented. Standard error is ≤2.5% in all measurements.

The optimal temperature for efficient % hemicellulose recovery in the liquid fraction
was 160 ◦C (sample L2) in the case of ACO, resulting in 25.4 ± 2.1% hemicellulose recovery
in the form of oligosaccharides and only 2.8 ± 0.2% in the form of monosaccharides. In the
case of EtOH, the optimal temperature for high hemicellulose recovery was 175 ◦C (sample
L6), achieving 31.4 ± 1.4% hemicellulose recovery in the form of oligosaccharides and
only 3.0% in the form of monosaccharides. Furthermore, no presence of sugar degradation
products was detected, while phenolic compounds were found only in low quantities, as
identified by the Folin–Ciocâlteu method (Supplementary Table S1).

3.2. Saccharification of Solid Fraction towards the Production of a C6 Sugar-Rich Hydrolysate

Cellulose-rich solid pulps obtained after pretreatment were enzymatically hydrolyzed
with a commercial cellulase cocktail in order to produce a glucose-rich syrup to be utilized
as carbon source for the subsequent fermentation. The time course data of hydrolysis and
overall % cellulose conversion to glucose are presented in Figure 2, while the TRS released
after enzymatic treatment are described in Supplementary Table S2.
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Figure 2. (a) Time course of hydrolysis (solid fraction) as function of incubation time and (b) effect of temperature and
solvent on the % cellulose conversion. Labels in (b) represent the mg of glucose/g of pretreated biomass.

Even though the total number of pretreatment runs was relatively small, a correlation
between pretreatment conditions and cellulose conversion to glucose can be extracted.
Broadly, wheat straw samples pretreated with ACO showed better hydrolysability that their
EtOH counterparts, while there was an upsurge in cellulose conversion as pretreatment
temperature increased. More specifically, pretreatment at 150 ◦C with ACO yielded a solid
pulp that exhibited 60.2 ± 3.7% cellulose conversion to glucose after 72 h of hydrolysis,
while pretreatment with EtOH at 150 ◦C resulted in 50.1 ± 8.0% conversion. The advanta-
geous effect of ACO over EtOH was also profound at higher temperatures (160 and 175 ◦C),
while at 175 ◦C, cellulose conversion reached the highest values, namely 76.2 ± 2.6% and
53.9 ± 2.3% for ACO and EtOH pulps, respectively. These values corresponded to 783 ± 26
and 488 ± 21 mg of glucose/g of pretreated biomass. Regarding the amount of TRS,
similar trends were observed, with the highest titer achieved at 175 ◦C with ACO, reaching
64.9 ± 1.1 mg/mL (721 ± 13 mg/g of pretreated biomass).

3.3. Enzymatic Hydrolysis of Liquid Fraction for the Enrichment in C5 Fermentable Sugars

Taking into account that a substantial amount of sugars is required for C. cohnii
cultivation, L2, L3 and L6 samples were selected to be hydrolyzed and further evaluated
as carbon sources, due to the higher concentration of total sugars compared to other
samples and due to the presence of xylose. Cellic® HTec2 was used in order to hydrolyze
hemicellulose-derived oligosaccharides to monomers that can be utilized by C. cohnii.
The concentration of monosaccharides was increased after hydrolysis, and the results are
presented in Table 3, while the sugar profile is described in Figure 3. The data show that the
hydrolysis was efficient, resulting in more than a three-fold increase in the concentration of
monosaccharides, especially for the L3 sample (ACO, 175 ◦C) which reached a hydrolysis
yield of 73.4 ± 1.8%. Moreover, all monosaccharides were increased, especially xylose, thus
confirming the results from sugar analysis prior to hydrolysis that showed the presence of
xylo-oligosaccharides (Figure 1). However, the sample population is rather low to extract a
statistically significant correlation between hydrolysis yield and pretreatment conditions,
both in terms of solvents and temperature. The enzymatically treated liquid fractions were
further utilized in C. cohnii cultures, as described below.
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Figure 3. Sugar profile of monosaccharide fraction before and after enzymatic hydrolysis of liquid
fraction. Standard error is ≤2.5% in all measurements.

Table 3. Hydrolysis yield in terms of monosaccharide increase. The fraction of oligosaccharides
refers to the sugar streams only (the presence of acetic or uronic acids was not considered). Standard
errors are given in parenthesis.

Before Hydrolysis After Hydrolysis

Sample Mono- (mg/mL) Oligo- (mg/mL) Mono- (mg/mL) Hydrolysis Yield (%)

L2 1.4 (0.04) 7.6 (0.2) 5.1 (0.1) 49.0 (1.2)

L3 3.6 (0.09) 9.2 (0.3) 10.3 (0.2) 73.4 (1.8)

L6 2.0 (0.05) 12.6 (0.2) 8.3 (0.2) 50.2 (1.3)

3.4. Lipid Accumulation and DHA Production by C. cohnii Growing on Biomass-Derived
Enzymatic Hydrolysates

Hydrolysates after enzymatic treatment of solid and liquid fractions were evaluated
as carbon sources for C. cohnii cultures towards the production of a DHA-rich oil. The
results are presented in Table 4, showing that both cellulose and hemicellulose-derived
streams were able to support the growth of microalgal cells and accumulation of fatty acids.
What can be observed is that solid fractions showed a better performance than liquids
in terms of growth, TFA accumulation and % DHA concentration. Regarding the solid
fractions, EtOH pretreated samples showed higher TFA synthesis (60.5–70.3% of dried cell
weight) than their ACO pretreated counterparts (37–39%), while the cell biomass was also
slightly higher (Supplementary Figure S1). ACO pretreated samples reached the highest
peak for cell biomass productivity at 150 ◦C pretreatment temperature, where the cell
biomass concentration was 6.72 ± 0.67 g/L. On the other hand, EtOH-pretreated solid
fraction reached a peak at production at 160 ◦C, namely 6.23 ± 0.25 g/L. The highest TFA
concentration observed was 4.38 ± 0.52 and 2.49 ±0.38 g/L of culture medium for EtOH
and ACO pretreatment, respectively. No significant differences were observed in the %
DHA content of the oil extracted from C. cohnii cells in different pretreatment conditions;
in fact, only a slight increase could be observed in samples S1–S3 (ACO) compared to
S4–S6 (EtOH). As far as the DHA concentration is concerned, the highest values were
observed at 150 ◦C, 120 min with 0.97 ± 0.19 g/L in ACO pretreated samples and at 160 ◦C,
120 min with 1.41 ± 0.45 g/L % in EtOH pretreated samples, respectively. No correlation
was observed between the TFA accumulation, the % DHA and the cellulose content of
the initial solid pulps. Moreover, solid fractions pretreated with the same solvent have
produced similar levels of fatty acids, indicating that pretreatment temperature was of little
significance for % TFA yields.
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Table 4. Cell biomass growth and accumulation of total fatty acid (TFA) by C. cohnii cell biomass.
The carbon source used was hydrolysates from both solid and liquid fraction of organosolv process
at wheat straw biomass. Standard errors are given in parenthesis. % TFA represents g of lipids per
100 g of cell biomass, while % DHA refers to the weight percentagewise concentration of DHA in the
C. cohnii oil extracted. Pure glucose (4.5 wt%) was also used as a carbon source for comparison.

Sample Cell Biomass (g/L) TFA (%) TFA (g/L) DHA (%) DHA (g/L)

S1 6.72 (0.67) 37.04 (2.02) 2.49 (0.38) 38.82 (1.84) 0.97 (0.19)
S2 4.30 (0.11) 38.35 (1.2) 1.65 (0.10) 33.78 (2.60) 0.56 (0.08)
S3 3.07 (0.06) 39.02 (4.61) 1.20 (0.16) 33.50 (0.30) 0.40 (0.06)
S4 5.01(0.48) 64.06 (2.98) 3.21 (0.45) 22.28 (0.83) 0.72 (0.13)
S5 6.23 (0.25) 70.29 (5.6) 4.38 (0.52) 32.20 (3.40) 1.41 (0.45)
S6 3.75 (0.97) 60.55 (3.34) 2.27 (0.41) 29.19 (1.18) 0.66 (0.15)

Untreated 4.29 (0.11) 10.60 (2.73) 0.45 (0.13) 12.11 (1.83) 0.06 (0.01)

Glucose 4.5% 2.67 (0.10) 40.61 (3.29) 1.08 (0.09) 47.20 (1.75) 0.51 (0.06)

L2 3.62 (0.34) 48.50 (4.76) 1.76 (0.34) 9.68 (0.89) 0.17 (0.05)
L3 3.75 (0.25) 22.45 (4.44) 0.84 (0.22) 2.21 (0.30) 0.02 (0.01)
L6 4.04 (0.11) 66.20 (4.73) 2.67 (0.27) 13.03 (1.41) 0.35 (0.07)

All enzymatic hydrolysates from pretreated solid pulps showed higher cell growth,
TFA accumulation and % DHA compared to the untreated one, which is indicative of
the efficiency of the OxiOrganosolv pretreatment in order to enhance lipid production
from biomass. However, it is worth mentioning that C. cohnii cell growth on pure glucose
resulted in lower biomass production, which was attributed to the high initial concentration
of the carbon source (4.5 wt%), which hinders microalga growth [17]. Similar results
regarding low cell growth were also observed in samples S3 and S6, where the initial sugar
concentration was 42.3 ± 0.8 and 43.2 ± 0.5 g/L, respectively (Supplementary Table S3),
which may be attributed to the high concentration of the carbon source. When pure glucose
was used as the carbon source, cells accumulated 40.61 ± 3.29% of dry weight TFA, which
was comparable to hydrolysates from ACO pretreated samples, resulting in a concentration
of 1.08 g/L of culture medium. % DHA was significantly higher (47.2 ± 1.75% of total
lipids), which corresponded to 0.51 ± 0.06 g/L. As far as the profile of fatty acids is
concerned (Figure 4), one can observe that a low % DHA content is accompanied by a
higher accumulation of C18:1, such as in samples S2 and S4, or C16:0 such as in sample S3.
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S6 18.93 (5.95) 9.0 (0.93) 5.53 (1.96) 2.6 (0.93) 

L2 1.95 (0.38) 9.23 (1.77) 0.19 (0.05) 0.90 (0.23) 

L3 0.94 (0.25) 4.68 (1.23) 0.02 (0.01) 0.10 (0.05) 

L6 2.97 (0.30) 10.71 (1.08) 0.39 (0.08) 1.41 (0.39) 

Untreated 3.69 (1.06) 3.8 (1.09) 0.46(0.02) 1.1 (0.05) 
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Figure 4. Fatty acid profile of oil extracted by C. cohnii cells after 120 h of cultivation on biomass-
derived sugars.

C. cohnii cultivation using enzymatically treated liquid fractions resulted in lower
yields compared to those from the solid fractions, regarding not only the TFA accumulation
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(with the exception of L2) but also % DHA content; the latter reached up to 13.03 ± 1.41%
of total lipids in the L6 sample. One possible explanation would be the presence of
sugar degradation products such as furans or phenolic compounds that inhibit the cells
biomass; however, after detoxification with activated carbon, the concentration of phenolic
compounds was negligible, while no presence of HMF or furfural was detected on HPLC,
indicating that the low amounts of DHA could arise from the different sugar profile. The
profile of fatty acids, as presented in Figure 4, reveals that hydrolysates from liquid fractions
have produced far less DHA and more C18:1 and C16:0 than their solid counterparts. More
specifically, C16:0 was 47.8 ± 0.9% and 55.6 ± 2.4% in L2 and L3, respectively, while C18:1
reached 72.7 ± 1.2% of total fatty acids in L6.

In an attempt to provide a clear view of the efficiency of the suggested process for
the production of TFAs and, more specifically, DHA, the results are expressed in mg/g
of pretreated and untreated biomass, as described in Table 5. Regarding the results from
the solid fractions, EtOH pretreatment favored the production of TFA and DHA when
considering the pulp recovery yield after pretreatment, the saccharification efficiency, C.
cohnii cell growth, TFA accumulation and % DHA content. When hydrolysate from biomass
pretreated with EtOH at 160 ◦C was used as carbon source (sample S5), 20.3 ± 1.17 mg
TFA/g of untreated biomass were produced, corresponding to 7.1 ± 1.2 mg DHA/g of
untreated biomass, which was the highest achieved. The above results, when compared to
those of the untreated sample (3.8 ± 1.09 mg TFA and 1.1 ± 0.05 mg DHA/g of untreated
biomass), were significantly higher, thus demonstrating the efficiency of the pretreatment
and the fractionation for the downstream process yields. The liquid fractions resulted in
lower yields, with the highest being 10.71 ± 1.08 mg TFA and 1.41 ± 0.39 mg DHA/g
of untreated biomass, providing the first documented evidence that hemicellulose-rich
streams can be valorized as carbon sources for C. cohnii.

Table 5. Summary of total TFA and DHA yields per g of pretreated solid pulp or mL of aqueous
liquid fraction and overall yields per g of untreated biomass. Standard errors are given in parenthesis.

Sample

TFA (mg/g of
Pretreated
Biomass or
mg/mL of

Liquid Fraction)

TFA (mg/g of
Untreated
Biomass)

DHA (mg/g of
Pretreated
Biomass or
mg/mL of

Liquid Fraction)

DHA (mg/g of
Untreated
Biomass)

S1 20.75 (3.19) 14.0 (1.09) 8.06 (1.62) 5.4 (1.09)
S2 13.76 (0.80) 7.6 (0.35) 4.65 (0.63) 2.6 (0.35)
S3 9.97 (1.36) 4.5 (0.22) 3.34 (0.49) 1.5 (0.22)
S4 26.74 (3.79) 18.4 (0.74) 5.96 (1.07) 4.1 (0.74)
S5 36.48 (4.36) 20.3 (1.17) 11.75 (1.66) 7.1 (1.2)
S6 18.93 (5.95) 9.0 (0.93) 5.53 (1.96) 2.6 (0.93)

L2 1.95 (0.38) 9.23 (1.77) 0.19 (0.05) 0.90 (0.23)
L3 0.94 (0.25) 4.68 (1.23) 0.02 (0.01) 0.10 (0.05)
L6 2.97 (0.30) 10.71 (1.08) 0.39 (0.08) 1.41 (0.39)

Untreated 3.69 (1.06) 3.8 (1.09) 0.46(0.02) 1.1 (0.05)

4. Discussion

Wheat straw was preferred in this case study since high amounts are made available
in Greece as side streams from the agricultural sector. The term “agricultural residues”
refers to any kind of by-products or agricultural derivatives without any economic value
for the enterprise or their further management or any profitable utilization [29]. In Europe,
agricultural waste consists mainly of wheat straw, while its production equals about 32%
of the worldwide production [30]. In particular, according to the Centre for Renewable
Energy Sources & Saving (CRES) in Greece for the year 2017, wheat straw residues were
estimated to be 1,150,738 tonnes of dry matter, thus rendering the valorization of these
feedstocks of pivotal importance.
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The OxiOrganosolv pretreatment was applied in our previous studies and was proven
optimal for the maximum delignification efficiency [6,19,20]. The use of ACO and EtOH
as organic solvents in the pretreatment of various lignocellulosic biomass residues has
been widely reported in the literature, since they are milder and green solvents that can
be easily recovered and reused, making the whole process sustainable and applicable on
an industrial scale [31–33]. Moreover, they have the ability not only to cleave the bonds
between lignin and hemicellulose during the organosolv pretreatment but also to remove
hemicellulose and solubilize the lignin, thereby causing an increase in surface area and pore
volume of cellulose, which renders cellulose more accessible to enzymatic hydrolysis [34].
ACO is reported as the most favored ketone used for delignification [7]. However, the
prevalence of EtOH is probably linked to its low cost and lack of toxicity, while also leading
to the efficient deconstruction of lignocellulosic biomass [33]. The advantageous use of
EtOH is supported by recent approaches, such as the integration of first- and second-
generation ethanol, to enhance the commercialization of cellulose-derived EtOH [34]. In
addition, the concentration of EtOH in the reaction medium of organosolv processes has
been mainly within 30–60% (v/v) [35–37], which is in concert with the concentration
acquired after the first distillation at first-generation EtOH industries. Both ACO and EtOH
have aroused research interest on account of their distinct properties: they dissolve lignin
and enable recovery of solid lignin after solvent removal, since the latter is insoluble in
aqueous solutions [35]; they enable fractionation of hemicellulose-derived oligosaccharides
from cellulose because the former exhibit some solubility in the organic solvent: H2O
mixture [36]; they result in cellulose structure swelling, causing the crystal structure of
cellulose fibers to be unfolded and thus rendering cellulose more eligible for hydrolysis [38];
and they can be both collected and recycled, thus reducing operating costs. This process
seems to be promising for lignocellulose fractionation in order to obtain a solid and a liquid
fraction that can be further processed separately, provided that a techno economical study
including the solvent recycling is carried out prior to setting up larger scale units.

In our previous works, the advantages of OxiOrganosolv both for the efficient frac-
tionation and increased enzymatic digestibility of hardwoods (beechwood) and softwoods
(pine) has been demonstrated [6,20], thus highlighting the advantages of this process
compared to the traditional organosolv pretreatment upon addition of sulfuric acid. In
the present study, we attempted to further apply the process in crops, showing that it is
also efficient for delignification of this type of substrate and the production of sugar-rich
streams. Salapa et al. [39] reported the organosolv treatment of wheat straw in the presence
of sulfuric acid as catalyst by evaluating five different organic solvents; the results showed
that ACO was the most efficient in biomass delignification, achieving 76.4% lignin removal
after pretreatment at 180 ◦C for 40 min. However, enzymatic hydrolysis of the produced
solid pulp reached only 49.97% cellulose conversion, while in the case of the present study,
the yield was 76.2%. In another work, organosolv fractionation of wheat straw upon
addition of acid catalyst resulted in 75.8% delignification at 190 ◦C for 60 min, while in the
absence of acid at 160 and 170 ◦C (conditions comparable to those in this study), lignin
removal was 4.7 and 14.4% respectively, and the enzymatic digestibility of the pulps was
only 30.5% and 31.7% [40].

For the development of an efficient organosolv process taking advantage of all sugar
streams, valorization of the pentose-rich liquid fraction together with the hexose-rich solid
pulp is a prerequisite. Hemicellulose streams have been already studied as a potential
substrate for the production of valuable chemicals, such as xylitol produced from corn-
cob [41], biobutanol from birch kraft black liquor [42] and lactic acid from corn stover [43].
Moreover, the produced aqueous fraction contains a high number of xylo-oligosaccharides
which have be studied as prebiotic compounds [20,44]. However, no work has yet been
made towards the utilization of the liquid fraction for the production of fatty acids from
microalga. The great advantage of C. cohnii is that this microorganism is able to utilize
not only hexoses but also pentoses, accumulating high amounts of DHA-rich oil, as it has
been originally reported from Karnaouri et al. using pure xylose and arabinose [19]. In this
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study, we further evaluated the ability of the microalga to grow on a true hydrolysate from
wheat straw pretreatment. Pentose utilization is still halted because hemicellulose-rich frac-
tion originating from biomass pretreatment may be contaminated with sugar degradation
products that act as inhibitors [45]. However, the OxiOrganosolv pretreatment method
yields an inhibitor-free solid fraction [6], as was also shown in the present study, which is
the great advantage of this process. In the process that is suggested in this work, tuning
the pretreatment for the removal of hemicellulose and the release of pentose sugars in
the form of monosaccharides would be an option in order to eliminate the necessity for
enzymatic treatment. Additionally, concerning wheat straw, no studies have taken place
regarding fatty acids production, despite the fact that wheat straw is a widely available
agricultural waste.

Regarding the growth of C. cohnii and the production of fatty acids, all enzymatic
hydrolysates from solid pulps efficiently served as carbon sources in this work. Notably,
higher biomass pretreatment temperatures with ACO or EtOH produced very cellulose-rich
pulps that progressively lowered the cell biomass productivity when used as carbon source
for cell growth. This was attributed to high initial concentration of glucose in the growth
medium, which was confirmed with the pure glucose sample tests and is also supported
by the literature [46]. Since high initial concentration of carbon source hinders C. cohnii
growth, employing a fed-batch strategy could improve cell productivity yields and reduce
incubation time. As far as the % DHA content is concerned, the results are in accordance
with the previous reports in the literature; a variety of different substrates, such as carob
pulp syrup, resulting in 48% DHA of total lipids (however with a much lower accumulation
of TFA 9.2% of cell biomass) [47], rapeseed meal hydrolysate mixed with crude molasses,
yielding 22–34% DHA [48], and cheese whey with corn steep liquor [49] have been used
as carbon sources in media formulations for C. cohnii fatty acid production. Cultivation
on liquid fractions in this work produced far less DHA and more C18:1 when compared
to solid fraction hydrolysates, corroborating the idea that the initial sugar concentration
and the type of carbon source affected not only the amount of accumulated TFAs but also
the quality of the oil and the % DHA content. It has been already reported that when
pure xylose and arabinose were used as carbon sources, the oil accumulated in C. cohnii
cells contained more C18:1 than DHA [19]. Moreover, the initial concentration of sugars in
liquid fractions was much lower than that of their solid counterparts (as shown in Table S3),
leading to a lower C/N ratio in the culture medium, since the initial concentration of the
nitrogen source was constant in all experiments. In addition, although strain-specific, it
has been demonstrated that reduced degree of unsaturation and chain-length is related to
lower specific growth rate and higher TFA accumulation yields [50].

Cellular stress and nutrient deprivation can affect not only the lipid accumulation
but also the fatty acid profile. A lower cell growth has been correlated with a higher lipid
content, and this has been observed for many microalgal strains [51]. The differences
observed in this study regarding the TFA accumulation and DHA content can be attributed
to the fact that C. cohnii responds differently to multi-stress factors that are related to the
addition of hemicellulosic fraction as carbon source, even after detoxification. Moreover,
the difference in the lipid profiles when using either the solid or the liquid fractions might
be also correlated with the difference in their sugar profiles; the hydrolysates derived from
solid fraction are richer in glucose, whereas the hydrolysis of liquid fractions produced
more xylose. Despite the lower yields observed with liquid fractions, this is the first report
of the cultivation of C. cohnii on the pentose-rich fraction and the valorization of this
fraction for the production of DHA.

5. Conclusions

In the present work, hexose- and pentose-rich streams after organosolv pretreatment
and fractionation of wheat straw with ACO and EtOH were used as carbon sources for
C. cohnii cells for the production of fatty acids and, more specifically, DHA. Enzymatic
hydrolysates from solid fractions have shown great potential, achieving up to 70.3 wt.%
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TFA accumulation and 32.2% DHA of total lipids. Pentose-rich liquid fractions resulted in
lower DHA yield (up to 13%), indicating the presence of compounds in the hydrolysate
that may affect the lipid synthesis and alter the fatty acids profile. Moreover, the type
of carbon source affects not only the amount of lipids but also the relative proportion of
DHA that is accumulated in the cells. It is worth mentioning that this is the first report
demonstrating, as a proof of concept, the valorization of all sugar streams towards the
production of omega-3 fatty acids. Despite the challenges of the liquid fraction utilization,
the suggested process is a promising approach towards the production of omega-3 fatty
acids from non-edible sources and opens up new routes, considering the availability of
wheat straw residues that are made available from the Greek agricultural sector, as well
as worldwide.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040219/s1, Figure S1: Time course of growth of C. cohnii cells on enzymatic
hydrolysate from solid pulps as carbon source, Table S1: Concentration of phenolic compounds
in the liquid fraction before and after detoxification, Table S2: Total reducing sugars released after
enzymatic hydrolysis of solid fraction, Table S3. Initial sugar concentration and consumption after
120 h of fermentation of C. cohnii.
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Abstract: The study reports the alternative use of non-edible fermented olives for the production of
high-quality natural soaps with a fast production process, low environmental impact, and without
preliminary treatments for the raw material. Damaged olives, not used as food, were fermented
naturally and the oil was extracted by mechanical extraction. The product obtained was not for
human consumption due to its high acidity, but it had a low content of peroxides. The non-edible
olive oil obtained and an extra virgin olive oil, produced from the same olive cultivar, were subjected
to saponification with sodium hydroxide. The soaps were produced with complete (0% of non-
neutralized fatty acids) and incomplete (5% of non-neutralized fatty acids) saponification; the amount
of sodium hydroxide to be used was determined with the saponification index. The soaps were aged
for six months by monitoring pH, color, and behavior in an aqueous solution. The results show that
the olives’ fermentation improves and speeds up the soap production and maturation process since
the oil obtained from fermented non-edible olives is more suitable for the saponification process
than the oil obtained from non-fermented edible olives. Non-edible fermented olives can be used for
obtaining natural and high-quality soaps, reusing drupes classified as food waste.

Keywords: soap; olives; olive oil; fermentation; food waste

1. Introduction

In ancient times, soap was produced with rancid oils and animal fat waste, involun-
tarily creating a circular economy with the requalification of products no longer used for
human nutrition [1].

In recent times, the production of soaps, defined by law as cosmetic products, is
regulated by the European Union [2]. The regulation determines and limits the substances
to be used for the saponification processes (Regulation (EC) No. 1223/2009 article 14–17 [2])
and indirectly determines the chemical, physical, and mechanical treatments to obtain
adequate raw materials for the cosmetic sector. Exhausted oils and fats, dangerous for
human nutrition, are necessarily treated to eliminate all toxic and dangerous components
such as heavy metals, microplastics, peroxides, alkyl esters, and suspended particles [3,4].

Companies that produce soaps buy large quantities of regenerated oils and fats,
adding chemical compounds such as surfactants, parabens, silicones, and sulphates. These
companies contribute to the recycling of regenerated oils and fats but add pollutants to
improve certain products’ characteristics [5,6].

Often, artisanal companies use edible oils, such as olive oil, for obtaining natural and
high-quality products. These soaps are obtained from food and not from food waste [7–9].
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Scientific studies report the recycling of olive production waste, such as vegetation
water, pomace, and plant parts of the tree, but there are relatively few studies in the
literature on the recycling of damaged and overripe non-edible olives [10–13].

The authors were focused on the use of non-edible drupes (food waste) for the pro-
duction of high-quality soaps through natural fermentation processes.

Non-edible olives are drupes with defects that develop negative and irreversible
chemical, physical, and organoleptic alterations. Producers of fine oils eliminate these
olives to obtain an excellent quality of the final product oils [14]. Furthermore, these drupes
cannot be marketed because they do not have the minimum requirements defined by the
European Community [15].

Non-edible olives are therefore used as fodder, natural fertilizer, and for the production
of energy biomass [11,13].

The aim of this study was to produce and evaluate the different ripening stages of
soaps produced with non-edible fermented olive oil (NEFOO soap) considering three
parameters: pH, color, and solubility. The results obtained were compared with those
obtained from soaps produced with extra virgin olive oil (EVOO soap).

2. Materials and Methods
2.1. Olives

The olives were harvested in the third week of October 2020, in Messina (Sicily, Italy).
The soils had homogeneous composition and climatic conditions, and the olive cultivars
were native of Sicily (Nocellara Etnea, Nocellara Messinese, and Cerasuola) [16,17]. The olives
were harvested with mechanical systems that do not damage the plant or the fruit.

The olives were selected with machines and manually to remove overripe fruit with
defects, the vegetative waste, and impurities.

Non-edible olives were collected in permeable bags and stored in a dark room with a
temperature of 20 ◦C and constant humidity until the complete harvest of the olives.

2.2. Olives’ Fermentation

Non-edible olives, 24 kg, were cleaned with cold water and inserted into a plastic
vessel with a non-pre-acidified brine and 5% m/m NaCl, in a final working volume of
75%. No sterilization procedures were adopted on the non-edible olives before starting
the natural fermentation, and no starter strains of yeast or bacteria were inoculated. The
olive-brine mixture was aerated manually every 3 days to facilitate the growth of aerobic
microorganisms. The fermentation was carried out for 60 days and the pH was monitored
during all the process. Neither sodium chloride nor acids or bases were added to the brine
after fermentation starting [18–21].

Brine samples were withdrawn for analysis at regular time intervals. The samples
(1 mL) were aseptically transferred to 9 mL sterile 1/4 Ringer’s solution. Decimal dilutions
in the same Ringer’s solution were prepared and used for the enumeration of lactic acid
bacteria, yeasts and molds, and for enterobacteria.

The lactic acid bacteria amount was estimated on de Man-Rogosa-Sharpe agar (MRS
Agar, Oxoid, Basingstoke, UK) added with 50 mg/L of Nystatin (Sigma, Saint-Quentin
Fallavier, France) at 25 ◦C for 72 h.

The population of yeasts and molds was estimated on Yeast Glucose Chloramphenicol
Agar (YGC, bioMérieux, Lyon, France) at 25 ◦C for 48 h.

Violet Red Bile Glucose agar (VRBGA; Oxoid, Basingstoke, UK) was used for enter-
obacteria counts, incubated at 37 ◦C for 24 h.

The analyses were carried out in triplicate and the plates were subjected to microbio-
logical numbering by CFU counting.
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2.3. pH Determination

The pH of the brine solutions and the pH of the soap, after the maturation process,
were determined with a digital benchtop pH meter (HANNA Instruments, Edge PH-
HI2020, Smithfield, Rhode Island, USA) with glass immersion electrode.

The pH of the brine was determined by taking 50 mL of solution after mixing the
fermentation mass.

The pH of the soaps was determined by solubilizing 1 g of soap, the inner part, in
50 mL of deionized water [7,8].

2.4. Oil Extraction

Non-edible fermented olive oil (NEFOO) was obtained with a cold mechanical ex-
traction system. The extra virgin olive oil (EVOO) was kindly offered by the company
that harvested the olives. It was obtained from the olives harvested but not discarded and
stored in a dark room with a temperature of 20 ◦C.

2.5. Acidity Value of Oils

The acidity value (AV) of the olive oils was determined with the titration method re-
ported in the Execution Regulation (EU) 2019/1604 and in the EN ISO 660: 2020 regulation.

The oil (1 g) was weighed into a flask and 50 mL of ethyl ether/ethanol mixture (1:1
ratio) and two drops of phenolphthalein ethanolic solution were added. The mixture was
titrated with a KOH solution until the indicator changed color. The acidity was expressed
as the weight percentage of free oleic acid present in 1 g of analyzed sample. The analyses
were carried out in triplicate, and the average of the values are reported in Table 1 [22,23].

Table 1. Saponification, acidity, and peroxide values of EVO and NEFO oils.

Oil SV (mg NaOH/g
Oil)

NaOH mg/g Oil
Soap 0%

NaOH mg/g Oil
Soap 5%

Acidity
(% Oleic Acid)

Peroxide (meq
O2/kg Oil)

EVOO 135.41 ± 0.61 135.41 128.64 0.15 ± 0.01 6.24 ± 0.07
NEFOO 133.34 ± 0.53 133.34 126.67 38.26 ± 0.04 29.32 ± 0.09

2.6. Peroxide Value of Oils

The peroxide value (PV) in olive oils was determined with iodometric titration, de-
scribed in the Implementing Regulation (EU) 2019/1604 and in the ISO 3960: 2017 regu-
lation. The oil (1 g) was weighed into a flask and 25 mL of a mixture of acetic acid and
chloroform (ratio 3:2) with 0.5 mL of a saturated aqueous solution of KI were added. The
solution was diluted with 25 mL of distilled water and stirred. The iodine formed into
the solution was titrated with a sodium thiosulfate solution, and the starch was used as
indicator [22,24].

The titrations were carried out in triplicate, and the average of the values, expressed
in milliequivalents of oxygen per kg of sample, are reported in Table 1.

2.7. Saponification Value of Oils

The saponification value (SV) represents the quantity of sodium hydroxide (as an
alternative to potassium hydroxide), expressed in milligrams, necessary to neutralize all
the fatty acids present in one g of fat sample. The analytical determination of SV was
carried out according with Wakita et al. [25].

The oil sample (2 g) was weighed into a 250 mL flask and 25 mL of NaOH 0.50 N
ethanolic solution were added. The mixture was heated up to 50 ◦C, under constant
magnetic stirring (300 rpm) for 90 min. Subsequently, the mixture was cooled to 30 ◦C and
0.5 mL of phenolphthalein solution was added.

The solution was titrated with HCl 0.50 N until the color of the indicator changed, the
titration was also carried out without the sample, only with solution. The analyses were
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carried out in triplicate, obtaining an average of the volumes of HCl consumed; the values
are reported in Table 1.

The saponification values were expressed in milligrams of sodium hydroxide needed
to saponify 1 g of oil.

2.8. Oils’ Saponification

The fatty acids of the EVO and NEFO oils were totally (0% of non-neutralized fatty
acids) and partially (5% of non-neutralized fatty acids) neutralized and four different types
of soaps were obtained:

• EVOO soap 0%, obtained from EVOO with 0% of non-neutralized fatty acids
• EVOO soap 5%, obtained from EVOO with 5% of non-neutralized fatty acids
• NEFOO soap 0%, obtained from NEFOO with 0% of non-neutralized fatty acids
• NEFOO soap 5%, obtained from NEFOO with 5% of non-neutralized fatty acids.

The quantity of NaOH used for the production of the described soaps was determined
by SV. The quantities of NaOH used and the SV values are shown in Table 1.

A classic saponification procedure was applied for soap produced with EVO oil, while
for the saponification of NEFO oil it was necessary to make changes with respect to the
standard procedures reported by Spitz [7,8].

In 30 mL of deionized water 13.541 g and 13.334 g of NaOH were dissolved to obtain,
respectively, the soaps with 0% and 5% of non-neutralized fatty acids (Table 1). Each
alkaline solution was mixed with 100 g of oil at a temperature of 35 ◦C. The oil-water
mixture was shaken strongly to obtain a semi-liquid consistency. The dough was placed in
a mold for the subsequent maturation process [7,8].

The saponification of NEFO oil was carried out by varying the “cold” method. In 30 mL
of deionized water 12.864 g and 12.667 g of NaOH were dissolved to obtain, respectively,
the soaps with 0% and 5% of non-neutralized fatty acids (Table 1).

Each NaOH solution was added with slow dripping to 100 g of oil in a thermostated
system at 20 ◦C with continuous stirring. A warm, semi-solid soap paste formed quickly
due to the exothermic acid-base reaction between NaOH and fatty acids. The soap paste
was placed in a mold for the subsequent maturation process.

The saponification for EVO oil and NEFO oil was carried out considering the complete
neutralization of the fatty acids and the non-neutralization of 5% of the fatty acids using
the SV of the oils. The quantity of NaOH used for the production of the different soaps and
the SV are shown in Table 1. The soaps were stored in a dark room with low humidity on
filter paper to prevent rancidity.

The soaps considered (0% and 5% of non-neutralized fatty acids) are those most
produced by industries and most consumed [7,8].

2.9. Colorimetric Determination

A colorimetric sensor system (LISUN GROUP, CD-200, Kowloon, Hong Kong) was
used to determine the color variations of the soap samples at different maturation times.
The instrument consists of a D65 light source, a blue LEDs light source and a photoelectric
diode detector, and an electronic system for determining the electrical impulses.

The color determination was carried out with the RGB model (red, green, and blue)
and the CIELAB color space, which considers the parameters l*, a*, and b* that represent the
brightness and the four unique colors of human vision (red, yellow, green, and blue) [26,27].

2.10. Solubility Determination

The solubility of the soaps was determined by solubilizing 1 g of soap, not in contact
with air, in 50 mL of deionized water. Each solution, after the complete dissolution of the
soap, was stirred constantly for 5 min and, subsequently, its transparency was observed.
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3. Results
3.1. Olives’ Fermentation

Initial brine pH was 8.21, after 5 days it showed a pH of 7.22, representing an optimal
condition for the proliferation of initial lactic bacteria but also enterobacteria.

In fact, enterobacteria counts showed a rapid increase within the first 10 days, fol-
lowed by a sharp decline thereafter. No viable counts were enumerated after 25 days of
fermentation, according with Sanchez et al. [28] (Figure 1).
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The pH decreasing was due to lactic bacteria, which ferment a wide variety of water-
soluble carbohydrates and produce lactic acid [20,29,30]. In this phase the olives lost their
classic hardness: this indicates the presence of yeasts and molds that degrade pectin and
cellulosic substances, important for the compactness of the olives [31,32].

Lactic acid bacteria (LAB) and yeasts increased steadily and became the dominant
members of the microflora during fermentation [33]. Lactic acid bacteria reached their
maxima within the first 30 days (1.6 × 108 CFU mL−1), and their enumeration was stable
until the end of the fermentation process. Yeasts coexisted with lactic acid bacteria through-
out the whole fermentation period. Their counts were lower than those of the LAB by
approximately 3–4.5 log cycles. They grew in similar populations with lactic acid bacteria
during the first week, and their presence was stable until the end of fermentation reaching
1.7 × 104 CFU mL−1 (Figure 1).

Subsequently, the pH of the brine after 25 days was 5.87. In this phase, no viable
counts of enterobacteria were enumerated.

At the end of the fermentation process, after 60 days, the olives were very soft and the
epicarp was easily detached from the pulp, and the pH was 4.52.

The pH, throughout the fermentation phase, decreased slowly compared to the com-
mon fermentation processes of table olives (Spanish and Greek method) [19,34]; moreover,
anomalous phenomena such as the loss of hardness of the olives were observed [21,35,36].

3.2. Oil Analysis

The comparison of the values of acidity and peroxides of the NEFO and EVO oils are
shown in Table 1. NEFO oil showed a low number of peroxides (produced by oxidative
rancidity processes) but a high amount of free fatty acids (produced by hydrolytic rancidity
processes) [37].
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The comparison of the results obtained is interesting; the acidity of NEFO oil is
255 times higher than the EVO oil, while the quantity of peroxides of the first oil is only
4.7 times higher than the second.

The high acidity of NEFO oil is caused by the lipases present in the pulp of the drupes
but also by lipolytic enzymes produced by bacteria, yeasts, and molds developed in natural
fermentation [38,39]

The oxidative rancidity, which forms peroxides, was probably limited by the brine
because it blocked the direct contact of the drupes with oxygen. Furthermore, some species
of lactobacilli degrade hydrogen peroxides and prevent the formation of peroxide radicals
and hydroperoxide radicals, thus limiting the formation of peroxides and stabilizing the
drupes in brine [38,40,41].

Natural fermentation with aerobic conditions determines the high AV and low PV
of non-edible olive oil, these results are in agreement with the results of Girgis A. Y. and
Alajtal A. I. et al. [40,41].

3.3. Soap Analysis

Saponification with EVOO developed normally, as described in Spitz L. [8]; the soap
paste, initially semi-liquid, slowly solidified.

NEFOO soaps have different characteristics from EVOO soaps. The sodium salts of
fatty acids are formed very quickly in NEFO oil due to the high acidity, so the soap paste
hardens very quickly. The saponification process was developed at low temperature and
with slow addition of the basic solution to obtain a homogeneous product.

The maturation times of the soaps were determined considering three parameters:
pH, color, and solubility.

Initially, the pH of NEFOO soaps was lower than EVOO soaps (Table 2), probably due
to the high amount of free fatty acids that neutralize part of the sodium hydroxide very
quickly [41].

Table 2. pH of the soap solutions produced for different maturation times.

Day of
Maturation

pH EVOO Soap
0%

pH EVOO Soap
5%

pH NEFOO
Soap 0%

pH NEFOO
Soap 5%

5 9.86 9.81 9.51 9.52
15 9.60 9.62 9.30 9.27
30 9.43 9.42 9.26 9.21
90 9.25 9.24 9.25 9.19

180 9.23 9.21 9.27 9.20

The pH of NEFOO soaps was constant from the thirtieth day of ripening, while the
pH of EVOO soaps was constant after the ninetieth day of ripening. The pH values shown
in Table 2 are the average of the results obtained in triplicate.

EVO oil (Figure 2A) showed a more intense color than NEFO oil (Figure 2B) due
to the greater quantity of chlorophylls, carotenoids, polyphenols, and flavonoids, which
determine the initial color of the soaps [16,17,42].

Soaps whiten in the ripening phase due to oxidative processes that act on the pigments.
The color of the soaps depends on the type of oil initially used and the maturation time,
generally, the soaps marketed have a natural color between soft yellow and white.
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The colors of the soaps produced are shown in Table 3 with the models RGB (model
that uses red, green, and blue as base colors) and CIELAB (color space l* a* b*).

Table 3. Report colors of soaps with RGB and CIELAB models (l* brightness and a* b* mixture of red, yellow, green, and blue).

Days of
Maturation EVOO Soap 0% EVOO Soap 5% NEFOO Soap 0% NEFOO Soap 5%

RGB l* a* b* RGB l* a* b* RGB l* a* b* RGB l* a* b*
5 90.4 −24.8 87.2 93.3 −25.1 73.8 98.4 −9.3 29.1 98.8 −6.9 21.6

15 93.7 −22.5 74.1 95.4 −21.3 78.9 98.2 −2.62 8.5 97.7 −3.3 11.4
30 97.6 −14.4 48.7 95.8 −13.1 42.9 98.9 −0.3 1.0 96.9 −0.2 1.3
90 97.0 −3.6 9.2 97.0 −3.7 10.6 97.1 −0.4 0.9 96.1 −0.2 0.8
180 99.3 −0.3 0.7 98.1 −0.4 0.8 97.1 −0.3 0.8 97.4 −0.3 1.2

NEFOO soaps after 30 days of maturation were white and this color was maintained
up to 180 days of maturation, while EVOO soaps tended to soft yellow after 90 days of
maturation and to white at 180 days (Table 3).

Considering the CIELAB parameters, EVOO soap with 0% free fatty acids had a more
intense yellow-green color than EVOO soap with 5% free fatty acids, this difference was
not observable for NEFOO soaps.

Soaps’ solubility was determined considering the degree of clarity of the solutions
with complete dissolution of the soap.

EVOO soaps, after 5 days of maturation, showed different turbidity (Figure 3A).
After 15 and 30 days of maturation (Figure 3B,C) the turbidity rapidly decreased for soap
with 0% of non-neutralized fatty acids, while it slowly decreased for soap with 5% of
non-neutralized fatty acids.
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NEFOO soaps, after 5 days of maturation, had very similar turbidity (Figure 3D).
After 15 and 30 days of maturation (Figure 3E,F) the turbidity of both soaps decreased until
clear solutions were obtained.

After 90 and 180 days, all soaps showed a slight turbidity: this was more present in
EVOO soaps (Figure 4A,B) than in NEFOO soaps (Figure 4C,D). This low turbidity for very
long maturation times could be due to the initial rancidity of the soaps.
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It is interesting to observe the hardness of the soaps: NEFOO soaps tended to be
harder and more compact than EVOO soaps, especially in the early stages of maturation,
with a consequent difficulty in their solubilization in water.

Considering the pH, color, and solubility, NEFOO soaps showed a correct maturation
after 30 days from their production, while EVOO soaps had an optimal maturation after
90–180 days. Soaps with maturation after 30 and 180 days are shown in Figure 5.
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an important parameter for its marketing.

4. Conclusions

This study highlighted that non-edible fermented olives can be used for soaps’ pro-
duction.

The high acidity of NEFOO determines different and shorter saponification processes
than the normal procedures reported by Spitz L. [7,8].

Considering the pH, color, and solubility data, NEFOO soaps ripen faster than EVOO
soaps, while there are no substantial differences between soaps with 0% and 5% free fatty
acids obtained with the same oil.

The fermentation of non-edible olives makes it possible to easily and quickly recycle
an undervalued food waste to produce a widely used product, such as olive oil soaps, with
lower costs, production times, and maturation.

The study described could be used to produce “alternative” olive oils on a large
scale, exploiting non-edible drupes currently used to produce fodder, natural fertilizer, and
energy biomass.
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Abstract: Walnut green husk is an agricultural waste produced during the walnut (Juglans regia
L.) harvest, that could be valued as a source of high-value compounds. In this respect, walnut
green husks from two areas of Southern Italy (Montalto Uffugo and Zumpano), with different soil
conditions, were investigated. Glucans and pectins were isolated from dry walnut husks by carrying
out alkaline and acidic extractions, respectively, and then they were characterized by FT-IR, scanning
electron microscopy (SEM) and differential scanning calorimetry (DSC). The colorimetric method
for the enzymatic measurement of α- and β-glucans was performed. The maximum total glucan
yield was recovered from Montalto walnut husks (4.6 ± 0.2 g/100 g DM) with a β-glucan percentage
(6.3 ± 0.4) higher than that calculated for Zumpano walnut husks (3.6 ± 0.5). Thermal analysis
(DSC) confirmed the higher degree of crystallinity of glucans from Zumpano. The pectin content for
Montalto husks was found to be 2.6 times that of Zumpano husks, and the esterification degree was
more than 65%. The results suggested that J. regia L. green husks could be a source of glucans and
pectins, whose content and morphological and thermal characteristics were influenced by different
soil and climate conditions.

Keywords: Juglans regia L.; walnut green husk; agricultural wastes; soil conditions; glucans; pectins

1. Introduction

The walnut husk is the fleshy part of the fruit of the walnut fruit (Juglans regia L.) that
covers the shell enclosing the edible kernel. When ripe, walnut husk has a green color that
darkens over time. Shell and husk are discarded, causing environmental pollution. The
green husks of the walnut fruit are the basic material for the traditional walnut liqueur,
a wholesome alcoholic drink, which is rich in phenolic compounds and vitamins [1,2].
Additionally, the husks have been used since ancient times in traditional medicine and
for the treatment of various diseases such as microbial infections, stomachache, thyroid
dysfunctions, heart diseases and sinusitis [3,4]. Recently, scientific attention towards the
valuable active constituents of walnut husks has been increasing. The potential of this low-
cost natural material as a source of phenolic compounds with antiradical and antimicrobial
activities has been demonstrated by several studies [5]. The influence of solvents of
varying polarity on the extraction yields of phenolic extracts from walnut husks has been
described in the literature [6] and the effects of geographical and climatic conditions
on their phenolic and flavonoids contents were studied [7]. The walnut husk contains
natural dyes, such as juglone which is a brown pigment [8], but also a potent antimicrobial
and anticancer agent [9–11]. Several agricultural food wastes, such as pomegranate Akko
peels [12], Vicia faba L. [13], banana peels [14], coffee pulp waste [15], mango peel and
cocoa pod husk [16], were found to be potential sources of glucans and pectins. To the best
of our knowledge, there are no reports on the recovery of nutraceuticals such as glucans
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and pectins from walnut husks for the valorization of these agricultural waste products.
Therefore, with the aim of providing additional added value to these residual sources and
basic support for their functional uses, the present study investigated glucan and pectin
contents from the green husks of walnuts grown in two different soil and climate areas
of Southern Italy (Montalto Uffugo e Zumpano). Further spectroscopic, morphological
and thermal characterizations of the extracted high-value compounds were performed in
order to determine if the effect of the different pedoclimatic conditions of the two areas
could lead to significant differences both in the content of glucans and pectins and their
characteristics, which could affect their functional uses.

2. Materials and Methods
2.1. Standards and Chemicals

Analytical grade solvents were purchased from Carlo Erba. Sodium carbonate, hy-
drochloric acid and citric acid were from Sigma-Aldrich (Milan, Italy). The glucan contents
were determined by the method published by McCleary and Codd [17] using a mush-
room and yeast β-glucan kit (Cat. No. K-YBGL). The kit was obtained from Megazyme
International (Bray, County Wicklow, Ireland).

2.2. Agri-Wastes

Walnut fruits with green hulls (Juglans regia L., Figure 1) were harvested from trees
grown in two different agroclimatic localities of Calabria, in the south of Italy, which were
Montalto Uffugo (latitude: 39◦24′20”88 N, longitude: 16◦9′31”68 E) and Zumpano (latitude:
39◦18′42”84 N, longitude: 16◦17′34”44 E). Altitudes, geographical and climatic conditions
of gathering areas are summarized in Table 1.
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Table 1. Geographical and climatic conditions of the two gathering areas.

Collection
Place Latitude Longitude Altitude

(m)
Annual Raining
Average (mm)

DailyTemperature
Average (◦C)

Humidity
Average (%)

Montalto 39◦24′20”88 N 16◦9′31”68 E 490 20–110 10–20 85
Zumpano 39◦18′42”84 N 16◦17′34”44 E 429 12.7–101.6 3.9–27.8 75

The whole fruits were collected in the period of October 2017, when the walnut
fruits were mature while the husks (mesocarp) were green and firm. The husks were
manually separated from the walnut, freeze-dried (Telstar freeze-dryer, mod. Cryodos)
after freezing at −20 ◦C and then reduced to powder using a pestle and mortar. The
powder was sieved through a 60-mesh (250 µm) screen and then kept in screw-cap vials
under nitrogen at −20 ◦C, before any extraction. Three samples per area were used, and
all the extractions were carried out in triplicate. The data were expressed on a dry matter
basis as mean ± standard deviation.

2.3. Extraction of Glucans

The employed extraction procedure was a conventional method involving two stages
to sequentially remove starch and proteins from the powder, namely an aqueous alkali
extraction at pH 10 and 55 ◦C and acidic precipitation, respectively [12,18–20].

Preliminary treatments of this method involve sequential extractions with three sol-
vents in order of increasing polarity, to remove lipids and soluble material such as vitamins,
polyphenols, monosaccharides, disaccharides, and others [21]. The flour (3 g) was first
extracted with acetone (3 × 30 mL each), then with methanol (3 × 30 mL each) and finally
with 70% aqueous ethanol (3 × 30 mL each). All the extractions were performed at room
temperature (t = 2 h). For starch precipitation, residue solid was added to a solution of
20%, w/v sodium carbonate in distilled water (pH 10, 30 mL), and the obtained suspension
was warmed at 55 ◦C in a water bath with stirring for 30 min and then was centrifuged
(Model J2–21, Beckman Instrument Co., Mississauga, ON, Canada) at 5000× g for 30 min.
The solid was removed, and the pH of the supernatant was added to HCl 2 M until a pH
of 4.5 was reached (isoelectric point of proteins), and centrifuged at 5000× g for 30 min to
separate proteins [22,23], which were discarded. An equal volume of absolute ethanol was
added to the supernatant in order to precipitate glucans. After 12 h at 4 ◦C, the solution
was centrifuged at 5000× g for 30 min. The precipitate was resuspended in ethanol, filtered,
rinsed with ethanol and freeze-dried. The extractions were performed in triplicate on three
samples of husk powder from each agroclimate locality and the results were expressed as
mean ± standard deviation. The crude glucans were measured and characterized by FT-IR,
SEM and DSC.

2.4. α- and β-Glucan Content

β-glucan content of husks was determined in triplicate using β-glucan assay kit from
Megazyme Ltd., Bray, Co. Wicklow, Ireland [17]. The dry sample (100 mg) was weighed
into a 25 mL flask and 12 M ice-cold sulphuric acid solution (2 mL) was added. The solution
was vortexed and left to incubate for 2 h in an ice-water bath, and then it was diluted
with distilled water (12 mL) and left for 2 h in a boiling-water bath (T = 100 ◦C). After
cooling the temperature, 10 M KOH solution (6 mL) and 200 mM sodium acetate buffer
(pH 5) were added. After centrifugation (1500× g, t = 10 min), an aliquot (0.1 mL) of the
supernatant was mixed with 0.1 mL of a mixture of exo-1,3-β-glucanase (20 U/mL) plus
β-glucosidase (4 U/mL) at 40 ◦C for 60 min. Finally, the content of glucose in the solutions
was determined by incubating the solution with glucose-oxidase/peroxidase (GOPOD,
3.0 mL) at 40 ◦C for 20 min.

For obtaining total glucan content, the solution was analysed by the spectrophotometer
at λ = 510 nm (Model UV-vis, JASCO, V-550) against the blank and the D-glucose standard
solution (1 mg/mL), incubated with GOPOD reagent. The blank was prepared by adding
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0.2 mL of 200 mM sodium acetate buffer at pH 5.0 to 3 mL of GOPOD. For obtaining
α-glucan content, the husk flour (0.1 g) was added with 2 M KOH (2 mL), 1.2 M sodium
acetate buffer (pH 3.8, 8 mL) and incubated with 0.2 mL of amyloglucosidase plus invertase
for 30 min at 40 ◦C. After centrifugation (1500× g, t = 10 min), the supernatant (0.1 mL)
was mixed with sodium acetate buffer (200 mM, pH 5.0, 0.1 mL) and GOPOD (3 mL). The
difference between total and α-glucan contents gave the β-glucan content.

2.5. Extraction of Pectins

Pectins from husk flour were extracted according to the experimental conditions
reported by Fazio et al. [24]. The employed procedure was the conventional heating
extractive method with citric acid [25,26].

Next, 10% (w/v) citric acid solution was added to husk flour (2 g) until pH of 2 was
reached, creating a mixture which was magnetically stirred for 1 h at 90 ◦C. After cooling
and centrifugation (5000× g, t = 30 min), the supernatant was added with an equal volume
of absolute ethanol and then kept for 16 h at 4 ◦C in order to allow for pectin flotation.
After centrifugation (Universal 320, Hettich Zentrifugen, Merck, Italy), the floating pectins
were rinsed with absolute ethanol, solubilized in distilled water, added to an equal volume
of acetone to decolourise the pectins [18], and left to stand at 4 ◦C for 12 h. Afterwards, the
supernatant was separated by centrifugation at 5000× g, t = 15 min, and the gelatinous
residue was dried under a vacuum. The extraction procedure was repeated three times and
data expressed as mean ± standard deviation. All samples were characterized by FTIR,
and SEM and DSC.

2.6. Determination of Esterification Degree

The esterification degree of pectins, defined as the ratio of esterified carboxy groups to
the total number of carboxy groups was determined by the potentiometric titration method
(DE)] and confirmed by the instrumental FT-IR method (DM) [13].

2.6.1. Potentiometric Titration Method

The esterification degree of pectins was determined by titrimetric method, as pre-
viously described by Fazio et al. [24]. The dried pectin (20 mg) sample was weighed in
a beaker, wetted with ethanol and dissolved in 5 mL of distilled water. For complete
dissolution of pectins, the suspension was heated at 45 ◦C under magnetic stirring for
20 min. The resulting solution was titrated with 0.01 N NaOH in the presence of three
drops of phenolphthalein. The initial titration volume (V1) was recorded once a pale
pink colour appeared, and it indicated the number of free carboxy groups. Then, 3 mL
of 0.01 N NaOH was added to neutralize polygalacturonic acid, and the solution was
stirred at room temperature for 2 h in order to saponify the esterified carboxy groups of
the polymer. Then, 3 mL of 0.01 N hydrochloric acid (HCl) was added to neutralize the
sodium hydroxide NaOH, followed by titration of excess HCl with 0.01 N NaOH in the
presence of phenolphthalein. The volume of titration required for pale pink colouring of
the sample was recorded as final titration volume (V2, representing the esterified group
number). The DE was determined as follows:

%DE = [V2 (mL)/V1 (mL) + V2 (mL)] × 100

2.6.2. Instrumental FT-IR Method

In this methodology, the FT-IR spectra recorded for the characterization of pectins were
used to determine the degree of methoxylation (DM), taking into account the band areas
at 1747–1746 cm−1 and 1633–1621 cm−1 arising from methyl-esterified and carboxylate
groups, respectively. The degree of methoxylation was obtained using the equation:

%DM = [A COOCH3/(A COOCH3 + ACOO−)] × 100
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2.7. FT-IR Spectroscopic Analysis

Glucans and pectins were analysed by FT-IR using a Bruker ALPHA FT-IR spectrome-
ter equipped with a A241/D reflection module in 4000–400 cm−1 range, by following the
standard KBr method. The sample was ground with KBr in the 1:40 ratio, and the resulting
powder was hard-pressed into tablets. All experiments were carried out in triplicate at a
spectral resolution of 4 cm−1.

2.8. Scanning Electron Microscopy (SEM)

The surface morphological investigations were carried out by a scanning electron
microscope (SEM) (Field Emission SEM FEI Quanta 200, Thermo Fisher Scientific, Hillsboro,
OR, USA) and Electron Probe Micro Analyzer (EPMA)-JEOL-JXA 8230t (Kyoto, Japan). The
analyses were performed under conditions reported by Fazio et al. [24].

2.9. Differential Scanning Calorimetry (DSC)

The calorimetric behaviour of the samples was analysed using DSC SETARAM 131
instrument. The calibration operations were carried out using a sample of indium with a
known weight. Each sample (15–30 mg) was weighed in a crucible, and then the container
was capped and sealed by mechanical press. All the tests were carried out under nitrogen
flow at a temperature scan rate of 20 ◦C/min.

2.10. Statistical Analysis

DE and DM were analysed in triplicate and the results were expressed as mean± stan-
dard deviation (SD). One-way ANOVA method and a Sidak comparison method via
GraphPad Prism 8 were used. Significance was established at p values < 0.05 (*), p < 0.01
(**), p < 0.001 (***), and p < 0.0001 (****).

3. Results
3.1. Extraction of Glucans

Extraction solvents (acetone, methanol and 70% aqueous ethanol) removed lipids and
soluble material to facilitate the complete separation of fibre [27]. During this process,
the resulting residue was slurred in alkaline aqueous solution to solubilize glucans and
proteins, followed by precipitation of proteins under acidic conditions (pH = 4.5) and by
recovery of crude glucans after precipitation from ethanol. More advanced technologies
to obtain glucans have been used recently, such as accelerated solvent extraction [28] and
microwave-assisted extractions [29], plus pressurized solvent extraction [30]. Although
these procedures have been shown to be faster than traditional methodologies, they require
a more accurate purification procedure for the isolation of nutraceuticals of interest, and
they can be performed through the use of more specific devices, which increases the
costs [30]. The experimental results are given in Table 1. Data reported in the table
show that the content of glucans was slightly higher in walnut husks from Montalto
(4.6 ± 0.2 g/100 g DM) than in those from Zumpano (3.74 ± 0.3 g/100 g DM).

3.2. α- and β-Glucan Content

The enzymatic method for β-glucan measurement is widely used due to its accuracy
and reliability. In this approach, complete hydrolysis of glucans requires a controlled acid
measured with GOPOD reagent. α-glucans were determined using specific enzymes for
α-glycosidic bond hydrolysis under alkaline conditions, and β-glucans were calculated by
the difference between total and α-glucan content. This method aimed to achieve complete
hydrolysis of both α- and β-glucans to glucose, minimizing the loss of glucose through
secondary reactions (Table 2).
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Table 2. Recovered glucans (g/100 g DM) and total α- and β-glucans (%).

Samples Recovered Glucans
(g/100 g DM)

Total Glucans
(%)

α-Glucans
(%)

β-Glucans
(%)

Montalto husk 4.6 ± 0.2 11.3 ± 0.7 5.0 ± 0.2 6.3 ± 0.4
Zumpano husk 3.74 ± 0.3 7.2 ± 0.4 3.6 ± 0.3 3.6 ± 0.5

As can be seen from the data reported in the table, the percentage of total glucans deter-
mined by the enzymatic method confirmed that walnut husks from Montalto (11.3 ± 0.7%)
had a higher content than walnut husks from Zumpano (7.2 ± 0.4%). Additionally, Mon-
talto husks were richer in β-glucans (6.3 ± 0.4%) than in α-glucans (5.0 ± 0.2%), while
Zumpano husks, compared to the Montalto husks, contained α- and β-glucans in equal
percentages (3.6 ± 0.4%).

3.3. FT-IR Spectroscopic Analysis of Glucans

Infrared spectroscopic analysis of glucans provided information on the fundamental
molecular vibrations of covalent bonds in the 4000–400 cm−1 IR region, showing the
characteristic bands of the major functional groups (Figure 2). The comparison of glucan
spectra from Montalto and Zumpano husks highlighted that the qualitative profile of the
structures does not significantly change. The IR band centred around 3437 cm−1 was
generated by the symmetrical and asymmetric stretching of the OH groups present on the
glucan backbone. The bands at 2920–2918 cm−1 were due to CH2 stretching of CH2OH
groups. The presence of proteins in the sample linked to the glucan backbone by amide
bonding provided the stretching of the CN and NH groups [31,32] generating the band at
1641 cm−1 (the amide I). OH and CH bending from in-plane ring deformation generated
two IR peaks at 1322 cm−1 and 1261 cm−1, respectively. COC and CC stretching vibrations
of the glucosides ring originated two bands in the region of 1090–1025 cm−1, indicating the
presence of cyclic structures of monosaccharides [33]. The 950–780 cm−1 region is called
the “anomeric region”, where it was possible to distinguish between the two anomeric
glycosidic bond types of the glucopyranose rings which generated absorption bands at
860–830 cm−1 for α-linkage and at 920–890 cm−1 for β-linkage [19].
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3.4. Scanning Electron Microscopy (SEM) of Glucans

The morphological investigation was carried out to highlight any different surface
structures arising in the same type of fibre (glucans) from different soil and climate condi-
tions. All the sample were analysed under the same conditions: four magnifications equal
to 100×, 2500×, 5000× and 10,000 with a scale equal to 200, 10, 4 and 2 µm, respectively.
The surface of crude glucans from Zumpano husks (GZ) showed the presence of aggregates
in the form of microcrystals, whose dimensions were variable as it was more evident at high
magnifications (5000× and 10,000×) (Figure 3a–d). The size distribution of the crystals was
uneven: some crystals were significantly larger than others. The microcrystals observed
were rectangular and needle-like in nature. The presence of particles probably glassy in
nature which were incorporated into the matrix were also observed. Microcrystals were
also observed in the glucans from Montalto hulls (GM), but unlike those present on the
surface of glucans from Zumpano husks, they were larger compared to GZ, not aggregated
and had a cubic form (Figure 3A–D).

3.5. Differential Scanning Calorimetry (DSC) of Glucans

The calorimetric curves recorded for the glucan samples are very similar. Both mainly
presented an endothermic peak (1) near 125 ◦C and a glass transition (TG) between 150
and 220 ◦C (Figure 4).

Peak one of the GZ samples had an enthalpy value (E = 115.8 J/g) significantly higher
than that recorded for the same peak of the GM samples (E = 52.3 J/g). The enthalpy of
fusion was closely related to the degree of crystallinity. A higher value corresponded to
a greater interaction between the molecules, and there was more interaction between the
molecules in the GM samples than in the GZ samples.

Inflection points typical of glass transition (TG) [34] were present in both samples, but
GZ samples had a higher TG (246.0 ◦C) than the GM samples (TG = 180.5 ◦C).

3.6. Extraction of Pectins

Recently, advanced technologies have been developed to improve the yield and to
decrease the time of pectin extraction. The “so-called” green methodologies are nonthermal
processes that apply, in place of the heat, the acoustic energy of ultrasounds (ultrasound-
assisted extraction), or microwave radiation (microwave-assisted extraction) to increase
the release of the target material [35,36]. Nevertheless, the employed process for the pectin
extraction from walnut husks was the traditional method which involved hydrolysis of
protopectin with citric acid and extraction from the primary cell wall of plant tissue using
water under reflux, because preliminary extraction tests using ultrasounds resulted in
lower yields. Citric acid, compared with mineral acids, had a lower environmental impact
and it was cheaper [37].

The obtained results showed that the pectin content of husks from Montalto (PM,
69.8 ± 0.1 g/100 g DM) was about three times higher than that extracted from Zumpano
hulls (PZ, 27.1 ± 0.3 g/100 g DM), which indicated that different pedoclimatic areas influ-
enced fibre content.

3.7. FT-IR Spectroscopic Analysis of Pectins

The FT-IR spectra of walnut husk pectins from Montalto and Zumpano, scanned
at wave numbers ranging from 4000 to 400 cm−1 and corrected against the background
spectrum of air, are reported in Figure 5. The qualitative profile of the spectra of the samples
from different pedoclimatic areas only showed differences in the absorption intensity of the
characterizing bands. The 3600–2500 cm−1 region presented two major peaks: the first one,
centred around 3437 cm−1, generated by OH stretching, due to inter- and intra-molecular
hydrogen bonding of the galacturonic acid backbone, and the second one, at 2915 cm−1,
due to C–H absorption stretching. The 1800–1500 cm−1 region revealed the presence of
a first band at 1747–1746 cm−1, generated from ester carbonyl groups stretching, and a
second one at 1633–1621 cm−1 due to the carboxylate ion stretching [38]. These bands were
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very important since it was possible to assess the degree of methoxylation of pectin by
considering the corresponding intensities. Moreover, analysis of the spectra showed that in
PM pectins (red line), the intensity of the band relating to the ester groups was greater than
that relating to the carboxylate groups, whereas in PZ (black line), the intensities of the two
bands are reversed. In the “fingerprint region” (1450 to 900 cm−1) [39], Raman bands were
evident at 1019–1017 cm−1, generated from COH deformation, at 1103–1106 cm−1 due to C-
C stretching and 1041–1040 cm−1 arising from asymmetric COC stretching vibration. The
presence of α-glycosidic linkage was highlighted by a weak band at 840 cm−1, generated
by the ring vibration of [40].
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(at four different magnifications and scales. (a,A) (100×, 200 µm); (b,B) (2500×, 10 µm); (c,C) (5000×,
4 µm); (d,D) (10,000×, 2 µm).
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3.8. Determination of Esterification Degree

Pectin is a complex polysaccharide composed of at least five different sugar moieties,
with 80–90% of its dry weight being galacturonic acid (GalA). A major percentage of the
GalA is present in homogalacturonan (HG) regions of pectin as unbranched chains in
which a variable proportion of the GalA contains a methyl ester at the C6 position [41]. The
functional properties of pectins in foods, such as gelling capacity, and their reactivity to-
wards calcium and other cations, are largely dependent on the amount of methylated GalA
subunits. Thus, degree of methylation (DM) is an important parameter for characterisation
of food pectins [42]. DE was used to classify the pectins into high-methoxyl (HM) form,
when the esterified group content was higher than 50%, and low-methoxyl (LM) form, if
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the content was lower than 50%. The esterification degree of PM and PZ was evaluated
by titrimetric method and indicated as DE, while DM was the instrumental FTIR value
(Figure 6). The analyses on each sample were performed in triplicate by both titrimetric
and instrumental methods and the results were reported as means ± standard deviation.
The results showed that titrimetric values were slightly higher than those obtained by the
instrumental method, and that the esterification degree, regardless of the method used, of
pectin from Montalto was significantly higher than that of pectins from Zumpano. The
titrimetric percentage values for DE of pectins from Montalto and Zumpano were 65.9± 0.8
and 39.4 ± 0.6, respectively, while the corresponding %DM were 56.3 ± 1.1 and 37.2 ± 0.5.
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Figure 6. Effects of the two pedoclimatic areas (M and Z) on esterification degree of walnut husks’
pectins (P) evaluated by titrimetric method (DE) and instrumental methods (DM). Error bars indicated
standard deviation (n = 3). Asterisks on the dashes indicate significant differences among the
two methods used for esterification degree evaluation of pectins from the same agroclimatic area
(**** p < 0.0001).

3.9. Scanning Electron Microscopy (SEM) of Pectins

All the pectins were studied for morphological investigation under the same condi-
tions: three magnifications equal to 100×, 2500×, and 5000× with a scale equal to 200, 10,
and 4 µm, respectively. SEM images showed different surface structures depending on the
pedoclimatic area of provenance of the walnut husks. The surface of PZ showed a leafy
appearance and the presence of crystals which were incorporated in a spherical matrix.
Filaments with large vesicles were also present (Figure 7a–c).

The surface of PM exhibited a uniform structure, characterized by a very smooth
lamellar appearance. This lamella also showed microcrystals incorporated in a matrix
(Figure 7A–C).
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4 µm).

3.10. Differential Scanning Calorimetry (DSC) of Pectins

The calorimetric curves recorded for the PM (red line) and PZ (black line) were similar,
but unlike the calorimetric curves for glucans, they showed two peaks, one of which was
endothermic and the other exothermic (Figure 8). Peak one, which was very similar to that
observed for glucan calorimetric curves, was endothermic and was located between 130
and 135 ◦C. It had a higher enthalpy for the PM samples (E = 326.8 J/g) than for the PZ
samples (E = 212.4 J/g). Peak two, between 240 and 250 ◦C, was exothermic, and it showed
similar enthalpy values for both samples (E = −90.6 J/g; E = −77.1 J/g).
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4. Discussion

Glucans and pectins are nonstarch polysaccharides and fibre components, which
possess a broad spectrum of biological activities. Glucans have hypocholesterolemic
and hypoglycemic effects but also improve the defence of the immune system and in-
duce defence mechanisms to respond to wounding [20,43,44]. Pectins are applied in the
pharmaceutical field to treat human pathologies, such as cancers, liver damage, and inflam-
mations [45]. Husk glucans, occurring in the bran of cereal grains (barley and oats and to a
much lesser degree in rye and wheat, in amounts of about 7%, 5%, 2% and less than 1%,
respectively) and many kinds of mushrooms, have been researched in order to valorise
the waste from nut production. In this context, walnuts with green hulls were harvested
from two locations of southern Italy, where walnut trees were widespread. Although
the two areas were characterized by similar climatic conditions (annual raining, daily
temperature and humidity average), the recovery of glucans was different for the hulls
from the two areas. In fact, the glucan content from Montalto was 1.2 times higher than
that of GZ, most likely due to the different soil characteristics. The glucan content from
both Montalto and Zumpano husks is nevertheless significant compared to that of some
cereals such as oat samples (0.71–5.06%) [46], broad bean pods (3.0–4.5%) and pomegranate
Akko peels (2.5%) [12,13] The qualitative profile of the IR spectra of both GM and GZ
glucans was similar. Furthermore, the observation of the anomeric region did not allow
us to distinguish easily between the two glycosidic linkage types of the aldopyranoses.
Despite this criticality, the use of the β-glucan assay kit allowed us to determine the α- and
β-glucan content in both samples, showing that Montalto husks were richer in β-glucans
while Zumpano husks contained α- and β-glucans in equal percentages. However, the
β-glucan content in the Montalto husks was 1.75 times of that in Zumpano husks. The
morphological investigation highlighted different surface structures for GM and GZ. The
surface of GZ showed the presence of aggregates of microcrystals whose dimensions were
variable, while the GM surface showed not aggregated microcrystals with a cubic form.
The surface morphology of both GM and GZ was different from SEM images of barley and
oat glucans [19,47]. Glucans, recovered from other type of biomasses such as Vicia faba L.
pods using the same extraction method, showed different morphological surfaces, which
exhibited agglomerates with a spongy appearance [13].

Thermal analysis (DSC) confirmed the higher degree of crystallinity of GZ, since
the corresponding melting enthalpy value was twice that recorded for the GM sample.
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Pectins have also been investigated in walnut husks from Montalto and Zumpano for their
valorisation, carrying out the extraction under acidic conditions at reflux temperature. The
pectin content, as well as that of glucans, was found to be different in the two matrices:
recovery of PM was 2.6 times that of PZ, confirming that soil and climate conditions
influenced fibre content. It has been reported that extraction of pectins from other types of
wastes or by-products, carried out using similar chemical conditions, yielded 5.2–12.2%
from banana peels [48], 3.7–7.7% from passionfruit peel [49], 3.9–11.2% from pomegranate
peels [50], and 7.3–19.1% pistachio green hull [51]. The percentage yield in PM was higher
than that of other food wastes extracted under alkaline conditions such as leek leaves
(12± 7%), endive roots (22± 8%), onion hulls (14± 0%), endive leaves (36± 8%), pumpkin
kernel cake (29 ± 2.13%), tomato skins (29 ± 9.15%), and grape pomace (15 ± 3.07%) [52].
The comparison of our results with these data highlighted that the walnut husks from
Montalto were a good source of pectins. Similarly to glucans, pectins were characterized by
FTIR spectroscopy, surface morphological analysis (SEM) and thermal characteristics (DSC).
In addition, the degree of methoxylation was determined, since it is an important structural
factor influencing the functional properties of pectins. The FT-IR spectra of both PM and PZ
did not show any significant differences in the characteristic bands of the structure, except
for the absorption intensities of the peaks in the 1800–1500 cm−1 region arising from ester
carbonyl groups and carboxylate ion stretching. In fact, the IR spectra of PM showed that
the intensity of the ester groups was greater than that relating to the carboxylate groups,
whereas in PZ spectra the carboxylate ion band was stronger than the ester group band.
These spectroscopic differences were reflected in the different degree of methoxylation
(DM), calculated on the basis of the areas of the two bands between PM and PZ. The
DM of PM was 1.5 times higher than PZ’s. This was confirmed by the titrimetric method
(DE), although the values obtained for DE are slightly higher than those obtained for DM.
However, regardless of the method used, the esterification degree of PM was significantly
higher than that of PZ, and considering that its percentage value (both DM and DE) was
higher than 50, it is possible to classify PM as a high-methoxyl pectin, similarly to apple
pectin, with a DM of 65.88% [53]. Additionally, pectins extracted from biomass (rind and
peels) obtained from fruits with citric acid solution at high temperature, such as melon,
kiwifruit, pomegranate and orange, were high-methoxyl pectins, having esterification
degrees (DM) of 71.98%, 84.72%, 56.74% and 69.67%, respectively [54]. Morphological
analysis of PM and PZ suggested different surface morphologies, exhibiting a very smooth
lamellar appearance for PM with little pellets on it, comparable to the morphological
characteristics of passion fruit pectin [25]. In contrast, the morphological structures of
pectins from melon rind, kiwifruit, pomegranate and orange peels had some microfractures
and hollow openings [54].

Calorimetric curves of PM and PZ were similar, showing two main peaks during
the thermal analysis, one of which was endothermic and the other exothermic. The
parameters associated with the two peaks were melting temperature and enthalpy (Tm and
∆m, respectively), and degradation temperature and enthalpy (Td and ∆d, respectively).
The first endothermic peak between 130 and 150 ◦C is ascribed to water evaporation: PM
and PZ showed little differences for Tm but ∆m of PM samples was higher than the PZ
samples, which indicated that more energy was needed to absolutely remove water from
PM, likely due to higher esterification degree. The second exothermic peak, between 240
and 250 ◦C, was caused by the degradation of pectin: PM and PZ showed little differences
for Td and ∆m [55,56]. The above results indicated that geographical and climatic conditions
in different regions could lead to significant differences both in the content of bioactive
compounds and their morphological and thermal characteristics.

5. Conclusions

The results of the present study suggested that J. regia L. green husks, which represent
a waste material, could be a source of glucans and pectins, with a potential use in food,
cosmetics and pharmaceutical fields. Walnuts with green husks were collected from two
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different soil areas of Southern Italy (Montalto and Zumpano) which influenced the content,
morphological and thermal characteristics of the extracted glucans and pectins, showing
that the higher yields were obtained from the Montalto green husks.

In fact, the glucan content from the Montalto walnut husks was about 1.2 times that of
the glucans from the Zumpano husks. In addition, GM were characterized by a prevalence
of β-glucans over α-glucans. Morphological analysis of Montalto glucans showed a surface
covered by cubic microcrystals, which differed from that of Zumpano ones, characterized
by the presence of agglomerates of varying sizes of microcrystals. The morphological
characteristic of GZ was confirmed by thermal analysis, which showed a higher degree
of crystallinity than GM. Pectin recovery was 2.6 times higher from Montalto husks than
from Zumpano ones. Additionally, PM, compared with PZ, showed a higher esterification
degree that resulted in a higher ∆m needed to remove retained water from the structure.
The surface of the PM is lamellar in contrast to that of the PZ, which is leaf-shaped. Both
glucans and pectins from Montalto and Zumpano walnut husks will be further studied to
investigate how the differences in their chemical and physical characteristics are reflected
in their biological activity.
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Abstract: From an industrial point of view, the use of microorganisms as a wastewater bioremediation
practice represents a sustainable and economic alternative for conventional treatments. In this work,
we investigated the starch bioremediation of paper mill wastewater (PMW) with Aspergillus oryzae.
This amylase-producing fungus was tested in submerged fermentation technology (SmF) and solid-
state fermentation (SSF) on rice hulls. The tests were conducted to assay the concentration of the
reducing sugars on paper mill wastewater. The bioremediation of starch in the wastewater was
carried out by A. oryzae, which proved capable of growing in this complex media as well as expressing
its amylase activity.

Keywords: Aspergillus oryzae; rice hull; paper mill wastewater; bioremediation; amylase; solid-state
fermentation (SSF)

1. Introduction

Climate change, together with the growing population expected over the coming
years, makes food production a crucial issue. In this context, prevention and minimization
of food waste are recognized as key actions [1]. In addition, food waste is highly polluting
as it leads to the misuse of resources and significant greenhouse gas emission levels. To
address these issues, the adoption of the biorefinery concept (circular economy approach),
particularly strengthening the agri-food waste biorefinery, is a strategic point not only
to make the cost of the process economical but also to reduce the pressure on natural
resources [2,3]. There is no explicit mention or definition of the valorization of food supply
chain waste in the Waste Framework Directive. However, the objective of using waste for
value-added production comes within the spirit of the directive [4,5].

A circular economy provides a different flow model, where no resources are wasted;
on contrary, they are considered as feedstocks. In particular, open-loop material flow
patterns bring new supplies of secondary materials into the raw material pool that can be
reclaimed by other industries [6,7]. Rice hulls are the largest by-product of rice milling in
producing countries and most of them are thrown away as a waste byproduct, which will
undoubtedly have too many negative influences on the global environment. Worldwide
production amounts to approximately 100 million tonnes per year [8]. Rice hulls, the
lignocellulosic outer coats of rice, have been only considered as combustible to recover
energy or animal bedding, because of their low nutritive value as animal feed [9]. Although
rice hulls have long been identified as a source for energy production, experiences from
large-scale rice husk firing are quite limited, because of the high quantity of ash (about
20%) [10].
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Many efforts have been made to use rice hulls as feedstock to produce fermentable
sugars, followed by ethanol fermentation, but the application on large scale is still affected
by the out-of-market costs of pretreatments and saccharification [9]. The pretreatment pro-
cess is considered the most expensive step in the valorization of lignocellulosic byproducts,
where it can contribute to about 30% of the total cost. In fact, even those experiences have
demonstrated that rice hulls can be more conveniently re-used as untreated material [11].
For example, promising research has been carried out on the use of rice hulls, as well as
other agricultural lignocellulosic waste, as inexpensive and efficient biosorbent for heavy
metals removal from contaminated wastewater [12]. From this perspective, rice hulls
have also been used as solid support for the production of various fermented products
and enzymes by solid-state fermentation (SSF) [13]. SSF is defined as the cultivation of
microorganisms on inert carriers or on insoluble substrates that can, in addition, be used as
carbon and energy source. The fermentation takes place in the absence or near absence of
free water, thus being close to the natural environment to which microorganisms, especially
fungi, are adapted [14].

SSF aims to bring the cultivated fungi or bacteria into tight contact with the insoluble
substrate and thus to achieve the highest substrate concentrations for fermentation [15].
This technology results, although so far only on a small scale, in several processing ad-
vantages of significant potential economic and ecological importance as compared with
submerged fermentation. SSF holds tremendous potential to produce enzymes, as amy-
lases, proteases, or extracellular lipases by fungal strains belonging to the genus Aspergillus.
Several experiences have been reported on the production of amylase and glucosidase by
Aspergillus niger from sugarcane bagasse, corn cobs and rice hulls using SSF [16], production
of amylase by Aspergillus oryzae on spent brewing grain as solid substrate in SSF [17].

In this work, rice hulls have been used as support for SSF of the amylase-producing
Aspergillus oryzae to verify the feasibility to add an amount of dried powder of A. oryzae
adherent on rice hulls, as an additive in starch-containing wastewater treatments from
pulp-and-paper mill [18]. Starch is presently the third most prevalent component by weight
in papermaking, only surpassed by cellulose fiber and mineral pigments. It is used as a
flocculant and retention aid, as a bonding agent, as a surface size, as a binder for coatings,
and as an adhesive in corrugated board, laminated grades, writing paper, and other prod-
ucts. The starch-containing effluents generated by the papermaking industry are usually
destined for the anaerobic digestion process or degraded by aerobes microorganisms in
fluidized bed bioreactors. In this context, simple and low-cost strategies for accelerating
starch digestion are desirable before both anaerobic and aerobic effluent treatments.

In a wider perspective, this application could represent a promising example of in-
dustrial symbiosis, where agri-food waste valorization can become the point of connection
between two different supply chains, in which one company’s waste is used as raw material
by another company.

2. Materials and Methods
2.1. Microorganism and Its Maintenance

Aspergillus oryzae DSM 1862 belongs to the collection of microorganisms of the Life
Sciences and Biotechnology Department of the University of Ferrara and was purchased
from the DSMZ (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig, Germany) company. It was propagated in potato dextrose
agar medium (DIFCO, Wuerzburg, Germany), containing dextrose, 20 g/L, potato extract,
4 g/L, agar, 15 g/L added with chloramphenicol (Merck, Berlin, Germany), 50 mg/L for
72 h at 30 ◦C and stored in Petri dishes at 4 ◦C [19]. Amylase (CAS: 9000-90-2) lyophilized
powder, ≥100 units/mg protein, was purchased from Merck, Berlin, Germany.

2.2. Inoculum Preparation

The liquid medium flasks (20 mL final volume) were inoculated with fungal cultures
grown on PDA plates supplemented with chloramphenicol by aseptically transferring a
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block of mycelium and spores (5 × 5 mm2 area) of the plate culture into the flasks [20].
Three different growth media were tested: PDB medium (DIFCO, Wuerzburg, Germany)
having the same composition as the PDA but without agar; malt extract medium (DIFCO,
Wuerzburg, Germany) containing malt extract, 6 g/L, maltose, 1.8 g/L, dextrose, 6 g/L, and
yeast extract, 1.2 g/L; paper mill wastewater, supplied by a local company. The cultures
were incubated at 28 ◦C, 120 rpm for up to 96 h. All tests were carried out in triplicate for
statistical significance.

2.3. Evaluation of Enzymatic Activity

From 20 mL inoculated flasks, 1 mL of the supernatant was taken immediately after
inoculum and every 24 h until 72 h of growth. (NH4)2SO4 sodium (657 mg) was added to
each sample, once solubilized, the suspension was centrifuged (5600 RCF, 10 min). The
precipitates were immediately resuspended in 10 mL of 100 mM acetate buffer containing
0.25% of starch at pH 5. Reaction samples (1 mL) were taken starting from T0 (immediately
after adding the enzyme), after 6 h, and every 24 h up to 72 h. The same enzymatic reaction
protocol was applied to 10 mL of paper mill water instead of the solution containing starch.
All tests were carried out in triplicate for statistical significance. All the collected samples
were analyzed by the DNS assay for the quantification of reducing sugars.

2.3.1. Dinitrosalicylic Acid Method (DNS)

DNS reagent was prepared by dissolving dinitrosalicylic acid (0.2 g, 0.88 mmol),
phenol (0.04 g, 0.42 mmol), sodium thiosulfate (0.01 g, 0.04 mmol) and sodium-potassium
tartrate (4.0 g, 14.2 mmol) in 10 mL of NaOH 2% (W/V). Distilled water was added to this
solution to a final volume of 20 mL.

For determination of reducing sugars, 2 mL of DNS reagent and 500 µL of distilled
water were added to 500 µL of enzymatic reaction sample. The mixture was brought to a
boil for 5 min and left to cool at RT. The absorbance was measured at 540 nm in a Shimadzu
UV-1601 spectrophotometer.

The concentration of reducing sugars produced was calculated by comparison with
the previously constructed calibration curve.

2.3.2. Solid-State Fermentation (SSF): Substrate Preparation

Fifty mililiter Erlenmeyer flasks containing 1 g of rice hulls were autoclaved (121 ◦C
for 20 min). After cooling, the moisture content of rice hulls was brought up to 60% by the
addition of 0.6 mL of a sterile water solution of KH2PO4 2 g/L, NaCl 1 g/L, MgSO4, and
7H2O 1 g/L.

2.3.3. Solid-State Fermentation (SSF): Inoculum Preparation

Two different types of inocula were used: the first consisted of 1 mL of spore suspen-
sion (S) obtained by spraying 10 mL of sterile 0.1% Tween-80 solution on 7-day-old PDA
Petri dishes containing A. oryzae. One milliliter of spore suspension was used to inoculate
50 mL Erlenmeyer flasks containing 1 g of rice hulls. The number of spores was quantified
by carrying out serial dilutions and seeding 0.1 mL of each one on the PDA plate. Petri
dishes were incubated for 4 days at 28 ◦C and then counted to establish the starting load.

The second type of inoculum consists of the supernatant of submerged liquid fermen-
tation (SLF) and was obtained as follows: 6-day-old Petri dishes grown in PDA medium
supplemented with chloramphenicol were used to inoculate a 50 mL Erlenmeyer flask
containing 20 mL of PDB medium. After 4 days of growth, 1 mL of the medium was
directly added to the rice hulls. The count of starting colonies was made following the
same protocol used for spore suspension.

2.3.4. Solid-State Fermentation (SSF): Fermentation Conditions

For both inocula, the cultures were grown for 3, 5, 7, and 10 days. After fermentation,
each SSF was resuspended in 10 mL of previously sterilized physiological solution and left
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to stir at 100 rpm, RT for 2 h. One milliliter of suspension was then withdrawn, and the final
microbial load (expressed in CFU/mL) was quantified by carrying out serial dilutions and
seeding 0.1 mL of each one on PDA plates. Petri dishes were incubated for 4 days at 28 ◦C
and then counted to establish the final microbial load. For the fermentation that provided
the best microbial load, a subsequent drying step was carried out bringing the temperature
to 45 ◦C for 48 h. All tests were carried out in triplicate for statistical significance. The
relative standard deviation value for statistical analysis was also reported.

2.3.5. Solid-State Fermentation (SSF): Enzymatic Reaction on Paper Mill Water

After 6 days of Aspergillus oryzae growth of Petri dishes in PDA medium, a block of
mycelium and spores (5 × 5 mm2 area) of the plate culture with the fungus was used to
inoculate a 50 mL Erlenmeyer flask containing 20 mL of PDB medium. The cultures were
incubated at 28 ◦C, 120 rpm for up to 96 h. One milliliter of the supernatant was used to
inoculate 50 mL Erlenmeyer flasks containing 1 g of sterile rice hulls added with 3 mL of
a sterile water solution of KH2PO4 2 g/L, NaCl 1 g/L, and MgSO4 × 7 H2O 1 g/L. The
SSF was maintained in static conditions, at 28 ◦C for 10 days, and was then inoculated
in 100 mL of paper mill water and kept under stirring at 100 rpm, 28 ◦C for 5 days. One
milliliter of the supernatant was withdrawn and 657 mg of (NH4)2SO4 sodium was added.
Once solubilized, the suspension was centrifuged (5600 RCF, 10 min). The precipitates
were immediately resuspended in 10 mL of paper mill water. In the case of the addition of
amylase, 100 U was added to the reaction. Reaction samples were taken starting from T0,
every 24 h up to 72 h. All tests were carried out in triplicate for statistical significance. The
relative standard deviation value for statistical analysis was also reported. All the collected
samples were analyzed by the DNS assay for the quantification of reducing sugars.

3. Results and Discussion

Aspergillus oryzae was selected as α-amylase-producer fungal strain for bioremediation
pretreatment of starch from the paper mill wastewater. The wastewater used was derived
from several processes of the pulp and paper industry. Thus, its characteristics depend on
the type of process, type of wood materials, process technology involved, management
practices, internal recirculation of the effluent for recovery, and the amount of water to
be used in the specific process [21]. Mandal et al. reported the pH, TS, SS, BOD5, COD,
and color characteristics of wastewater at various pulp and paper processes [22]. In
this work, we aimed to exploit the amylase activity of A. oryzae for the pretreatment of
starch-containing wastewater. The pretreatment of the wastewater (in this case proposed
through a biotechnological process) is necessary as a preliminary step that precedes the
generally employed “fluidized bed reactors” bioremediation [23,24]. In particular, the
purpose of this work was to evaluate the feasibility of using Aspergillus oryzae to eliminate
starch from paper mill wastewater, proposing a bioremediation approach as pre-treatment
(elimination of starch) of the wastewater given its subsequent further remediation steps.
In the experimental design, the stringent operational needs—typical of the industry—
were considered. To this end, attention was given to the amylase effect of the fungus in
the wastewater, more than on the characteristics of the wastewater itself, or the fungal
growth (which is, from an industrial point of view, assumed because of the observations
of amylase activity). As mentioned, the composition of the wastewater undergoes great
fluctuations in its composition due to various variables related to the paper processing
processes. Our study, therefore, focused on the evaluation of the capacity of Aspergillus in
the elimination of starch present in the wastewater. To do this, we decided to embrace the
principles of the circular economy, using a production waste such as the rice hull, which,
in this context, represented a raw material having a solid support role for the growth of
Aspergillus, allowing us to obtain biomass through solid-state fermentation processes (SSF).
Figure 1 reports the experimental strategy for the study of the pretreatment bioremediation
feasibility by A. oryzae.
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Firstly, the amylase activity of A. oryzae was tested with a submerged liquid fermenta-
tion technology (SmF). The preliminary steps of Aspergillus growth in submerged culture
allowed us to test the effect that starch could have on the growth of the fungus and, con-
sequently, on the production of amylase, as evidence of the observed hydrolysis of the
starch supplied as a standard substrate. In a controlled context such as that of SmF, we
were able to study the effects of the presence or absence of starch. Furthermore, we tested
the system starting from a growth medium represented by the paper mill wastewater itself.
The observations obtained justified the subsequent experiments allowing us to develop the
SSF process. Therefore, solid-state fermentation (SSF) tests were conducted changing the
inoculum type. In this experimental design, the dried inoculated rice hull will act as an
additive for the bioremediation of starch in paper mill wastewater.

3.1. Preliminary Experiments: Amylase Activity Assays

The amylase activity of A. oryzae was preliminarily tested in SmF. DNS assays were
performed for the quantification of reducing sugars. The indirect estimation of the amylase
activity of A. oryzae, growth on malt medium, paper mill wastewater, and PDB, was tested
on standard starch and paper mill wastewater (with and without STD starch).

The first test aimed to assess the ability of A. oryzae of growing independently by the
presence or absence of starch in the media, testing the flexibility of this microorganism
for bioremediation purposes. Therefore, two standard-medium (malt medium and potato
dextrose broth—PDB), as well as the paper mill wastewater, were tested for the Aspergillus
growth. The exoenzymes were purified and the amylase activity was tested on known
quantities of standard starch. The results are shown in Figure 2.
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Figure 2. Effect of starch presence (paper mill wastewater and PDB) or absence (malt medium) on
the concentration of reducing sugars. Assay of the reducing sugars after the hydrolysis of standard
starch conducted with the purified enzymes from A. oryzae grown on PMW, PDB, and malt medium.

In our experimental design, we decided to exploit the parameter concerning the
presence of reducing sugars, resulting from the hydrolytic activity of Aspergillus against
starch. This parameter directed our experimental choices, allowing us to deduce the growth
or not of A. oryzae as a function of the metabolic activity we found (specifically, its amylase
activity). The industrial needs, which have guided our work, focused our attention on
the feasibility of starch bioremediation by Aspergillus, justifying amylase activity as a key
feature of the study of the process. As reported in Figure 2, the growth of A. oryzae seems
to be not directly dependent on the presence of starch in the growth medium. Indeed,
the quantity of reducing sugars, derived by the amylase activity of A. oryzae growth in
presence of starch, or in its absence (malt medium), are comparable. However, in paper
mill wastewater, the concentration of reducing sugars is higher in less time. In this context,
probably, the presence of starch and additives in the paper mill wastewater could enhance
the metabolic pathways of the expression of amylase. Moreover, essential for this work,
the growth of Aspergillus is not hindered by a complex growth medium such as the paper
mill wastewater.

Once the ability of the fungus to grow on paper mill wastewater was tested, as well as
its production of amylase in this medium, the hydrolytic capacity of the enzymes produced
by the fungus was evaluated, not on starch standards, but against the starches present in
the paper mill itself. The results are shown in Figure 3.
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Figure 3. Reducing sugars from the amylase activity of A. oryzae in paper mill wastewater.

As reported in Figure 3, A. oryzae has proven capable of biodegrading the starches
present in the paper mill wastewater. In just 6 h, the amount of reducing sugars found in
the medium amounted to 1.6 g/L.

3.2. Solid-State Fermentation (SSF)

The physiological and genetic properties of the microorganisms could make SSF
advantageous against SmF biotechnology [13]. Thus, we tested the SSF of A. oryzae starting
with the choice of the right inoculum strategy. Furthermore, the SSF is the best strategy of
bioremediation from an industrial point of view.
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The solid rice hull was inoculated with the supernatant of A. oryzae growth in SmF
(paper mill wastewater) compared to the inoculum of physiological solution in contact with
the fungus growth on Petri dishes. To assay the effectiveness of the respective inocula, both
suspensions, derived from SmF and Petri dishes, were collected for the CFU quantification.
The CFU/mL were, respectively, 3 × 106 and 3 × 104.

The two inocula were used in the SSF of the A. oryzae rice hull. Several incubation
times, 3 to 10 days, were tested. The results concerning the CFU/g of rice hull are shown
in Table 1.

Table 1. CFU/g of rice hull for several incubation times. Inoculum strategies tested: SmF and Petri
dishes. The results are shown as average, and the standard deviation is shown.

Days
CFU/g rice hull

SmF Petri Dishes

3 8 × 105 ± 0.03 3 × 104 ± 0.04
5 3 × 106 ± 0.05 5 × 104 ± 0.05
7 4 × 107 ± 0.04 5 × 105 ± 0.03
10 4 × 108 ± 0.03 5 × 106 ± 0.02

As reported in Table 1, the most interesting inoculation method, at 10 days, is the
inoculation from SmF. Although the SmF inoculum has fewer initial CFUs, it proved to
be the best on analysis after 10 days. This is due to the presence of active fungi in the
SmF inoculum, rather than the Petri dish inoculum. In fact, in the latter, only spores
of the fungus are present, which typically need more time for the regeneration of the
metabolically active fungus [25]. Furthermore, this is an advantage from the industrial
point of view, where the management of a liquid inoculum does not determine obstacles in
process development.

In the industrial management of the solid-state fermented product for bioremediation
purposes, its use in dry form is interesting. Although the normal moisture content of the
SSF is 80%, for the storage and use of Aspergillus on rice hulls in an industrial context
the dry form is the most advantageous in terms of process management. Therefore, we
tested the capacity of Aspergillus oryzae of producing amylase in paper mill wastewater
also after a drying step. The test involved the quantification of reducing sugars as evidence
of the amylase activity. In 6 h, 1.3 ± 0.2 g/L of reducing sugars were found as proof of
maintained amylase activity.

Finally, the SSF was tested in paper mill wastewater. The reducing sugars concentra-
tion was assessed after 72 h of treatment. The results are shown in Figure 4.

Fermentation 2021, 7, x FOR PEER REVIEW 8 of 9 
 

 

also after a drying step. The test involved the quantification of reducing sugars as evi-
dence of the amylase activity. In 6 h, 1.3 ± 0.2 g/L of reducing sugars were found as proof 
of maintained amylase activity. 

Finally, the SSF was tested in paper mill wastewater. The reducing sugars concentra-
tion was assessed after 72 h of treatment. The results are shown in Figure 4. 

 
Figure 4. Effect of A. oryzae on the starch bioremediation of paper mill wastewater (72 h of incuba-
tion). C–, untreated PMW; C+, PMW treated with amylase STD. 

In the results shown in Figure 4, the negative control refers to untreated paper mill 
wastewater. As expected, no reducing sugars were found. Indeed, in this context, the ab-
sence of A. oryzae and the following lack of amylase in the PMW suggest that no reducing 
sugars were found (except for those naturally present in the paper mill wastewater). On 
the contrary, reducing sugars were found when commercial amylase was added to the 
wastewater (as reported with positive control). This testifies that, in the PMW, starch is 
present and can be a substrate of the commercial amylase provided, validating the exper-
imental design. If A. oryzae is supplied to the wastewater, it produces amylase which al-
lows it to use the reducing sugars obtained from the hydrolysis of starch as a carbon 
source for its cellular metabolism. To evaluate this observation, the last column refers to 
the treatment of paper mill wastewater with Aspergillus and commercial amylase. The ab-
sence of reducing sugars supports that these are exploited by Aspergillus as metabolic sub-
strates. 

4. Conclusions 
Aspergillus oryzae is a fungal strain widely exploited as an amylase producer. In this 

work, we aimed to study and test this fungus for the bioremediation of starch in industrial 
paper mill wastewater. For this purpose, submerged fermentation technologies (SmF) and 
solid-state fermentation (SSF) were studied. A. oryzae was found to grow on non-conven-
tional media such as the paper mill wastewater. The SSF of A. oryzae was performed on 
rice hulls. In the bioremediation (as pretreatment) of paper mill wastewater, to remove 
starch, the fungus maintains its amylase activity and uses reducing sugars as metabolic 
substrates. This study opens new perspectives for the bioremediation of industrial efflu-
ents such as pulp-and-paper mill wastewater using A. oryzae. 

Author Contributions: Conceptualization, S.C. and E.T.; methodology, S.C.; validation, S.C., E.T. 
and R.B.; investigation, S.C, F.Z. and D.S.; writing—original draft preparation, F.Z. and E.T.; writ-
ing—review and editing, F.Z. and E.T. All authors have read and agreed to the published version 
of the manuscript. 

Funding: This research article was funded by FLAG 2019. 

Institutional Review Board Statement: Not applicable. 

C– C+

A. o
ryz

ae

A. o
ryz

ae
 + Amyla

se
0

1

2

3

Re
du

ci
ng

 S
ug

ar
s 

(g
/L

)

Figure 4. Effect of A. oryzae on the starch bioremediation of paper mill wastewater (72 h of incubation).
C–, untreated PMW; C+, PMW treated with amylase STD.
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In the results shown in Figure 4, the negative control refers to untreated paper mill
wastewater. As expected, no reducing sugars were found. Indeed, in this context, the
absence of A. oryzae and the following lack of amylase in the PMW suggest that no reducing
sugars were found (except for those naturally present in the paper mill wastewater). On
the contrary, reducing sugars were found when commercial amylase was added to the
wastewater (as reported with positive control). This testifies that, in the PMW, starch
is present and can be a substrate of the commercial amylase provided, validating the
experimental design. If A. oryzae is supplied to the wastewater, it produces amylase which
allows it to use the reducing sugars obtained from the hydrolysis of starch as a carbon
source for its cellular metabolism. To evaluate this observation, the last column refers to the
treatment of paper mill wastewater with Aspergillus and commercial amylase. The absence
of reducing sugars supports that these are exploited by Aspergillus as metabolic substrates.

4. Conclusions

Aspergillus oryzae is a fungal strain widely exploited as an amylase producer. In this
work, we aimed to study and test this fungus for the bioremediation of starch in industrial
paper mill wastewater. For this purpose, submerged fermentation technologies (SmF)
and solid-state fermentation (SSF) were studied. A. oryzae was found to grow on non-
conventional media such as the paper mill wastewater. The SSF of A. oryzae was performed
on rice hulls. In the bioremediation (as pretreatment) of paper mill wastewater, to remove
starch, the fungus maintains its amylase activity and uses reducing sugars as metabolic
substrates. This study opens new perspectives for the bioremediation of industrial effluents
such as pulp-and-paper mill wastewater using A. oryzae.
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