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Lukas Jasiūnas, Thomas Helmer Pedersen and Lasse Aistrup Rosendahl

Biocrude Production via Non-Catalytic Supercritical Hydrothermal Liquefaction of Fucus

vesiculosus Seaweed Processing Residues
Reprinted from: Recycling 2021, 6, 45, doi:10.3390/recycling6030045 . . . . . . . . . . . . . . . . . 47

Simone Di Piazza, Mirko Benvenuti, Gianluca Damonte, Grazia Cecchi, Mauro Giorgio

Mariotti and Mirca Zotti

Fungi and Circular Economy: Pleurotus ostreatus Grown on a Substrate with Agricultural Waste
of Lavender, and Its Promising Biochemical Profile
Reprinted from: Recycling 2021, 6, 40, doi:10.3390/recycling6020040 . . . . . . . . . . . . . . . . . 65

Mateus Manabu Abe, Marcia Cristina Branciforti and Michel Brienzo

Biodegradation of Hemicellulose-Cellulose-Starch-Based Bioplastics and Microbial Polyesters
Reprinted from: Recycling 2021, 6, 22, doi:10.3390/recycling6010022 . . . . . . . . . . . . . . . . . 77

Carlos Sánchez-Alvarracı́n, Jessica Criollo-Bravo, Daniela Albuja-Arias, Fernando
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Abstract: The use of residual biomass of forest and/or agricultural origin is an increasingly common
issue regarding the incorporation of materials that, until recently, were out of the typical raw material
supply chains for the production of biomass pellets, mainly due to the quality constraints that
some of these materials present. The need to control the quality of biomass-derived fuels led to the
development of standards, such as ENplus®, to define the permitted limits for a set of parameters,
such as the ash or alkali metal content. In the present study, samples of vine pruning, and ENplus®-
certified pellets were collected and characterized, and the results obtained were compared with
the limits presented in the standard. The values presented from vine pruning approximated the values
presented by Pinus pinaster wood, the main raw material used in the production of certified pellets in
Portugal, except for the values of ash, copper (Cu), and nitrogen (N) contents, with vine pruning
being out of the qualifying limits for certification. However, it was found that the incorporation of
up to 10% of biomass from vine pruning allowed the fulfillment of the requirements presented in
the ENplus® standard, indicating a path for the implementation of circular economy processes in
the wine industry.

Keywords: energy recovery of agricultural waste; biomass pellets; circular economy; ENplus®

1. Introduction

The use of biomass as a primary source of energy is currently an established reality,
with a developed and regulated market in which products are evaluated according to
quality criteria and compliance with parameters defined by regulatory processes such
as certification standards [1,2]. The increasingly frequent use of solid biomass-derived
fuels, as is the case with biomass pellets, has led to the development of standards regulating
the physical–chemical parameters of the final product [3,4]. The development of
the demand, supported by a regulatory instrument, conditioned the use of raw materials
presenting parameters, mainly of chemical nature, out of normative requirements [5–7].

Initially, different standards appeared in different countries to regulate the criteria
based on the regional availability of available raw materials, making it possible, when
compared with each other, for the values required for the parameters to differ [8,9].
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The methodologies used to perform the laboratory tests were also not uniform in the
different standards, making it difficult to directly compare the results obtained for the same
product, although certified by different standards [10]. For this reason, the standardization
of criteria in a single standard, allowing direct comparison of products that started to have
an increasingly wider global dispersion, became a necessity [11].

However, the need for this standard to present ranges of results for the different
parameters, which are sufficiently extended to be used in densified materials produced with
a diverse range of raw materials in different geographical locations, has already become
evident. There is a high diversity of forest species that can be used in the production
process and, although often related, they show variance in their chemical composition and
physical structure [12,13]. For example, although they belong to the same genus Pinus,
the species Pinus radiata, originally from the American continent, differs significantly from
the species Pinus pinaster, common on the European Atlantic coasts from Portugal to
England, and thus the biomass pellets produced also present significant differences from a
chemical and combustibility point of view [14,15].

In this way, the standardization of the qualitative characterization criteria of biomass
pellets through a single standard was a decisive step toward the stabilization of the prod-
uct, since it led to homogenization of the production processes and the selection of a set
of raw materials that fit the criteria defined by the new standard, ENplus® [16]. How-
ever, this regulation also came to limit the use of raw materials of waste origin reduced
the quality of the final product and its market value, since producers opt mostly for
products with a higher market value and commercial margins more interesting from a
business perspective [17,18].

The use of residues from operations of forest management operations, as well as those
resulting from agroindustrial operations, may result in the introduction of a significant
volume of low-cost raw materials, provided they are properly characterized and stud-
ied so that this introduction takes place in a proportion that does not interfere with the
product quality criteria defined by the norms that regulate the sector, as is the case with
the ENplus® standard [19].

An example of this type of agroforestry waste is the material resulting from the
pruning of vineyards, which is traditionally used as firewood in traditional domestic
fireplaces and in bakery ovens all over the Mediterranean [20–22]. Currently, with the
advent of the industrialization of processes and the exponential growth of the wine industry,
the quantities of residual biomass resulting from such pruning reaches significant volumes.
Thus, the incorporation of this residual biomass in industrial pellet production processes
can be an opportunity, both from the perspective of reducing raw material costs, as well as
from the environmental perspective of reducing the volume of waste, which is otherwise
often eliminated by burning the remaining materials [23]. Although the available quantities
are not known for certain, it is easy to infer the high potential that these waste products
present, mainly due to the volume that can be produced annually. In Portugal, currently,
there are about 200,000 hectares of vineyards, which can contribute in a very significant
way to the supply of biomass residues to be recovered.

The objective of the present work is to characterize the residual material resulting
from the pruning of vineyards in all aspects explained in the ENplus® standard, to make a
comparison with the values presented by the pellets with ENplus® certification in such
a way as to understand the existing differences, and then to determine the feasibility of
incorporating vine pruning in the production of biomass pellets with ENplus® certification,
as the only raw material, or partially, depending on the different types of pellets that
the standard presents.
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2. Materials and Methods

2.1. Sample Acquisition and Preparation

2.1.1. Sampling

For the characterization analysis of the pellets, two bags of biomass pellets were
purchased in a large commercial area. The 15 kg bags were produced in Portugal and had
the identification of being produced using exclusively Pinus pinaster wood. The bags were
labeled as being pellets with ENplus® certification, which was confirmed on the website
of the entity responsible for certification and available at: https://enplus-pellets.eu/pt/
certificacoes-pt-pt/produtor-pt-pt.html (10 January 2021).

The two bags were mixed, and the quantities of material necessary for the charac-
terization tests were subsequently removed. After collection, the pellets were ground
to simulate the raw material used in their production. The biomass of vine pruning
was collected during December 2020 in vineyards located in the Ponte de Lima region.
The material was subsequently cut into portions with dimensions close to those of the
pellets (Figure 1 to facilitate drying and grinding).

Figure 1. Samples collected for the characterization tests. (a) Pellets with ENplus® A1 certification; (b) vine pruning already
cut to a size close to that of the pellets.

2.1.2. Preparation of Ash for Fusibility Tests

The preparation of samples for the ash fuse tests required a procedure necessary to
ensure the production of a sufficient quantity to carry out the tests with replication to
ensure statistical representation and treatment. In the present study, we decided to perform
all tests in triplicate, to determine an average value used as a comparison with the values
from the ENplus® standard, as well as providing the standard deviation of the sample.

The materials collected from vine pruning and from Pinus pinaster wood were first
reduced and homogenized to a maximum nominal size of 1 mm, placed inside a crucible
and taken to a muffle, where they were subjected to a combustion program appropriate to
the requirements of the standard in question. In this case, according to the requirements of
the ENplus® standard, the program used a heating ramp up to 250 ◦C over 40 min, and
remained at that temperature for 1 h. Then, it reached 815 ◦C in a period of 1 h, where
it remained for 2 h, followed by a cooling period for the samples to be removed from
the interior of the muffle.

2.1.3. Sample Preparation for Inductively Coupled Plasma–Optical Emission Spectroscopy
(ICP-OES) and Chlorine Determination

The procedure for preparing samples for ICP-OES, both ashes and precombustion
material, and for determining the chlorine content, involved the digestion of the materials

3
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in two stages. For this purpose, the samples were reduced and homogenized to a maxi-
mum nominal size of 2 mm and subsequently mixed with reagents for the digestion of
the materials. In the present study, a CEM Mars One microwaves digestion system was
used. When the selected program ended, the cooling step to <100 ◦C began. After this step,
we removed the sample holder carousel from the microwave and waited another 15 min
before opening the containers and taking the samples. After cooling the samples, a volume
of 4% H3BO3 was added to carry out the second phase of the digestion. In the second
phase of digestion, the procedure began with placing the samples to be analyzed and
the standard sample in a microwave where they were subjected to heating to a temperature
of 150 ◦C in 5 min, maintained at this temperature for a period of 15 min, then cooled for
15 min. For methods A and B, each sample was transferred to a 50 mL volumetric flask
through a paper filter (taking care to wash the container and lid walls with a 1% HNO3
solution, as well as the filter paper itself), and making the balloons up to 50 mL before
being homogenized. Subsequently, the contents of the flasks were transferred to 60 mL
flasks for use in the ICP-OES. In method C, each sample was transferred to a 150 mL beaker,
taking care to wash the walls of the container and lid with purified water. Then the digest
was diluted to 100 mL, and the beaker was placed in a chloride titrator autosampler where
the chlorine content was determined.

2.2. Heating Value

The calorific value indicates the amount of energy released during the combustion
of a given amount of biomass. The calorific value of the biomass was determined using
a calorimeter. This determination was made at a reference temperature of 30 ◦C and
consisted of combustion of the biomass resulting in liquid water and carbon dioxide as
products. The calculated value is defined as a higher calorific value, which includes
the energy related to water vaporization (enthalpy of water vaporization; it only making
sense to use these values if, during the process, the water vapor is then condensed). In
processes in which the water vapor is eliminated, and its calorific value is not used, a lower
heating value is used, calculated from the higher heating value and removing the value
related to vaporization, i.e., the energy needed to vaporize the water is not considered as
heat. A calorimeter is always composed of a combustion chamber where the sample is
combusted. To ignite the sample, an electrical impulse is produced between two electrodes.
For access to the interior of the combustion chamber, there is a cover which guarantees
the tightness of the entire calorimeter. Surrounding the combustion chamber is a thermo-
static bath that guarantees homogenization and temperature control through an agitator
and a thermometer. The heat exchanges between the thermostated bath and the environ-
ment are controlled using a thermal shield. The procedure for determining the calorific
value consists of recording temperature changes during the combustion process of a sub-
stance. The calorific capacity of a calorimeter indicates the amount of energy required to
register a change in a temperature unit. During the combustion of a biomass sample with
oxygen at high pressure, the nitrogen present in the atmosphere inside the combustion
chamber is oxidized, producing nitrous oxide (NO2), which will, in turn, be combined
with water vapor, producing nitric acid (HNO3). The heat derived from the formation of
HNO3 does not come from the sample and must be discounted in determining the calorific
value. Thus, it is necessary to collect the washing water from the combustion chamber
and holder with NaOH 0.1 M to correct the calorific value determined in the combustion.
In combustion in an atmosphere rich in oxygen, the sulfur present in the atmosphere is
oxidized to SO3, which, in turn, is combined with water vapor resulting in sulfuric acid
(H2SO4). In the combustion process, the sulfur should be completely transformed into SO2,
and thus it is necessary to correct the heat derived from the formation of H2SO4. For this, it
is necessary to know the sulfur content present in the sample. For the determination of the
calorific value, the samples should ideally be reduced to a maximum nominal size of 2 mm,
and the same sample should be used to calculate the moisture content, the C, H, N, ash, S
and Cl contents.
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2.3. Elementary Analysis (CHNO)

The content of carbon, hydrogen and nitrogen are important factors in assessing the
quality of biomass. Through the carbon content, information can be obtained regarding
the amount of CO2 emission during combustion. The nitrogen content can be used to
obtain information regarding NOx emission. The elemental composition of the samples
was analyzed, using an elemental analyzer LECO CHN, in accordance with standard EN
15,104:2011, Solid Biofuels—Determination of the Total Content of Carbon, Hydrogen and
Nitrogen—Instrumental Methods. The oxygen content was, thereafter, estimated using
weight difference according to Equation (1):

w(O) = 100 − w(C)− w(H)− w(N)− w(S), (1)

where w(O) is the oxygen content (%), w(C) is the carbon content (%), w(H) is the hydrogen
content (%), w(N) is the nitrogen content (%), and w(S) is the sulfur content (%).

2.4. Thermogravimetric Analysis (TGA)

Moisture content is a necessary characteristic for calculation of the various charac-
teristics on a dry basis. The volatile content corresponds to the loss of mass (eliminating
the contribution of the loss of mass of moisture) that occurs when biomass, in an inert
atmosphere, is heated to a given temperature. The ash content of biomass corresponds
to the content of noncombustible (inorganic) content. The quality of the ash depends on
the biomass itself, and also on the biomass collection and pretreatment processes. The ash
content values vary widely depending on the type of biomass. One of the reasons for using
biomass materials with low ash contents is that they have higher calorific values, since
there is less noncombustible material. Therefore, for the same biomass, a lower ash content
corresponds to a greater calorific value. Another great reason for wanting a low ash content
is the treatment and elimination of ash formed in energy conversion processes, such as
combustion or pyrolysis. Ash can cause problems, such as slagging or fouling in furnaces,
in which deposits of noncombustible inorganic material accumulate. In this way, the ash
formed in these processes affects the costs of running and maintaining a factory, as ash is
difficult to remove and can obstruct mechanical equipment. Fixed carbon is the portion of
a biomass that is consumed in thermal processes, such as combustion. In this way, fixed
carbon is a good indicator of the calorific value of biomass. Thermogravimetric analysis
(TGA) is a method of thermal analysis in which the physical and chemical properties are
determined as a function of temperature or as a function of time. In the present study,
an Eltra ThermoStep equipment (Haan, Germany) was used, in which the samples were
reduced and homogenized to a maximum nominal size of 1 mm.

2.5. Chemical Analysis by ICP-OES

The analysis of the major elements of the ash of biomass allows for comparison of
the formation of ash in the process of thermal conversion according to the metal content.
Most of the ash formed in biomass combustion processes is primarily made up of a mix-
ture of oxides of Ca, Si, Mg, and Al. The relationship between these oxides is important
because it influences the characteristics of the ash, such as the melting temperature and
viscosity. The formation of CaO in combustion processes leads to an increase in the ash
melting temperature, which implies a higher ash formation at the same temperature. In
some cases, the formation of CaCO3 can occur, which is responsible for the accumulation
of material (fouling). SiO2 is the main component involved in ash formation (slagging).
Aluminum (Al) is not used in biological processes by the plant; therefore, its presence in
high ash levels may indicate contamination of the biomass with soil. Magnesium (Mg) is
a component of chlorophyll, which is present in the green parts of plants. The formation
of MgO during the combustion of biomass has the same effect as CaO, i.e., increasing the
melting temperature of ash. High concentrations of iron (Fe) indicate that the sample may
have been contaminated with dirt. In coal combustion processes, iron causes slagging (ash

5
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formation at the base of the furnace). The presence of potassium (K) is usually common
in fast-growing plants and its concentration depends on the seasonality of plant growth.
In combustion processes, potassium remains volatile, and is an element that contributes
to the emission of particles into the environment. Being a volatile element, this is one of
the components that causes the formation of fouling (the clogging of pipes). When present
in large concentrations, the melting temperature of the ash decreases, increasing the forma-
tion of slagging. The presence of sodium (Na) can occur naturally in plants originating from
places by the sea. In large concentrations, it may indicate the presence of contamination.
The effects of the presence of sodium are analogous to the presence of potassium: fouling,
slagging and particle emissions. Sulfur (S) is an element causing air pollution through
the formation of SO2. In addition, vaporized sulfur can lead to the formation of K2SO4
particulate emissions. The presence of sulfur decreases the melting temperature of ash and
increases the effects of fouling and slagging. The presence of chlorine (Cl) influences the
emissions of HCl and KCl particles, which are corrosive substances. Chlorine decreases
the melting temperature of the ash by increasing the formation of fouling, as it is a volatile
element not found in large quantities at the bottom of the furnaces (slagging). Toxic metals,
such as Cd, Pb, Zn, and Cr, are monitored due to their higher concentration in ash. Cd, Pb
and Zn are partially volatile and participate in the emission of particles. Ti and Mn are ele-
ments typically found in very low concentrations. Their presence in higher concentrations
may indicate contamination. For example, titanium (Ti) is a common element in paints and
may indicate a mixture of biomass with wood waste with paint remnants. To determine
the metal content in trace concentrations, ICP-OES (Inductively Coupled Plasma–Optical
Emission Spectroscopy) was used, also called ICP-AES (Inductively Coupled Plasma–
Atomic Emission Spectroscopy). ICP produces a high potential difference spark to trans-
form argon gas into plasma. This potential difference produces ionized particles (electrons
and ions) that are then accelerated by an applied magnetic field, which causes collisions
with the neutral argon particles. These collisions cause a greater degree of ionization-
producing plasma. The plasma state is maintained by the continuous collisions induced
by the applied magnetic field and can reach temperatures of 10,000 ◦C. The sample is
nebulized to the plasma and its components are immediately ionized. As the elements
return to the ground state, electromagnetic radiation is released at specific wave lengths for
each element. The wavelength of the electromagnetic radiation released and its intensity
are detected by the OES analyzer, which allows for determination of the concentration of
an element in a sample by comparison with standards of strictly known concentrations.
For each sequence of analysis in an ICP, it is necessary to perform a standard calibration
with the elements to be detected. Different dilutions of standards are required depending
on the method of analysis to be performed and are listed in Table 1.

The above standards were prepared in 50 mL flasks, according to the following scheme
shown in Figure 2.

Subsequently, the 50 mL vials were placed in the ICP-OES autosampler, in ascending
order of concentration, depending on the method to be used, and depending on the type of
material to be analyzed. When the concentration of a given element was found to be greater
than the measurement range, the sample was reanalyzed by performing a 1:2 dilution
(5 mL of the sample + 5 mL HNO3 at 1%), taking care to carry out the same dilution for the
digestion blank. For every 10 test tubes, two standards were placed to adjust the values
acquired after the analysis (one standard with low concentration and another standard
with high concentration).
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Table 1. Patterns used to the different sets of elements to be determined using ICP-OES.

Elements to Analyze
Patterns and Respective Dilutions Used in

Each Sequence

Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na,
Ni, Pb, Zn, Hg

- White pattern (1% HNO3)
- Multielements pattern 0.1 ppm
- Multielements pattern 1 ppm
- Multielements pattern 10 ppm
- Multielements pattern 60 ppm
- Multielements pattern 100 ppm

As, S, P, Ti, Si

- White pattern (1% HNO3)
- Pattern As, S, P, Ti 0.01 ppm
- Pattern As, S, P, Ti 0.1 ppm
- Pattern As, S, P, Ti 1 ppm
- Pattern As, S, P, Ti 10 ppm
- Pattern As, S, P, Ti 100 ppm
- Pattern Si 0.6 ppm
- Pattern Si 12 ppm
- Pattern Si 80 ppm
- Pattern Si 160 ppm

S

- White pattern (1% HNO3)
- Pattern S 0.01 ppm
- Pattern S 0.1 ppm
- Pattern S 1 ppm
- Pattern S 10 ppm

Figure 2. Preparation sequence of the solutions for determining the different elements using ICP-OES. (a) Multielements;
(b) As, S, P, and Ti; (c) Si; and (d) S.
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2.6. Fusibility of the Ashes

The ashes fusibility test can be used for the prediction of the formation of slagging
and fouling in thermal conversion processes. These data must be related to the ash content
(determined using the TGA) and the content of the different ash components (determined
by ICP/OES). The fusibility test can be carried out with an oxidizing atmosphere (air) or
reducing atmosphere (60% CO + 40% CO2). The choice of atmosphere must be related to
the combustion conditions of the boiler or burner. If the boiler operates in atmospheres rich
in fuel (with an oxygen deficit), the atmosphere will be mostly reducing with incomplete
combustion and CO formation. As a general rule, reducing atmospheres cause ash to melt
at lower temperatures, thus, causing greater slagging and fouling problems. Therefore,
the fuse test must reflect these characteristics and adapt to the customer’s combustion pro-
cess. During the fusibility test, the ash melting behavior was monitored and
the following characteristic temperatures were determined.

• Initial temperature: temperature at which the test starts was up to 550 ◦C.
• Shrinkage temperature: shrinkage to 95% of the area recorded at 550 ◦C.
• Deformation temperature: temperature at which the first rounding of the vertices of

the cylinders occurred.
• Hemisphere temperature: temperature at which the height of the cylinder was equal

to half the width (h = L/2).
• Fluidity temperature: temperature at which the height was equal to half the height

recorded at the hemisphere temperature (h = h (Them)/2).

In the present study, the samples were converted to ashes according to the procedure
described in Section 2.1.2. Subsequently, the ashes were placed in a plastic dish, where
two drops of ethyl alcohol were added and, using a spatula, they were homogenized
until a uniform paste was obtained. Then, this paste was transferred to the mold where
the cylinder was compacted. After being removed from the mold, the cylinders were
placed on the zirconia lamella. The samples were then placed inside the chamber of
the ash fusibility furnace, which, in this specific case, was a SYLAB IF 2000-G device.

2.7. Determination of Chlorine Content

The determination of chloride content was conducted through a potentiometric titra-
tion, where an Ag–AgCl electrode (silver–silver chloride) with an internal KCl electrolyte
(potassium chloride) was used. The electrode consisted of a filament of Ag (s) coated
with AgCl (s). This filament was, in turn, in contact with an aqueous solution of KCl. A
potentiometric titration consists of measuring a signal (potential difference) as titrant is
added. The equivalence point is calculated by plotting the first derivative and identifying
the volume that corresponds to the maximum of the first derivative. In the potentiometric
titration of chlorides, an AgNO3 solution of known concentration is used as the titrant.
The oxidation-reduction reaction that occurs in this titration is presented in Equation (1):

Cl−(aq.) + AgNO3(aq.) → AgCl(s) + NO−
3 (aq.). (2)

With the equivalence volume and the concentration value of the AgNO3 solution, it is
possible to calculate the concentration of chlorides (Cl−) using a SI Analytics automatic titrator.

2.8. Fouling and Slagging Rates for Ash in Industrial Furnaces

Measurements of ash fuse temperatures aim to identify the behavior of the different
types of compounds that make up the ash that forms during combustion processes, espe-
cially in an industrial environment given the quantities of materials that may be involved in
the processes and the size of the equipment used. The damage caused by the occurrence of
certain types of compounds, for example the elements belonging to the group of alkali met-
als, or chlorine, can cause considerable losses, since the natural corrosion and incrustation
processes, related to the chemistry of combustion processes, can be exponentially enhanced
and accelerated forcing technical stops for maintenance and repair of equipment. These

8
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phenomena of corrosion and scale that occur inside the combustion equipment, mainly
in the furnace areas due to interaction with the bottom ash, but also in the areas where
the heat exchange occurs due to the presence of fly ash and gases containing chlorine or
sulfur, have been studied with regard the combustion processes for producing thermal
energy in an industrial environment. The development of methodologies for the analysis
of ash fusibility and its behavior started with the use of coal as an energy source, and all
the indices that are currently used were derived from the analysis of coal ash to other solid
fuels, such as biomass.

Most of the indices that are applied in the analysis of coal ash are based on the melting
temperatures of the ash and its chemical composition, mainly on the ratios of acidic metal
oxides, such as SiO2 and Al2O3, in relation to basic metal oxides, such as Fe2O3, CaO,
MgO, Na2O and K2O. These indices present a perspective of the ash fuse temperature,
which then allows determination of the probability of the occurrence of corrosion, fouling,
and slagging phenomena. For this reason, these indices are still widely used in industrial
applications, mainly as tools for predicting potential damage and optimizing preventive
maintenance, although their technical limitations are recognized. With the advent of the
use of fuels derived from biomass in an industrial environment, as an alternative to the
consumption of coal, the same indexes have been adapted for the new fuels. Most biomass
materials have a strong presence of alkali metals, with K being the dominant element
present in the bottom ash, while Na is in a form that enhances its volatilization and appears
more associated with fly ash. Thus, the fouling and slagging indices developed for fuels
derived from biomass are fundamentally based on the total levels of alkali metals present
in the fuel. The indices used in the present study were based on the following equations.

1. Slagging Index (SI) represents the acid/base ratio used to quantify the tendency for
the occurrence of slagging caused by ash from a fuel, and is determined numerically
by Equation (3):

SI

(

B

A

)

=
Fe2O3 + CaO + MgO + K2O + Na2O

SiO2 + TiO2 + Al2O3
. (3)

Equation (2) was initially developed for fossil fuels with low levels of phosphorus
(P). Later, with the need to apply these methodologies also to fuels with high levels of P,
another relationship developed, which is presented in Equation (3):

SI

(

B

A
+ P

)

=
Fe2O3 + CaO + MgO + K2O + Na2O + P2O5

SiO2 + TiO2 + Al2O3
, (4)

where the SI < 0.5 indicates a low propensity for slagging to occur; 0.5 < SI < 1.0 indicates an
average propensity for slagging to occur; SI = 1.0 indicates a high propensity for slagging
to occur and SI > 1.75 indicates a severe propensity for slagging to occur.

2. Fouling Index (FI) represents the propensity for the formation of fouling in industrial
furnaces through the relation presented in Equation (5):

FI =
B

A
× (K2O + Na2O), (5)

where FI < 0.6 represents a low propensity for the formation of fouling; 0.6 < FI < 40
represents a high propensity for the formation of fouling and FI > 40 represents a severe
propensity for the formation of fouling.

3. Alkali Index (AI): this index represents and expresses the quantity of alkaline oxides
per unit of energy, and is determined using Equation (6):

AI =
1 × 106 × Ash (%)× (K2O + Na2O) (%)

HHV (kJ/kg)
, (6)
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where AI < 0.17 indicates a low propensity for the occurrence of slagging and fouling
phenomena; 0.17 < AI < 0.34 indicates a high propensity for the occurrence of fouling and
slagging phenomena and AI > 0.34 indicates a severe propensity for the occurrence of
slagging and fouling phenomena.

3. Results

3.1. Samples of Vine Pruning

3.1.1. Heating Value

The values obtained for the high calorific value varied between 18.94 MJ/kg
and 18.95 MJ/kg, and the average value calculated for the three samples was
18.95 ± 0.002 MJ/kg with a standard deviation of 0.002 MJ/kg. As expected, the low
calorific value also showed very close values, with an average of 17.58 ± 0.002 MJ/kg and
a standard deviation of 0.002 MJ/kg.

3.1.2. Elementary Analysis

The results obtained for the elementary analysis are shown in Table 2.

Table 2. Elemental analysis (CHNO).

C (%) H (%) N (%) O (%)

Sample 1 47.12 6.36 0.710 45.79
Sample 2 46.48 6.42 0.616 46.47
Sample 3 45.23 6.05 0.280 48.42
Average 46.28 6.28 0.540 46.89

Standard deviation 0.96 0.20 0.230 1.37
Confidence 1.09 0.22 0.26 1.55

The value of the C content fluctuated between a minimum of 45.23% and a maximum
of 47.12%, with an average value of 46.28 ± 1.09% and a standard deviation of 0.96%.
H varied between a minimum value of 6.05% and a maximum value of 6.42%, with an
average value of 6.28 ± 0.22% and a standard deviation of 0.20%. N had a minimum value
of 0.280% and a maximum value of 0.710%, with an average value of 0.540 ± 0.26% and
a standard deviation of 0.230%. O oscillated between the minimum value of 45.79% and
the maximum value of 48.42%, with an average value of 46.89 ± 1.55% and a standard
deviation of 1.37%.

3.1.3. Thermogravimetric Analysis

The results obtained for the thermogravimetric analysis are shown below in Table 3.

Table 3. Thermogravimetric analysis (moisture, volatiles, ashes, and fixed carbon content).

Moisture (%) Volatiles (%) Ashes (%) Fixed Carbon (%)

Sample 1 3.74 77.83 1.42 19.51
Sample 2 3.77 77.84 1.41 19.46
Sample 3 3.51 77.72 1.42 19.78
Average 3.67 77.80 1.42 19.58
Standard
deviation 0.14 0.07 0.01 0.17

Confidence 0.16 0.08 0.01 0.20

The moisture of the samples of vine pruning after drying varied between the minimum
value of 3.51% and the maximum value of 3.77%, with an average value of 3.67 ± 0.16%
and a standard deviation of 0.14%. The volatile content fluctuated between the minimum
value of 77.72% and the maximum value of 77.84%, with an average value of 77.80 ± 0.08%
and a standard deviation of 0.07%. The ash content was between the minimum value
of 1.41% and a maximum value of 1.42%, with an average value of 1.42 ± 0.01% and a
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standard deviation of 0.01%. The fixed carbon content varied between the minimum value
of 19.16% and the maximum value of 19.78%, with an average value of 19.18 ± 0.20% and
a standard deviation of 0.17%.

3.1.4. Chemical Analysis by ICP-OES
Major Elements

The results obtained using the ICP-OES for the major elements are shown in Table 4.

Table 4. Major elements obtained using ICP-OES.

Al
(mg/kg)

Ca
(mg/kg)

Fe
(mg/kg)

Mg
(mg/kg)

P
(mg/kg)

K
mg/kg)

Si
(mg/kg)

Na
(mg/kg)

Ti
(mg/kg)

Sample 1 74.5 6972.5 31.2 1303.7 1101.9 8120.5 188.8 407.3 2.7
Sample 2 53.7 7722.4 38.6 1386.4 1077.5 8444.4 137.5 413.7 3.5
Sample 3 53.4 7641.2 32.3 1387.8 1107.9 8168.2 131.7 444.4 2.8
Average 60.6 7445.4 34.0 1359.3 1095.8 8244.4 152.7 421.8 3.0
Standard
deviation 12.1 411.5 4.0 48.1 16.1 174.9 31.5 19.8 0.4

Confidence 13.71 465.69 4.52 54.46 18.26 197.87 35.60 22.45 0.47

The Al content varied between a minimum value of 53.4 mg/kg and a maximum value
of 74.5 mg/kg, with an average value of 60.6 ± 13.71 mg/kg and a standard deviation of
12.1 mg/kg. Ca varied between the minimum value of 6972.5 mg/kg and the maximum
value of 7722.4 mg/kg, with an average value of 7445.4 ± 465.69 mg/kg and a standard
deviation of 411.5 mg/kg. Fe varied between the minimum value of 31.2 mg/kg and the
maximum value of 38.6 mg/kg, with an average value of 34.0 ± 4.52 mg/kg and a standard
deviation of 4.0 mg/kg. Mg varied between the minimum value of 1303.7 mg/kg and
the maximum value 1387.8 mg/kg, with an average value of 1359.3 ± 54.46 mg/kg and a
standard deviation of 48.1 mg/kg. P oscillated between a minimum value of 1077.5 mg/kg
and a maximum value of 1107.9 mg/kg, with an average value of 1095.8 ± 18.26 mg/kg
and a standard deviation of 16.1 mg/kg. K had a minimum value of 8120.4 mg/kg and a
maximum value of 8444.4 mg/kg, with an average value of 8244.4 ± 197.87 mg/kg and a
standard deviation of 174.9 mg/kg. Si varied between the minimum value of 131.7 mg/kg
and the maximum value of 188.8 mg/kg, with an average value of 152.7 ± 35.60 mg/kg
and a standard deviation of 31.5 mg/kg. Na showed a minimum value of 407.3 mg/kg
and a maximum value of 444.4 mg/kg, with an average value of 421.8 ± 22.45 mg/kg
and a standard deviation of 19.8 mg/kg. Ti showed a minimum value of 2.7 mg/kg and a
maximum value of 3.5 mg/kg, with an average value of 3.0 ± 0.47 mg/kg and a standard
deviation of 0.4 mg/kg.

Minor Elements

The results obtained using the ICP-OES for the minor elements are those shown in
Table 5.

Table 5. Minor elements obtained using ICP-OES.

As
(mg/kg)

Cd
(mg/kg)

Co
(mg/kg)

Cr
(mg/kg)

Cu
(mg/kg)

Mn
(mg/kg)

Ni
(mg/kg)

Pb
(mg/kg)

Zn
(mg/kg)

Sample 1 0.58 0.58 0.40 0.48 23.16 39.64 0.63 0.29 14.51
Sample 2 0.88 0.34 0.20 0.34 26.48 43.44 0.41 0.10 14.53
Sample 3 0.73 0.39 0.32 0.04 25.15 40.95 0.13 0.09 78.40
Average 0.73 0.44 0.31 0.29 24.93 41.34 0.39 0.16 35.81
Standard
deviation 0.15 0.13 0.10 0.22 1.67 1.93 0.25 0.11 36.88

Confidence 0.17 0.14 0.11 0.25 1.89 2.18 0.28 0.13 41.73
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As had a minimum value of 0.58 mg/kg and a maximum value of 0.88 mg/kg, with an
average value of 0.73 ± 0.17 mg/kg and a standard deviation of 0.15 mg/kg. Cd showed
a minimum value of 0.34 mg/kg and a maximum value of 0.58 mg/kg, with an average
value of 0.44 ± 0.14 mg/kg and a standard deviation of 0.13 mg/kg. Co had a minimum
value of 0.20 mg/kg and a maximum value of 0.40 mg/kg, with an average value of
0.31 ± 0.11 mg/kg and a standard deviation of 0.10 mg/kg. Cr had a minimum value of
0.04 mg/kg and a maximum value of 0.48 mg/kg, with an average value of
0.29 ± 0.25 mg/kg and a standard deviation of 0.22 mg/kg. Cu varied between the
minimum value of 23.16 mg/kg and the maximum value of 26.48 mg/kg, with an average
value of 24.93 ± 1.89 mg/kg and a standard deviation of 1.67 mg/kg. Mn varied between
a minimum value of 39.64 mg/kg and a maximum value of 43.44 mg/kg, with an aver-
age value of 41.34 ± 2.18 mg/kg and a standard deviation of 1.93 mg/kg. Ni showed a
minimum value of 0.13 mg/kg and a maximum value of 0.63 mg/kg, with an average
value of 0.39 ± 0.28 mg/kg and a standard deviation of 0.25 mg/kg. Pb varied between the
minimum value of 0.09 mg/kg and the maximum value of 0.29 mg/kg, with an average
value of 0.16 ± 0.13 mg/kg and a standard deviation of 0.11 mg/kg. Zn had a minimum
value of 14.51 mg/kg and a maximum value of 78.40 mg/kg, with an average value of
35.81 ± 41.73 mg/kg and a standard deviation of 36.88 mg/kg. Hg showed a value below
the detection limit of the equipment used in the present study and, therefore, was presented
as ≤0.1 mg/kg.

Determination of the S and Cl Content

The S content varied between a minimum value of 0.0181% and a maximum value of
0.0190%, with an average value of 0.0185 ± 0.0005% and a standard deviation of 0.00046%.
The Cl content varied between a minimum value of 0.0001% and a maximum value of
0.0008%, with an average value of 0.0005 ± 0.0004% and a standard deviation of 0.0003%.

3.1.5. Analysis of the Ash Fusibility

The temperatures determined for the ash fusibility test are shown in Table 6.

Table 6. Ash fusibility temperature analysis: initial deformation temperature, softening temperature, hemisphere tempera-
ture, and flow temperature.

Initial Deformation
Temperature (◦C)

Softening
Temperature (◦C)

Hemisphere
Temperature (◦C)

Flow Temperature
(◦C)

Sample 1 888 1476 1572 1581
Sample 2 858 1570 1579 1588
Sample 3 901 1534 1578 1583
Average 882 1527 1576 1584

Standard deviation 22 47 4 4
Confidence 25 54 4 4

The results obtained for the shrinking temperature varied between the minimum
value of 858 ◦C and the maximum value of 901 ◦C, with an average value of 882 ± 25 ◦C
and a standard deviation of 22 ◦C. The strain temperature showed a minimum value of
1476 ◦C and a maximum value of 1570 ◦C, with an average value of 1527 ± 54 ◦C and a
standard deviation of 47 ◦C. The hemisphere temperature varied between the minimum
value of 1572 ◦C and the maximum value of 1579 ◦C, with an average value of 1576 ± 4 ◦C
and a standard deviation of 4 ◦C. The fluidity temperature varied between the minimum
value of 1581 ◦C and the maximum value of 1588 ◦C, with an average value of 1584 ± 4 ◦C
and a standard deviation of 4 ◦C.
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3.2. Characterization of the Raw Material of Pinus Pinaster Wood Pellets with ENPlus Certification

3.2.1. High and Low Heating Value

The high calorific value showed a minimum value of 19.02 MJ/kg and a maximum
value of 19.79 MJ/kg, with an average value of 19.35 ± 0.45 MJ/kg and a standard deviation
of 0.40 MJ/kg. The low calorific value varied between the minimum value of 17.20 MJ/kg
and the maximum value of 18.47 MJ/kg, with an average value of 17.87 ± 0.72 MJ/kg and
a standard deviation of 0.64 MJ/kg.

3.2.2. Elemental Analysis

The results obtained for the elemental analysis are presented in Table 7.

Table 7. Pinus pinaster wood elemental analysis.

C (%) H (%) N (%) O (%)

Sample 1 50.04 6.07 0.075 43.81
Sample 2 50.22 5.96 0.062 43.75
Sample 3 50.38 6.17 0.093 43.35
Average 50.21 6.07 0.08 43.64

Standard deviation 0.17 0.10 0.02 0.25
Confidence 0.19 0.12 0.02 0.28

C varied between a minimum value of 50.04% and a maximum value of 50.38%, with
an average value of 50.21 ± 0.19% and a standard deviation of 0.17%. H varied between
a minimum value of 5.96% and a maximum value of 6.17%, with an average value of
6.07 ± 0.12% and a standard deviation of 0.10%. N varied between the minimum value
0.062% and the maximum value of 0.093%, with an average value of 0.080 ± 0.02% and
a standard deviation of 0.020%. O varied between the minimum value of 43.35% and
the maximum value of 43.81%, with an average value of 43.64 ± 0.28% and a standard
deviation of 0.25%.

3.2.3. Thermogravimetric Analysis (TGA)

The results obtained for the thermogravimetric analysis are presented in Table 8.

Table 8. Pinus pinaster wood thermogravimetric analysis.

Moisture (%) Volatiles (%) Ashes (%) Fixed Carbon (%)

Sample 1 6.42 80.65 0.72 18.64
Sample 2 6.39 81.19 0.67 18.14
Sample 3 6.44 80.76 0.63 18.61
Average 6.42 80.87 0.67 18.46
Standard
deviation 0.02 0.28 0.04 0.28

Confidence 0.03 0.32 0.01 0.31

The humidity present in the Pinus pinaster wood, as received, varied between a
minimum value of 6.31% and a maximum value of 6.44%, with an average value of
6.42 ± 0.03% and a standard deviation of 0.02. The volatile content varied between a
minimum value of 80.65% and a maximum value of 81.19%, with an average value of
80.87 ± 0.32% and a standard deviation of 0.28%. The ash content varied between a
minimum value of 0.63% and a maximum value of 0.72%, with an average value of
0.67 ± 0.01% and a standard deviation of 0.04%. The fixed carbon content varied between
a minimum value of 18.14% and a maximum value of 18.64%, with an average value of
18.46 ± 0.31% and a standard deviation of 0.28%.

13



Recycling 2021, 6, 28

3.2.4. ICP-OES Chemical Analysis of Pinus Pinaster Wood
Major Elements

The results obtained for the chemical analysis are presented in Table 9.

Table 9. Pinus pinaster major elements (mg/kg) obtained using ICP-OES.

Al
(mg/kg)

Ca
(mg/kg)

Fe
(mg/kg)

Mg
(mg/kg)

P
(mg/kg)

K
(mg/kg)

Si
(mg/kg)

Na(
mg/kg)

Ti
(mg/kg)

Sample 1 277.73 1614.60 256.60 638.34 73.27 672.11 896.04 365.07 17.82
Sample 2 317.93 1539.69 273.16 614.03 81.04 737.10 1010.71 421.34 19.12
Sample 3 326.06 1781.17 275.37 683.48 79.92 762.32 1073.16 523.96 20.73
Average 307.24 1645.15 268.37 645.28 78.08 723.84 993.31 436.79 19.22
Standard
deviation 25.88 123.61 10.26 35.24 4.20 46.55 89.84 80.56 1.46

Confidence 29.28 139.87 11.61 39.88 4.75 52.67 101.66 91.17 1.65

The Al content varied between a minimum value of 277.73 mg/kg and a maximum
value of 326.06 mg/kg, with an average value of 307.24 ± 29.28 mg/kg and a standard
deviation of 25.88 mg/kg. Ca varied from a minimum value of 1539.69 mg/kg to a max-
imum value of 1781.17 mg/kg, with an average value of 1645.15 ± 139.87 mg/kg and
a standard deviation of 123.61 mg/kg. Fe varied from a minimum of 256.60 mg/kg to
a maximum of 275.37 mg/kg, with an average value of 268.37 ± 11.61 mg/kg and a
standard deviation of 10.26 mg/kg. Mg varied from a minimum of 614.03 mg/kg to a
maximum of 683.48 mg/kg, with an average value of 645.28 ± 39.88 mg/kg and a stan-
dard deviation of 35.24 mg/kg. P ranged from a minimum value of 73.27 mg/kg to a
maximum value of 81.04 mg/kg, with an average value of 78.08 ± 4.75 mg/kg and a
standard deviation of 4.20 mg/kg. K ranged from a minimum value of 672.11 mg/kg
to a maximum value of 762.32 mg/kg, with an average value of 723.84 ± 52.67 mg/kg
and a standard deviation of 46.55 mg/kg. Si fluctuated between the minimum value of
896.04 mg/kg and a maximum value of 1073.16 mg/kg, with an average value of
993.31 ± 101.66 mg/kg and a standard deviation of 89.84 mg/kg. Na varied from a
minimum value of 365.07 mg/kg to a maximum value of 523.96 mg/kg, with an average
value of 436.70 ± 91.17 mg/kg and a standard deviation of 80.56 mg/kg. Ti varied from
a minimum value of 17.82 mg/kg to a maximum value of 20.73 mg/kg, with an average
value of 19.22 ± 1.65 mg/kg and a standard deviation of 1.46 mg/kg.

Minor Elements

The results of the determination of the minor elements carried out using the ICP-OES
to Pinus pinaster wood are shown in Table 10.

Table 10. Pinus pinaster minor elements (mg/kg) obtained using ICP-OES.

As
(mg/kg)

Cd
(mg/kg)

Co
(mg/kg)

Cr
(mg/kg)

Cu
(mg/kg)

Mn
(mg/kg)

Ni
(mg/kg)

Pb
(mg/kg)

Zn
(mg/kg)

Sample 1 0.89 0.35 0.44 1.94 1.89 36.84 1.20 0.27 8.07
Sample 2 1.02 0.32 0.14 2.20 3.84 39.51 0.98 0.32 7.83
Sample 3 0.90 0.34 0.07 1.84 4.92 38.96 1.05 1.55 8.33
Average 0.94 0.34 0.22 1.99 3.55 38.44 1.08 0.71 8.08
Standard
deviation 0.07 0.01 0.20 0.19 1.53 1.41 0.11 0.72 0.25

Confidence 0.08 0.02 0.22 0.21 1.73 1.59 0.12 0.82 0.29

The As content varied between the minimum value of 0.89 mg/kg and the maximum
value of 1.02 mg/kg, with an average value of 0.94 ± 0.08 mg/kg and a standard deviation
of 0.07 mg/kg. Cd varied between the minimum value of 0.32 mg/kg and the maximum
value of 0.35 mg/kg, with an average value of 0.34 ± 0.02mg/kg and a standard deviation
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of 0.01 mg/kg. Co varied between a minimum value of 0.07 mg/kg and a maximum value
of 0.44 mg/kg, with an average value of 0.22 ± 0.22 mg/kg and a standard deviation of
0.20 mg/kg. Cr varied between a minimum value of 1.84 mg/kg and a maximum value
of 2.20 mg/kg, with an average value of 1.99 ± 0.21 mg/kg and a standard deviation of
0.19 mg/kg. Cu varied between a minimum value of 1.89 mg/kg and a maximum value
of 4.92 mg/kg, with an average value of 3.55 ± 1.73 mg/kg and a standard deviation of
1.53 mg/kg. Mn varied between the minimum value of 36.84 mg/kg and the maximum
value of 39.51 mg/kg, with an average value of 38.44 ± 1.59 mg/kg and a standard devia-
tion of 1.41 mg/kg. Ni varied between a minimum value of 0.98 mg/kg and a maximum
value of 1.20 mg/kg, with an average value of 1.08 ± 0.12 mg/kg and a standard deviation
of 0.11 mg/kg. Pb varied between a minimum value of 0.27 mg/kg and a maximum value
of 1.55 mg/kg, with an average value of 0.71 ± 0.82 mg/kg and a standard deviation of
0.72 mg/kg. Zn varied between a minimum value of 8.07 mg/kg and a maximum value
of 8.33 mg/kg, with an average value of 8.08 ± 0.29 mg/kg and a standard deviation of
0.25 mg/kg. Hg showed a value below the detection limit of the equipment used in
the present study, and, therefore, it was presented as ≤0.1 mg/kg.

Determination of the S and Cl Content

The S content determined using the ICP-OES varied between a minimum value of
0.0039% and a maximum value of 0.0055%, with an average value of 0.0045 ± 0.001% and
a standard deviation of 0.0008%. The chlorine content varied between a minimum value of
0.012% and a maximum value of 0.021%, with an average value of 0.020 ± 0.005% and a
standard deviation of 0.005%.

3.2.5. Ash Fusibility

The temperatures determined for the ash fusibility test obtained by burning Pinus
pinaster wood are summarized in Table 11.

Table 11. Ash fusibility temperature analysis: initial deformation temperature, softening temperature, hemisphere tempera-
ture, and flow temperature.

Initial Deformation
Temperature (◦C)

Softening
Temperature (◦C)

Hemisphere
Temperature (◦C)

Flow Temperature (◦C)

Sample 1 867 1212 1226 1234
Sample 2 869 1215 1227 1243
Sample 3 901 1214 1227 1239
Average 879 1214 1227 1239

Standard deviation 19 2 1 5
Confidence 22 2 1 5

The results obtained for the shrinking temperature varied between a minimum tem-
perature of 867 ◦C and a maximum temperature of 901 ◦C, with an average temperature
of 879 ± 22 ◦C and a standard deviation of 19 ◦C. The deformation temperature varied
between a minimum temperature of 1212 ◦C and a maximum temperature of 1215 ◦C, with
an average temperature of 1214 ± 2 ◦C and a standard deviation of 2 ◦C. The temperature
of the hemisphere varied between a minimum temperature of 1226 ◦C and a maximum
temperature of 1227 ◦C, with an average temperature of 1227 ± 1 ◦C and a standard devia-
tion of 1 ◦C. The fluidity temperature varied between a minimum temperature of 1234 ◦C
and a maximum temperature of 1243 ◦C, with an average temperature of 1239 ± 5 ◦C and
a standard deviation of 5 ◦C.

3.3. Determination of the Fouling and Slagging Propensity Indices

The values determined for the fouling and slagging indices, namely through the
calculation of the Slagging indexes (B/A and B/A + P), Fouling index (FI), and Alkali index
(AI), are shown in Table 12.
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Table 12. The Fouling and Slagging indexes for samples of vine pruning and Pinus pinaster.

Vine Pruning Pinus pinaster

Slagging Index (B/A) 1.94 Severe 1.89 Severe
Slagging Index (B/A + P) 2.05 Severe 1.96 Severe

Fouling Index (FI) 0.28 Low 0.28 Low
Alkali Index (AI) 20.48 Severe 4.78 Severe

For the slagging index (B/A), values of 1.94 and 1.89 were obtained, respectively,
for samples of vine pruning and for Pinus pinaster wood. For index slagging (B/A + P),
the values were 2.05 and 1.96, a value of 0.28 was obtained both for samples of vine pruning
and for wood samples of Pinus pinaster. For the alkali index, the value for samples of vine
pruning was 20.48, while, for Pinus pinaster wood, the value was 4.78.

4. Discussion

The analysis of the physical–chemical parameters of the pellets acquired with ENplus®

certification proved that the referred pellets fulfilled all the requirements presented by
the standard. Table 13 shows the results obtained, both for Pinus pinaster wood pellets
and for the biomass resulting from vine pruning, as well as the parameters defined by
the ENplus® standard [17].

Table 13. Parameters defined by the ENplus® standard and the results obtained for Pinus pinaster wood pellets and the
biomass of vine pruning.

ENplus® Pinus pinaster
Vine Pruning

A1 * A2 * B * ENplus® A1

Moisture % ≤10 6.42 3.67
Ashes % ≤0.7 ≤1.2 ≤2 0.62 1.42
LHV MJ/kg ≥16.50 17.87 17.58

N % ≤0.3 ≤0.5 ≤1.0 0.08 0.536
S % ≤0.04 ≤0.05 0.0045 0.0185
Cl % ≤0.02 ≤0.03 0.02 0.0005

Softening
Temperature

◦C ≥1200 ≥1100 1215 1570

As mg/kg ≤1 0.94 0.73
Cd mg/kg ≤0.5 0.34 0.44
Cr mg/kg ≤10 1.99 0.29
Cu mg/kg ≤10 3.55 24.93
Pb mg/kg ≤10 0.71 0.16
Hg mg/kg ≤0.1 ≤0.01 ≤0.01
Ni mg/kg ≤10 1.08 0.39
Zn mg/kg ≤100 8.08 35.81

* The categories A1, A2 and B correspond to different levels of quality of pellets with ENPlus ® certification, and are related to the different
types of raw materials used in their production.

As can be seen in the results presented in Table 13, the values obtained for the biomass
of vine pruning are in agreement with the requirements of the ENplus® standard, with
the exception of the parameters corresponding to the ash content, where the average value
obtained was 1.42%, the N content, where the average value obtained was 0.536% and
the Cu content, where the average value obtained was 24.93 mg/kg.

Despite being outside the requirements presented by the standard for ash content,
making it impossible to use for the production of pellets in categories A1 and A2, the ash
content determined had significantly lower values compared with the characterizations
carried out in other previous studies, such as the study by Zanetti et al. (2017) where
the values varied between 3.3% and 5.5% [24].

This difference may be related to the fact that there may be differences between
the compositions of the different varieties, and also with the influence of the types of soils
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and the method of harvesting during pruning, since the method used to collect the samples
for the present study was that of manual collection, directly from the grapevine. Therefore,
there was no contamination with the soil through mixing with inert materials such as
earth, stones, or sand. Regarding the N content, the value presented is in line with the
values presented by Zanetti et al. (2017), which varied between 0.560% and 0.640%. That
is, values close to 0.536% were determined for the samples analyzed in the present study.
The Cu content had a value significantly higher than that presented in the study referred
to above, which reported values ranging between 13.1 and 16.3 mg/kg. The value of
24.93 mg/kg may indicate the presence of the remains of a Bordeaux mixture. A combina-
tion of copper sulfate, lime and water used as fungicide and bactericide in the vineyards,
which when mixed properly, provides a long-lasting protection against diseases. How-
ever, this statement requires confirmation through further analysis and monitoring of the
vineyard where the samples were collected.

The occurrence of a set of elements, namely those belonging to the group of alkali
metals, such as Na or K, with levels that may indicate a low melting temperature of ash,
has been described in several previous works. An example of this is the work of Niue et al.,
(2010), which presented the analysis of residual biomasses of agricultural origin, such as
capsicum stalks, cotton stalks and wheat stalks, with the ash prepared by calcining the
material at 400, 600, and 815 ◦C [25]. In that study, there was a tendency for the occurrence
of low ash melting temperatures, closely related to the occurrence of high levels of alkali
metals and also to other elements, such as Ca, which is a recognized melting agent [25,26].

Other works, such as those presented by Ma et al., (2016), Wang et al., (2017), Rizvi
et al., (2015) and Li et al., (2019), analyzed the relationships between the contents of
various elements with the melting temperatures of the ash and with the behavior of these
melting materials and their chemical and structural reorganization [27–30]. Another way
of assessing the impact of ash fusion was described in several studies, which resorted
to the transposition of analysis methodologies that are common in coal science through
the adaptation of indices that relate the different constituents to each other, allowing a
qualitative assessment of the potential for the occurrence of fouling or slagging phenomena.
Examples of this include the works of Yao et al., (2017), Lee et al., (2018), Yao et al., (2020),
Ruscio et al., (2016), and Yao et al., (2020) [31–35]. The results obtained in the determination
of fouling and slagging prediction indices in the present study, described in Section 2.8,
indicated a severe tendency for the occurrence of slagging processes, both for vine pruning
and for wood pellets of Pinus pinaster. This is most likely due to the presence of Na2O, which
contribute to the sintering of bottom ash, while K2O contributes in a greater proportion
to the potential occurrence of fouling processes but, due to the relationships with other
present compounds, shows a low tendency for the occurrence of this phenomenon.

This is an issue of increasing importance, particularly for large-scale uses, where
the amounts of these compounds involved can gain significant weight, since the potential
damage caused may lead to unplanned stops in energy conversion equipment. In the case
of smaller equipment, such as domestic equipment, this problem is not important and
there is an excellent possibility for reducing production costs by the inclusion of residual
materials [36,37]. The high deformation temperatures presented by the samples of vine
pruning, indicate that their use is not a problem, as they were significantly higher than
those observed for the Pinus pinaster wood samples.

From the results obtained for the characterization of the samples of vine pruning, with
the exception of the situations described in the previous paragraphs, there is a strong prob-
ability of making mixtures to incorporate biomass from vine pruning for the production
of pellets with ENplus® certification. Table 14 presents the calculated results for the main
physical–chemical parameters resulting from the mixtures between percentages of biomass
from vine pruning with Pinus pinaster wood. As can be seen, for an incorporation of 50% of
biomass from vine pruning, the Cu content precludes certification in any of the types (A1,
A2, and B). However, for the incorporation of 25%, Cu has values within the permitted
ranges, including for type A1, which is not achieved due to the ash content, but is still
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higher than 0.7%, and which only allows type A2 certification. For incorporations of 10%,
all parameters fall within type A1.

Table 14. Mixtures of Pinus pinaster wood and vine pruning (PP% + VP%).

ENPlus® Mixtures

A1 A2 B 50% + 50% 75% + 25% 90% + 10%

Moisture % ≤10 5.04 5.73 6.14
Ashes % ≤0.7 ≤1.2 ≤2 1.02 0.82 0.70
LHV MJ/kg ≥16.50 17.72 17.79 17.84

N % ≤0.3 ≤0.5 ≤1.0 0.31 0.19 0.12
S % ≤0.04 ≤0.05 0.012 0.008 0.006
Cl % ≤0.02 ≤0.03 0.01 0.01 0.02

Softening
Tempera-

ture

◦C ≥1200 ≥1100 1393 1304 1251

As mg/kg ≤1 0.83 0.89 0.92
Cd mg/kg ≤0.5 0.39 0.36 0.35
Cr mg/kg ≤10 1.14 1.56 1.82
Cu mg/kg ≤10 14.24 8.90 5.69
Pb mg/kg ≤10 0.44 0.57 0.66
Hg mg/kg ≤0.1 ≤0.01 ≤0.01 ≤0.01
Ni mg/kg ≤10 0.73 0.90 1.01
Zn mg/kg ≤100 21.94 15.01 10.85

The ash content values may vary significantly and, therefore, the incorporation of
residual biomass should lead to the incorporation in type B productions, as defined by
the standard for the use of residual materials in type B products. Preferably, these mate-
rials should be applied for domestic use, where the quantities are not continuously high
and where the potential negative effects of corrosive and fouling phenomena are more
easily controllable.

The definitive validation of these considerations still lacks reference to the production
of pellets since the present work dealt with characterization of parameters related to the
chemical properties of the materials. However, due to the fact that densification is a purely
physical process, it does not appear that there were constraints in the parameters related to
the quality of the pellets, such as the final moisture, durability, fines content, dimensions or
density at bulk.

5. Conclusions

The current perspective of mitigating the effects of climate change has led to an
increasing demand for alternative forms of energy, which can be used to replace sources
of fossil origin, such as oil, coal or natural gas. Biomass appears as a very interesting
possibility, and has proven to be viable as demonstrated by several large-scale tests carried
out in coal-fired power plants with the use of wood pellets in cocombustion with mineral
coal, through the use of wood chips produced from forest residues for the production of
steam in industrial units in the textile sector, or in the heating of agricultural and aviary
greenhouses. On a smaller scale, and with greater proximity, the use of fuels derived from
biomass for domestic uses, mainly for heating residential spaces but also for heating spaces
of a commercial and small industrial nature (as is the case, for example, with bakeries),
has positively and increasingly adhered to the use of these solid fuels. However, due
to the quality requirements imposed by the regulatory instruments, the production of
these materials has not incorporated a wide range of residual materials resulting from
activities of an agroindustrial nature, which includes the wine sector, a major producer
of waste. Regarding vine pruning, the characterization studies carried out over the past
few years have shown that these materials present properties, both energetic, physical and
chemical, that enable their incorporation in the production processes of pellets of biomass
or briquettes, which is already a current practice. However, given the volumes produced
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annually, the existence of constraints related to the quality of the final products, namely
the ash content or the copper content, has not allowed the incorporation of the majority of
the waste produced, leading wine producers to frequently resort to less environmentally
acceptable practices, such as burning the leftovers or simply abandoning them in piles.
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Abstract: The use of biomass as an energy source presents itself as a viable alternative, especially at
a time when the mitigation of climate change requires that all possibilities of replacing fossil fuels
be used and implemented. The use of residual biomass also appears as a way to include in the
renewable energy production system products that came out of it, while allowing the resolution
of environmental problems, such as large volumes available, which are not used, but also by the
elimination of fuel load that only contributes to the increased risk of rural fires occurrence. Invasive
species contribute to a significant part of this fuel load, and its control and eradication require strong
investments, so the valorization of these materials can allow the sustainability of the control and
eradication processes. However, the chemical composition of some of these species, namely Acacia

dealbata, Acacia melanoxylon, Eucalyptus globulus, Robinia pseudoacacia and Hakea sericea, presents some
problems, mainly due to the nitrogen, chlorine and ash contents found, which preclude exclusive
use for the production of certified wood pellets. In the case of Eucalyptus globulus, the values
obtained in the characterization allow the use in mixtures with Pinus pinaster, but for the other
species, this mixture is not possible. From a perspective of local valorization, the use of materials for
domestic applications remains a possibility, creating a circular economy process that guarantees the
sustainability of operations to control and eradicate invasive species.

Keywords: invasive forest species; wood pellets; circular economy; sustainability; value chain

1. Introduction

The use of biomass as an energy source is increasingly presented as a current alterna-
tive, in the permanent search for more sustainable forms of energy, which can somehow
replace traditional sources of fossil origin, such as oil and coal [1]. However, the use of
biomass as an energy source is not a recent application, since this is the oldest energy source
that man learned to use, from the moment that they discovered how to control fire for their
own benefit, passing this on to be part of daily life situations [2]. Since time immemorial,
human populations have started to have in their routine the acquisition of biomass fuels,
through their collection and storage, thus being available to supply needs such as space
heating, cooking, lighting, and even protection by keeping wild animals away [3].
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Currently, biomass remains the most widespread source of energy among the most
remote populations, essentially due to its availability and ease of use, giving it the epithet
“energy of the poor”, since they are usually the most disadvantaged populations, mainly in
Africa, Southeast Asia and some regions of Latin America, which this more rudimentary
use continues to occur [4]. However, in the more developed countries there is also an
increase in the use of biomass as a source of primary energy because of, in addition to the
traditional consumption associated with the heating of residential spaces in the form of
firewood consumption, the consumption of fuels derived from biomass, such as wood
pellets and briquettes, both for heating, but also for more industrial applications, such as
the production of industrial steam, and even the production of electric energy [5].

These more industrial uses, however, have led to an increasing standardization of fuel
quality criteria in order to optimize their use, defining a set of characteristics, namely its
heating value, but also the maximum limits of certain chemical constituents, such as the
content of sulfur, chlorine and alkali metals, due to their behavior during combustion, and
contribution to the occurrence of corrosive, fouling and slagging phenomena [6,7]. For
this reason, the use of biomass is currently very limited to selected types which meet a
set of quality requirements, leaving a set of forms of biomass considered to be residual in
the supply chains, as are the materials resulting from operations forest management and
agricultural activity [8,9].

Within this huge group of residual biomasses resulting from forest management oper-
ations, there are numerous tree and shrub species, which, since they have no commercial
and/or industrial application, are abandoned on forest land, even after cutting, contribut-
ing to the increase in fuel load and consequent increase in the risk of rural fires [10]. Some
of these species, in turn, are even exotic species, with invasive behavior, which due to their
aggressiveness and competitiveness vis-à-vis native species, are conquering space and
replacing native flora, making it possible to identify these situations all over the world [11].
This substitution of native species by invasive species has very negative effects that go
far beyond the loss of biodiversity and changes in ecosystems, since they also hinder the
development of productive forests by competing directly with the installed species [12].

In Portugal, the phenomenon of the expansion of invasive species has acquired very
worrying proportions, mainly with a group of species of the genus Acacia, from which the
Acacia dealbata and the Acacia melanoxylon stand out, but also with other species, namely the
Eucalyptus globulus, the Robinia pseudoacacia and Hakea sericea [13]. This group of species has
progressed almost exponentially, already covering extensive areas. However, the problem
is not limited to these species, there are also problematic situations with Acacia longifolia,
Cortaderia selloana, Arundo donax and Ailanthus altissima, among others, with which different
means have been employed in order to try to eradicate, or at least control, the progression
of these species [14]. The most serious situation in Portugal is that of the uncontrolled
expansion of Acacia dealbata. This species has grown in area by more than 400% since the
70s of the 20th century, being currently the invasive species that occupies the largest area in
the national territory (Figure 1). However, other species exhibit similar behaviors, making
the situation even more serious.
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Figure 1. Evolution of the area occupied by Acacia dealbata (adapted from [14–16]).

The creation of value chains, with the objective of promoting the use of these species,
presents itself as a possibility that allows the balance of the costs generated with the
operations of control of the invaders [17]. These value chains, which already exist today,
encourage the forwarding of these residual materials to biomass thermoelectric plants,
which give them a low financial value, often scarcely enough to pay for the different
tasks of forest management, such as cutting, filling and transport, and giving no value
to the combustible material, claiming its low density, high moisture content and, mainly,
due to the low energy properties that some species have [18]. However, there are some
species that may have a good potential for energy recovery, and that, even if they are not
used as the sole source of raw material for the production of fuels derived from biomass,
can be incorporated with traditional species, namely the Pinus pinaster, or other resinous
species [19].

This perspective of valorization of residual biomasses, originating from invasive
species, can be very helpful in combating, almost always unevenly, the dispersion of these
species, contributing to the share of costs with the control and eradication operations [20].
In this way, the creation of these value chains may play a decisive role in the preservation
of indigenous biodiversity, while contributing to the reduction in the risk of occurrence of
rural fires, since the need to supply valuable raw materials promotes permanent pressure
on invasive species, controlling their growth and dispersion, limiting the accumulation of
fuel load [21]. In this article, the potential use of these species in the production of wood
pellets is discussed, both individually and in mixtures with Pinus pinaster wood, in order
to justify the creation of value chains that promote pressure on invasive species, ensuring
the sustainability of control and eradication operations for these species. The present work
has as its main objective the characterization of a set of species, namely, Acacia dealbata,
Acacia melanoxylon, Robinia pseudoacacia, Eucalyptus globulus and Hakea sericea, and their
subsequent comparison with the dominant species most used in production of solid fuels
derived from biomass, such as wood pellets, which is Pinus pinaster.

2. Results

2.1. Thermogravimetric Analysis

The results obtained in the thermogravimetric analysis are shown in Figure 2.
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Figure 2. Results of the thermogravimetric analysis.

Moisture is a less important characteristic because it depends directly on the time and
type of drying performed. For drying described in Section 2.1. Sampling and preparation,
the results varied between 6.42% of Pinus pinaster and 9.28% of Acacia melanoxylon. The
remaining species show very close values, between 6.85% and 8.98%. The volatile content
varied between a minimum value of 77.02%, for Robinia pseudoacacia, and a maximum
value of 82.27%, for Eucalyptus globulus. The remaining species varied between 79.00% and
82.23%. The ash content varied between a minimum value of 0.52% for Acacia dealbata and
a maximum value of 5.14% for Robinia pseudoacacia. The remaining species varied between
a minimum value of 0.62% and a maximum value of 1.82. The fixed carbon content showed
a minimum value of 16.80%, for Eucalyptus globulus, and a maximum value of 19.20%, for
Hakea sericea. The remaining species showed values between 17.25% and 18.60%.

2.2. Elemental Analysis CHNO

The results obtained in the elemental analysis are shown in Figure 3.
The carbon content varied between a minimum value of 47.00% for Acacia dealbata

and a maximum value of 60.00% for Hakea sericea. The remaining species varied between
47.30% and 50.21%. The hydrogen content varied between a minimum value of 5.61%,
for Acacia melanoxylon, and a maximum value of 6.07%, for Pinus pinaster. The remaining
species varied between 5.67% and 5.92%. The nitrogen content varied between a minimum
value of 0.080%, for Pinus pinaster, and a maximum value of 0.711%, for Hakea sericea. The
remaining species varied between 0.099% and 0.582%. The oxygen content varied between
a minimum value of 33.40% for Hakea sericea and a maximum value of 47.07% for Acacia
melanoxylon. The remaining species varied between 43.64% and 46.93%.
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Figure 3. Results of the elemental analysis CHNO.

2.3. Determination of Sulfur and Chlorine Content

The results of the sulphur and chlorine content determination are shown in Figure 4.

Figure 4. Sulphur and chlorine content.

The sulfur content varied between a minimum value of 0.005%, for Eucalyptus globulus
and Pinus pinaster, and a maximum value of 0.042%, for Robinia pseudoacacia. The remain-
ing species varied between 0.006% and 0.040%. The chlorine content varied between a
minimum value of 0.016% for Pinus pinaster and a maximum value of 0.094% for Robinia
pseudoacacia. The remaining species varied between 0.048% and 0.090%.

2.4. Determination of the High and Low Heating Value

The results of the heating value determination are shown in Figure 5.
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Figure 5. Higher heating value (HHV) and lower heating value (LHV) results.

The high heating value varied from the minimum value of 19.35 MJ/kg, for Acacia
melanoxylon and for Pinus pinaster, to the maximum value of 20.45 MJ/kg, for Hakea sericea.
The remaining species varied between 19.37 MJ/kg and 19.54 MJ/kg. The low heating
value varied from the minimum value of 17.87 MJ/kg, for Pinus pinaster, to the maximum
value of 19.17 MJ/kg, for Hakea sericea. The remaining species varied between 18.11 MJ/kg
and 18.27 MJ/kg.

2.5. Determination of the Content of Major Elements

The results of the content of major elements are shown in Figure 6.
The Al content varied between a minimum value of 8.05 mg/kg for Acacia dealbata

and a maximum value of 307.24 mg/kg for Pinus pinaster. The remaining species varied
between 19.08 mg/kg and 215.18 mg/kg. The Ca content varied between a minimum value
of 1645.15 mg/kg, for Pinus pinaster, and a maximum value of 21,917.90 mg/kg, for Robinia
pseudoacacia. The remaining species ranged from 2214.41 mg/kg to 4830.83 mg/kg. The Fe
content varied between a minimum of 21.51 mg/kg for Acacia dealbata and a maximum
of 268.37 mg/kg for Pinus pinaster. The remaining species varied between 38.77 mg/kg
and 187.90 mg/kg. The Mg content varied between a minimum of 564.19 mg/kg for Acacia
dealbata and a maximum of 1474.89 mg/kg for Robinia pseudoacacia. The remaining species
varied between 645.28 mg/kg and 1120.13 mg/kg. The P content varied from a minimum
value of 78.08 mg/kg, for Pinus pinaster, up to a maximum value of 480.22 mg/kg. The
remaining species varied between 124.93 mg/kg and 312.28 mg/kg. The K content varied
from a minimum value of 723.84 mg/kg, for Pinus pinaster, up to a maximum value of
3848.58 mg/kg, for Robinia pseudoacacia. The remaining species ranged from 1427.42 mg/kg
to 3003.84 mg/kg. The Si content varied from a minimum value of 5.13 mg/kg, for Acacia
melanoxylon, to a maximum value of 993.31 mg/kg, for Pinus pinaster. The remaining species
varied between 31.47 mg/kg and 856.28 mg/kg. The Na content varied between a mini-
mum value of 436.79 mg/kg, for Pinus pinaster, and a maximum value of 1984.70 mg/kg,
for Hakea sericea. The remaining species varied between 738.66 mg/kg and 1106.17 mg/kg.
The Ti content varied between a minimum of 1.22 mg/kg for Acacia dealbata and a maxi-
mum of 19.22 mg/kg for Pinus pinaster. The remaining species ranged from 1.84 mg/kg to
15.68 mg/kg.
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Figure 6. Content of major elements.
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2.6. Determination of the Content of Minor Elements

The results of the content of minor elements are shown in Figure 7.

Figure 7. Content of minor elements.
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The As content varied between the minimum value of 0.81 mg/kg, for Acacia dealbata,
and the maximum value of 2.55 mg/kg, for Robinia pseudoacacia. The remaining species
ranged from 0.94 mg/kg to 2.12 mg/kg. The Cd content varied between the minimum
value of 0.00 mg/kg, for Hakea sericea, up to a maximum value of 0.34 mg/kg, for Pinus
pinaster. The remaining species varied between 0.01 mg/kg and 0.03 mg/kg. The Co
content varied between the minimum value of 0.07 mg/kg, for Hakea sericea, and the
maximum value of 1.25 mg/kg, for Acacia melanoxylon. The remaining species varied
between 0.09 mg/kg and 0.36 mg/kg. The Cr content varied between the minimum value
of 0.23 mg/kg, for Acacia dealbata, and the maximum value of 2.28 mg/kg, for Acacia
melanoxylon. The remaining species varied between 0.34 mg/kg and 1.99 mg/kg. The Cu
content varied between the minimum value of 2.80 mg/kg, for Acacia dealbata, and the
maximum value of 13.56 mg/kg, for Robinia pseudoacacia. The remaining species varied
between 3.55 mg/kg and 8.77 mg/kg. The Mn content varied between the minimum
value of 15.79 mg/kg, for Robinia pseudoacacia, and the maximum value of 288.36 mg/kg,
for Hakea sericea. The remaining species varied between 24.59 mg/kg and 94.25 mg/kg.
The Ni content varied between the minimum value of 0.44 mg/kg, for Acacia dealbata,
and the maximum value of 1.77 mg/kg, for Acacia melanoxylon. The remaining species
varied between 0.85 mg/kg and 1.60 mg/kg. The Pb content varied between the minimum
value of 0.23 mg/kg, for Hakea sericea, and the maximum value of 1.64 mg/kg, for Acacia
melanoxylon. The remaining species varied between 0.33 mg/kg and 0.77 mg/kg. The Zn
content varied between the minimum value of 3.62 mg/kg, for Eucalyptus globulus, and the
maximum value of 11.38 mg/kg. The remaining species varied between 4.08 mg/kg and
10.42 mg/kg.

2.7. Ash Fusibility

The results of the ash fusibility temperatures are shown in Figure 8.

Figure 8. Ash fusibility temperatures.

Deformation temperatures ranged from the minimum value of 1057 ◦C, for Robinia
pseudoacacia, and the maximum value of 1569 ◦C, for Acacia dealbata. The remaining species
varied between 1123 ◦C and 1464 ◦C. Hemispherical temperatures varied between the
minimum value of 1227 ◦C, for Pinus pinaster, and the maximum value of 1581 ◦C, for
Acacia dealbata. The remaining species varied between 1238 ◦C and 1483 ◦C. The flow
temperatures varied between the minimum value of 1239 ◦C, for Pinus pinaster, and the
maximum value of 1588 ◦C, for Acacia dealbata.

3. Discussion

There are many works available where characterizations of the most diverse types of
biomass are presented, in order to assess their combustibility and their physical-chemical
properties. An example of this is the review work presented by Cai et al. (2017), where
several lignocellulosic biomasses are characterized, including several residual biomasses
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of agricultural origin, such as rice husk, rice stalk, cotton stalk, wheat straw or corn
stalk, but also residual biomasses of forest origin, like pine or poplar [22]. The objective
of this study by Cai et al. (2017) fits that of many others, such as those presented by
García et al. (2012), Chiang et al. (2012), Wilson et al. (2011), Fang et al. (2015) or
Patel and Gami (2012), always from the perspective that using lignocellulosic biomass-
derived biofuels can reduce reliance on fossil fuels and contribute to climate change
mitigation [23–27]. Many works are also available regarding the behavior of different forms
of biomass when subjected to thermochemical conversion processes, such as torrefaction,
pyrolysis or gasification, such as the work of Chen et al. (2014), which addresses the
non-oxidative and oxidative torrefaction characterization and SEM observations of fibrous
and ligneous biomass [28], or the work of Neves et al. (2011), where biomass pyrolysis
is addressed, regarding models, mechanisms, kinetics and some information on product
yields and properties [29]. In fact, this perspective of energy recovery through the use of
energy densification technologies foresees, at the outset, a need to improve, or in some way,
correct, the less positive characteristics, such as low heating value, low density or high
content of ashes. However, the most frequent uses presuppose the direct combustion of
materials [30–32].

The comparative analysis of forms of residual biomass and their potential framing
with premium raw materials, certified by the international standards in force, as is the
case of ENplus ®, has also been addressed by extensive literature. For example, the work
presented by Agar et al. (2018) addresses the production of pellets from agricultural and
forest biomass [33], while de Souza et al. (2020) addressed the possibility of producing
pellets from eucalyptus biomass and coffee growing wastes residues with acceptable
properties for commercialization standards, which includes the ENplus ® standard [34]. In
other words, the possibility of integrating different forms of biomass has been a necessity
for a long time, since it would allow, in case of success and compliance with the quality
criteria, the reduction in the cost of the acquisition of raw materials at the same time, which
presents a solution for the disposal/reuse of a set of waste, which until now has not been
subject to any type of recovery [13].

Thus, the classification of the properties of any residual raw material, as is the case
of the species selected in the present study, with the parameters defined with one of the
standards used internationally for the certification of fuels derived from biomass, as is
the case of ENplus ® standard, allows, in a simple and accessible way, the validation or
exclusion of the use of a certain material (species), or at least, it allows indicating whether
it is possible to incorporate a certain percentage of these materials in any way [35]. Table 1
shows the values allowed for the main parameters indicated for the raw materials used in
the production of wood pellets by the ENplus ® standard. This standard divides products
into three categories according to the origin of the raw materials, with categories A2 and B
destined to products resulting from the processing of waste materials, which include the
species used in the present study [36]. However, in the case of incorporating percentages
of residual biomass with premium raw materials, and if the parameters defined in the
standard are met, the final products can be included in category A1, which has the highest
added value [37].

The results obtained by the characterization of these biomass species, which are
summarized in Table 2, present a relatively different framework. In the table, the values
marked in italics represent the values that meet the requirements of categories A2 or B, and
in bold, the values that do not fit into any of the categories. The remaining values are within
the limits imposed by the ENplus ® A1 standard. As expected, Pinus pinaster fully complies
with all the requirements presented by the ENplus ® standard, while none of the other
species fully comply with all parameters. However, some of the species present values very
close to the permitted limits, so that their incorporation with, for example, Pinus pinaster,
appears as possible, and thus meet the requirements defined by the standard ENplus ®.
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Table 1. Limit values for properties defined by the ENplus ® standard.

ENplus ®

A1 A2 B

Moisture % ≤10
Ash % ≤0.7 ≤1.2 ≤2
LHV MJ/kg ≥16.50

N % ≤0.3 ≤0.5 ≤1.0
S % ≤0.04 ≤0.05
Cl % ≤0.02 ≤0.03

Deformation
Temp.

◦C ≥1200 ≥1100

As mg/kg ≤1
Cd mg/kg ≤0.5
Cr mg/kg ≤10
Cu mg/kg ≤10
Pb mg/kg ≤10
Hg mg/kg ≤0.1
Ni mg/kg ≤10
Zn mg/kg ≤100

Table 2. Comparative analysis of the results obtained with the parameters defined by the ENplus ® standard.

P.p. E.g. A.d. A.m. R.p. H.s.

Moisture % 6.42 8.98 7.54 9.28 7.61 6.85
Ash % 0.62 0.93 0.52 0.81 5.14 1.82
LHV MJ/kg 17.87 18.15 18.11 18.12 18.27 19.17

N % 0.08 0.099 0.329 0.308 0.582 0.711
S % 0.0045 0.005 0.006 0.009 0.042 0.040
Cl % 0.016 0.05 0.08 0.06 0.09 0.09

Deformation Temp. ◦C 1214 1464 1569 1123 1057 1451
As mg/kg 0.94 1.01 0.81 1.00 2.55 2.12
Cd mg/kg 0.34 0.00 0.00 0.00 0.03 0.00
Cr mg/kg 1.99 1.15 0.23 2.28 1.14 0.34
Cu mg/kg 3.55 4.33 2.80 8.77 13.56 5.27
Pb mg/kg 0.71 0.77 0.33 1.64 0.00 0.23
Hg mg/kg <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ni mg/kg 1.08 1.60 0.44 1.77 0.85 1.13
Zn mg/kg 8.08 3.62 11.38 4.08 5.95 10.42

As can be seen in the results presented in Table 2, the incorporation of these materials
in the production of certifiable wood pellets, only seems possible for the biomass of
Eucalyptus globulus, which would easily dilute the values above the requirements defined
in the standard, allowing the incorporation of a percentage of 25%, which allows the
production of wood pellets of category A1. An incorporation of 50% of Eucalyptus globulus
biomass would only allow for category B certification, since the chlorine content would
always be close to the upper limit of 0.03% indicated in the standard for this category.
The remaining species present values that are too high in some parameters, namely in
nitrogen content, with values ranging between 0.308% and 0.711%, mainly for Hakea sericea
and Robinia pseudoacacia, but also due to the accumulation of other parameters outside
the limits defined, as for the ash content, with Robinia pseudoacacia reaching 5.14%, and
in the chlorine content, where it reaches 0.09%, together with Hakea sericea. However,
the use of these residual biomasses remains possible, especially if the objective is not to
produce certified materials, but rather to be used less domestically, and to support the local
biomass recovery.

The local valorization of residual biomasses, as those analyzed in the present study, as
well as others with similar properties, can always be a solution. Usually, given the lower
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requirement of the proximity markets, where the most evaluated requirement is the fuel
cost, in detriment to the quality and combustibility requirements, such products can be
used. The possibility of using these residual biomasses in thermochemical conversion
processes, namely in the production of biochar, not as an energy product, but rather as a
soil amendment product and as a carbon sequestration methodology, must be evaluated,
with regard to the creation of value chains for residual biomass. This perspective of
creating value chains, which aim to promote the maintenance of actions to control and
eradicate invasive species, contributes systematically to the revitalization of ecosystems.
This positive condition is effective when the pressure caused on the populations of invasive
species decrease their strength, allowing native species to develop and return to occupy
their space.

4. Materials and Methods

4.1. Sampling and Material Preparation

The species were selected for their availability and abundance and were collected in
areas where their proliferation has been noted for the speed of propagation and occupation
of space. Thus, the samples were collected in the locations shown in Table 3. Thus, samples
of five invasive species were collected, namely, Acacia dealbata, Acacia melanoxylon, Euca-
lyptus globulus, Robinia pseudoacacia and Hakea sericea. Samples of Pinus pinaster were also
collected to serve as a point of comparison. All samples were collected in the form of adult
tree trunks, and in the case of invasive species, the all-in method was chosen. That is, none
of the constituent parts, such as branches or leaves, have been discarded.

Table 3. Location of sample collection points used in the present study.

Species Location

Acacia dealbata Casal do Rei (Seia—Portugal)
Acacia melanoxylon Loureiro (Oliveira de Azeméis—Portugal)
Eucalyptus globulus Loureiro (Oliveira de Azeméis—Portugal)
Robinia pseudoacacia Albernoa (Aljustrel—Portugal)

Hakea sericea Casal do Rei (Seia—Portugal)
Pinus pinaster Vale de Cambra (Portugal)

In the sample preparation procedure, the sequence used in a wood pellet production
unit was followed, using exclusively Pinus pinaster as a raw material, so the Pinus pinaster
wood was previously debarked before proceeding with the drying. The rest of the wood
was not debarked, since the industrial debarking process used is optimized to operate only
with Pinus pinaster logs, and if the other mentioned species were included in the process, this
operation would not be carried out efficiently. Then, the size of the collected samples was
reduced to a granulometry equivalent to that normally used in the industrial process, that
is, to a G30 size woodchips, which was subjected to drying in a laboratory oven at 100 ◦C
for a period of 12 h. After drying, the material of all samples was ground again, until the
dimension normally used in the industrial process of wood pellet production was reached,
with a d50 within the range [1.13–3.86]. Subsequently, the laboratory characterization of
the samples followed with the thermogravimetric analysis, the elemental analysis, the
calorimetric analysis, the chemical analysis and the analysis of the fusibility of the ashes.
All samples were collected and analyzed in triplicate and the results presented are the
average values for each species.

4.2. Thermogravimetric Analysis (TGA)

The thermogravimetric analyzer used was an ELTRA THERMOSTEP model. One
gram of each sample was introduced into crucibles and placed inside an oven, along with
an empty reference crucible. As temperature increased, crucibles were weighted on a
precision scale. Moisture, volatiles, and fixed carbon content were determined in this order
throughout the heating process. Lastly, the final residue represents the ash content.
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4.3. Elemental Analysis (CHNO)

Elemental analysis was performed in a LECO CHN628. The operational principle
consists of weighing a sample in tin foil that is later placed in the autoloader. The sample
is then introduced into the primary furnace containing only pure oxygen, which results
in fast and complete combustion. Carbon, hydrogen, and nitrogen present in the sample
are oxidized to CO2, H2O, and NOx, respectively, and are swept by the oxygen carrier gas
through a secondary furnace for further oxidation and particulate removal. Detection of
H2O and CO2 occurs through separate, optimized, non-dispersive infrared cells, while
the NOx gases are reduced to N. Lastly, N2 is detected when the gas passes through
a thermal conductivity cell. After the analysis is complete, moisture content obtained
through thermogravimetric analysis is introduced into the software and the CHN contents
are automatically calculated. Following that, it is possible to estimate the oxygen content
on a dry basis (wO,db) from Equation (1), as follows:

wO,db (%) = 100 − wC,db − wH,db − wN,db − wS,db − wCl,db, (1)

where wC,db is the carbon content on a dry basis (%), wH,db is the hydrogen content on a
dry basis (%), wN,db is the nitrogen content on a dry basis (%), wS,db is the sulfur content
on a dry basis (%), and wCl,db is the chlorine content on a dry basis (%).

4.4. Determination of Chlorine Content

Chloride titration was the method chosen to determine the chlorine content, and the
equipment used was a TITROLINE 7000 titrator from SI Analytics. For this procedure,
sample preparation involves previous digestion of the sample, performed in a SINEO MDS-
6G microwave, since titration requires a liquid sample. Chlorine content determination
is achieved by potentiometric titration. This method consists of measuring the potential
difference while the titrant, in this case, AgNO3, is added. Equation (2), as follows, presents
the redox reaction that occurs:

Cl−(aq.) + AgNO3(aq.) → AgCl(S) + NO−
3 (aq.), (2)

As next step, a software creates a spreadsheet with the potential difference and titrant
volume variation over time. First derivative can then be calculated through Equation (3),
as follows, and the equivalence point can be determined as the volume corresponding to
the maximum of the first derivative:

f′(x) =
∆U
∆V

=
Ui − Ui−1

Vi − Vi−1
f′(x) =

∆U
∆V

=
Ui − Ui−1

Vi − Vi−1
, (3)

where ∆U is the potential difference variation (mV) and ∆V is the volume variation (mL).
Chlorine content on a dry basis (wCl,db) is then determined by Equation (4), in compli-

ance with the European standard EN15289:

wCl,db (%) =
(C − C0)× V

m
× 100 ×

100
100 − Mad

wCl,db(%) =
(C − C0)× V

m
× d ×

100
100 − Mad

, (4)

where C is the concentration of chloride in the solution (mg/L), C0 is the concentration
of chloride in the blank solution (mg/L), V is the volume of the solution (l), m is the mass of
the test portion used in the digestion (mg), and Mad is the moisture content in the analysis
test sample (%).

4.5. Heating Value

Heating value, also known as the heating value, defines the energy content of biomass
fuel [38]. This parameter can be described in two ways: higher heating value (HHV),
or gross heating value, refers to the heat released from fuel combustion along with the
vaporization energy from water. On the other hand, lower heating value (LHV) or net
heating value is based on steam as the product, which means its vaporization energy is
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not considered heat [39]. The heating value of biomass, both higher and lower, can be
determined experimentally by employing an adiabatic bomb calorimeter. The model used
in this project was the 6400 Automatic Isoperibol Calorimeter by PARR INSTRUMENT.
After each procedure, the equipment provides the corrected temperature increase that is
later used for the determination of the heating value. Due to the nitrogen and oxygen-rich
atmosphere inside the calorimeter, nitric acid and sulphuric acid are formed, respectively,
and the heat of formation of both acids must be disregarded. For HNO3, the wash water
for the pump was titrated with NaOH (0.1 M), and Equation (5) was applied, while for
H2SO4, knowing the sulfur content Equation (6) can be applied:

QN,S = 1.43 × VNaOH, (5)

where QN,S is the heat contribution relative to nitric acid formation (cal) and VNaOH is the
volume of NaOH used in the titration of the wash water of the pump (ml).

QS,add = 13.61 × wS,db, (6)

where QS,add is the additional contribution relative to sulfur dioxide formation and wS,db
is the sulfur content on a dry basis (%).

With this information, Equation (7) can be applied to obtain the gross heating value,
or high heating value, at a constant volume, qV,gr (J/g), as follows:

qV,gr =

(

ε× θ− Qthread−QN,S

m
−QS,add

)

×4.1868, (7)

where ε is the heating capacity of the calorimeter (previously determined) (cal/◦C), θ is the
corrected temperature increase (◦C), Qthread is the heat contribution relative to the thread
combustion (cal), QN,S is the heat contribution relative to nitric acid formation (cal), QS,add
is the additional contribution relative to sulfur dioxide formation (cal), and m is the mass
of the sample (g).

Equation (8) was used to calculate the gross heating value at constant volume on a
dry basis, qV,gr,db (J/g), as follows:

qV,gr,db= qV,gr ×
100

100 − Mad
qV,gr,db = qV,gr ×

100
100 − Mad

, (8)

where qV,gr,db is the gross heating value at constant volume (J/g) and Mad is the moisture
content in the analysis test sample (%). Lastly, the net heating value at constant pressure
on a dry basis, qp,net,db (J/g), can be calculated through Equation (9), as follows:

qp,net,db= qV,gr,db − 212.2×wH,db − 0.8×(w O,db+wN,db

)

, (9)

where qV,gr,db is the gross heating value at constant volume on a dry basis (J/g), wH,db is
the hydrogen content on a dry basis (%), wO,db is the oxygen content on a dry basis (%),
and wN,db is the nitrogen content on a dry basis (%). According to the European standard
EN14918, (wO,db + wN,db) is obtained from Equation (10), as follows:

(wO,db + WN,db) = 100 − wA,db − wC,db − wH,db − wS,db (10)

where wA,db is the ash content on a dry basis (%), wC,db is the carbon content on a dry basis
(%), wH,db is the hydrogen content on a dry basis (%), and wS,db is the sulfur content on a
dry basis (%).

4.6. Chemical Analysis by ICP-OES

Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also known
as inductively coupled plasma optical emission spectrometry (ICP-OES), is an analytical
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technique, which produces excited atoms and ions that emit electromagnetic radiation
at different wavelengths and is used for the determination of trace elements. The main
advantages are its multi-element capability, broad dynamic range, and effective background
correction [40]. For the preparation of the samples, microwave digestion was once again
necessary to ensure that the capillaries did not get obstructed. The model used for the
analysis was a THERMO SCIENTIFIC (iCAP 6000 series). A peristaltic pump delivered the
digested samples to an analytical nebulizer and introduced them into the plasma flame that
breaks down the samples into charged ions, releasing radiation with specific wavelengths.
In the end, a software generates a spreadsheet with the results. Equations (11) and (12)
were used, as follows, to calculate the content of each element in the sample on a dry basis
(wi,db), in compliance with standards EN15289, EN15290 and EN15297:

wi,db =

(

mg
kg

)

=
(C − Ci,0)×V

m
×

100
100 − Mad

(11)

where Ci is the concentration of the element in the diluted sample digest (mg/L), Ci,0 is
the concentration of the element in the solution of the blank experiment (mg/L), V is the
volume of the diluted sample digest solution (mL), m is the mass of the test portion used
(g), and Mad is the moisture content in the analysis test sample (%).

wS,db (%) =
(C − C0)×V

m
×0.3338×100 ×

100
100 − Mad

(12)

where Ci is the concentration of sulfate in the solution (mg/L), Ci,0 is the concentration
of sulfate in the solution of the blank experiment (mg/L), V is the volume of the diluted
sample digest solution (mL), m is the mass of the test portion used (g), 0.3338 is the
stoichiometric ratio of the relative molar masses of sulfur and sulfate, and Mad is the
moisture content in the analysis test sample (%).

4.7. Fusibility of the Ashes

This determination makes it possible to estimate the behavior of biomass ash when
combustion is carried out, for example, in boilers or burners. During the combustion
process, ashes may occur, such as slagging and fouling. Slagging is the deposit of ash
in the bottom and walls of the furnaces, while fouling is the deposit of ash in the air
flow zones (which can cause clogging of pipes). The formation of slagging and fouling
depends on the ash content of a biomass, as well as on the elemental composition of the
ash. The determination of ash fusibility consists of monitoring the behavior of ash melting
along a temperature ramp. Thus, this test allows to predict the formation of slagging and
fouling in thermal conversion processes. These data must be related to the ash content
(determined using the TGA) and the content of the different ash components (determined
by ICP/OES). The fusibility test can be carried out with an oxidizing atmosphere (air) or
reducing atmosphere (60% CO + 40% CO2). The choice of atmosphere must be related to
the combustion conditions of the boiler or burner. If the boiler operates in atmospheres
rich in fuel (with oxygen deficit), its atmosphere will be mostly reducing, with incomplete
combustion and CO formation. As a general rule, reducing atmospheres cause ash to melt
at lower temperatures, thus causing greater slagging and fouling problems. Therefore,
the fuse test must reflect these characteristics and adapt to the customer’s combustion
process. During the fusibility test, the ash melting behavior is monitored and the following
characteristic temperatures are determined:

• Initial temperature: temperature at which the test starts up to 550 ◦C;
• Shrinking temperature: shrinkage to 95% of the area recorded at 550 ◦C;
• Deformation temperature: temperature at which the first rounding of the vertices of

the cylinders occurs;
• Hemisphere temperature: temperature at which the height of the cylinder is equal to

half the width;
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• Fluid temperature: temperature at which the height is equal to half the height recorded
at the hemisphere temperature.

In the present study, the samples, converted to ashes, were subsequently placed in
a plastic dish, where two drops of ethyl alcohol are added, and using a spatula they are
homogenized until a uniform paste is obtained. Then this paste is transferred to the mold,
where the cylinder is compacted. After being removed from the mold, the cylinders are
placed on the zirconia lamella. The samples are then placed inside the chamber of the ash
fusibility furnace, which in this specific case was a SYLAB IF 2000-G device.

5. Conclusions

The use of residual biomass in the production of wood pellets is an opportunity for
the circularization of the local economy associated with forest management operations. It
also presents itself as an opportunity for the sustainability of operations to control invasive
species, as it contributes to the creation of value chains for residual products that until now
had no added value. The incorporation of these materials in the production of certified
wood pellets presents some difficulties, since these materials do not meet the chemical
requirements imposed by the standards that regulate the quality of the final products.
However, the recovery of residual biomass from actions to control and eradicate invasive
species can be a reality, especially for uses that do not imply product certification, and
especially when the recovery of materials in industrial environments is not involved, where
adverse effects, such as corrosion, fouling or slagging, can result in serious damage and
unforeseen maintenance to combustion equipment.
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Röser, D. Sustainable utilisation of forest biomass for energy—possibilities and problems: Policy, legislation, certification, and
recommendations and guidelines in the Nordic, Baltic, and other European countries. Biomass Bioenergy 2007, 31, 666–684.
[CrossRef]

19. Sikkema, R.; Junginger, M.; Van Dam, J.; Stegeman, G.; Durrant, D.; Faaij, A. Legal harvesting, sustainable sourcing and cascaded
use of wood for bioenergy: Their coverage through existing certification frameworks for sustainable forest management. Forests

2014, 5, 2163–2211. [CrossRef]
20. El-Sayed, A.; Suckling, D.; Wearing, C.; Byers, J. Potential of mass trapping for long-term pest management and eradication of

invasive species. J. Econ. Entomol. 2006, 99, 1550–1564. [CrossRef]
21. Stickler, C.M.; Nepstad, D.C.; Coe, M.T.; McGrath, D.G.; Rodrigues, H.O.; Walker, W.S.; SOARES-FILHO, B.S.; Davidson, E.A. The

potential ecological costs and cobenefits of REDD: A critical review and case study from the Amazon region. Glob. Chang. Biol.

2009, 15, 2803–2824. [CrossRef]
22. Cai, J.; He, Y.; Yu, X.; Banks, S.W.; Yang, Y.; Zhang, X.; Yu, Y.; Liu, R.; Bridgwater, A.V. Review of physicochemical properties and

analytical characterization of lignocellulosic biomass. Renew. Sustain. Energy Rev. 2017, 76, 309–322. [CrossRef]
23. García, R.; Pizarro, C.; Lavín, A.G.; Bueno, J.L. Characterization of Spanish biomass wastes for energy use. Bioresour. Technol.

2012, 103, 249–258. [CrossRef]
24. Chiang, K.-Y.; Chien, K.-L.; Lu, C.-H. Characterization and comparison of biomass produced from various sources: Suggestions

for selection of pretreatment technologies in biomass-to-energy. Appl. Energy 2012, 100, 164–171. [CrossRef]
25. Wilson, L.; Yang, W.; Blasiak, W.; John, G.R.; Mhilu, C.F. Thermal characterization of tropical biomass feedstocks. Energy Convers.

Manag. 2011, 52, 191–198. [CrossRef]
26. Fang, J.; Gao, B.; Chen, J.; Zimmerman, A.R. Hydrochars derived from plant biomass under various conditions: Characterization

and potential applications and impacts. Chem. Eng. J. 2015, 267, 253–259. [CrossRef]
27. Patel, B.; Gami, B. Biomass characterization and its use as solid fuel for combustion. Iran. J. Energy Environ. 2012, 3, 123–128.

[CrossRef]
28. Chen, W.-H.; Lu, K.-M.; Lee, W.-J.; Liu, S.-H.; Lin, T.-C. Non-oxidative and oxidative torrefaction characterization and SEM

observations of fibrous and ligneous biomass. Appl. Energy 2014, 114, 104–113. [CrossRef]
29. Neves, D.; Thunman, H.; Matos, A.; Tarelho, L.; Gómez-Barea, A. Characterization and prediction of biomass pyrolysis products.

Prog. Energy Combust. Sci. 2011, 37, 611–630. [CrossRef]
30. Viana, H.; Vega-Nieva, D.; Torres, L.O.; Lousada, J.; Aranha, J. Fuel characterization and biomass combustion properties of

selected native woody shrub species from central Portugal and NW Spain. Fuel 2012, 102, 737–745. [CrossRef]
31. Nunes, L.; Matias, J.; Catalão, J. Biomass combustion systems: A review on the physical and chemical properties of the ashes.

Renew. Sustain. Energy Rev. 2016, 53, 235–242. [CrossRef]
32. Girón, R.; Ruiz, B.; Fuente, E.; Gil, R.; Suárez-Ruiz, I. Properties of fly ash from forest biomass combustion. Fuel 2013, 114, 71–77.

[CrossRef]
33. Agar, D.A.; Rudolfsson, M.; Kalén, G.; Campargue, M.; Perez, D.D.S.; Larsson, S.H. A systematic study of ring-die pellet

production from forest and agricultural biomass. Fuel Process. Technol. 2018, 180, 47–55. [CrossRef]
34. de Souza, H.J.P.L.; Arantes, M.D.C.; Vidaurre, G.B.; Andrade, C.R.; Carneiro, A.d.C.O.; de Souza, D.P.L.; de Paula Protásio, T.

Pelletization of eucalyptus wood and coffee growing wastes: Strategies for biomass valorization and sustainable bioenergy
production. Renew. Energy 2020, 149, 128–140. [CrossRef]

35. Nunes, L.; Matias, J.C.; Catalao, J.P. Wood pellets as a sustainable energy alternative in Portugal. Renew. Energy 2016, 85,
1011–1016. [CrossRef]

37



Recycling 2021, 6, 21

36. Duca, D.; Riva, G.; Pedretti, E.F.; Toscano, G. Wood pellet quality with respect to EN 14961-2 standard and certifications. Fuel

2014, 135, 9–14. [CrossRef]
37. Quinteiro, P.; Tarelho, L.; Marques, P.; Martín-Gamboa, M.; Freire, F.; Arroja, L.; Dias, A.C. Life cycle assessment of wood pellets

and wood split logs for residential heating. Sci. Total Environ. 2019, 689, 580–589. [CrossRef] [PubMed]
38. Friedl, A.; Padouvas, E.; Rotter, H.; Varmuza, K. Prediction of heating values of biomass fuel from elemental composition. Anal.

Chim. Acta 2005, 544, 191–198. [CrossRef]
39. Yin, C.-Y. Prediction of higher heating values of biomass from proximate and ultimate analyses. Fuel 2011, 90, 1128–1132.

[CrossRef]
40. Uvegi, H.; Chaunsali, P.; Traynor, B.; Olivetti, E. Reactivity of industrial wastes as measured through ICP-OES: A case study on

siliceous Indian biomass ash. J. Am. Ceram. Soc. 2019, 102, 7678–7688. [CrossRef]

38



recycling

Article

Thermochemical Conversion of Olive Oil Industry
Waste: Circular Economy through Energy Recovery

Leonel J. R. Nunes 1,2,* , Liliana M. E. F. Loureiro 3, Letícia C. R. Sá 3 and Hugo F.C. Silva 4

1 PROMETHEUS—Unidade de Investigação em Materiais, Energia e Ambiente para a Sustentabilidade,
Escola Superior Agrária, Instituto Politécnico de Viana do Castelo, Rua da Escola Industrial e Comercial de
Nun’Alvares, 4900-347 Viana do Castelo, Portugal

2 GOVCOPP—Unidade de Investigação em Governança, Competitividade e Políticas Públicas,
DEGEIT—Departamento de Economia, Gestão, Engenharia Industrial e Turismo, Universidade de Aveiro,
Campus Universitário de Santiago, 3810-193 Aveiro, Portugal

3 YGE—Yser Green Energy SA, Área de Acolhimento Empresarial de Úl/Loureiro, Lote 17,
3720-075 Loureiro OAZ, Portugal; liliana.loureiro@ygenergia.com (L.M.E.F.L.);
leticia.sa@ygenergia.com (L.C.R.S.)

4 AFS—Advanced Fuel Solutions SA, Área de Acolhimento Empresarial de Úl/Loureiro, Lote 17,
3720-075 Loureiro OAZ, Portugal; h.silva@adfuelsolutions.com

* Correspondence: leonelnunes@esa.ipvc.pt; Tel.: +351-258-909-740

Received: 6 April 2020; Accepted: 31 May 2020; Published: 1 June 2020
����������
�������

Abstract: The demand for new sources of energy is one of the main quests for humans. At the same
time, there is a growing need to eliminate or recover a set of industrial or agroforestry waste sources.
In this context, several options may be of interest, especially given the amounts produced and
environmental impacts caused. Olive pomace can be considered one of these options. Portugal,
as one of the most prominent producers of olive oil, therefore, also faces the problem of dealing
with the waste of the olive oil industry. Olive pomace energy recovery is a subject referenced in
many different studies and reports since long ago. However, traditional forms of recovery, such
as direct combustion, did not prove to be the best solution, mainly due to its fuel properties and
other characteristics, which cause difficulties in its storage and transportation as well. Torrefaction
and pyrolysis can contribute to a volume reduction, optimizing storage and transportation. In
this preliminary study, were carried out torrefaction and pyrolysis tests on olive pomace samples,
processed at 300 ◦C, 400 ◦C, and 500 ◦C, followed by laboratory characterization of the materials.
It was verified an improvement in the energy content of the materials, demonstrating that there is
potential for the use of these thermochemical conversion technologies for the energy recovery of
olive pomace.

Keywords: olive pomace; thermochemical conversion; energy recovery; circular economy;
biomass waste

1. Introduction

Olive oil production is an activity of vital economic importance in Mediterranean countries [1].
Portugal is a reference in modern olive growing, and is expected during next decade to be the third
largest producer of olive oil in the world and the seventh largest in terms of occupied area [2]. This
growth is sustained by the evolution in the country and, in particular, in Alentejo, Southern Portugal,
with the contribution of Alqueva dam that provided the irrigation for intensive crops [3]. For example,
in 2018, which saw adverse weather conditions, the results presented in SIAZ—Olive Oil and Table
Olives Information System-https://www.gpp.pt—indicated a 30% drop in oil production compared
to the previous campaign. Despite this, production was 4% higher than the average production in
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the last four campaigns. Currently, as the ninth producer in the world, Portugal has 361 thousand
hectares of olive groves, and 135 thousand tons of oil extracted.

Olive oil production is associated with the generation of residues, olive pomace, and red
waters, which present potentially toxic compositions and are harmful to ecosystems when improperly
discharged into the environment [4]. Due to the high levels of oils and fats, the chemical deficiency of
oxygen, total solids, polyphenols, and red waters, in order to be able to be sent either to emissaries or
directly to the receiving environment, need extremely efficient treatments, with significant investment
and operating costs that can make the mills unfeasible. Within these residues, olive pomace has viable
forms of recovery already known and in use [5–7]. This olive pomace, resulting from the recently
introduced two-stage centrifugation system, is a semi-solid, moderately acidic residue formed by
pieces of olive stone, olive pulp, and water [8]. Its composition varies according to the variety of olives,
fruit ripeness, climatic conditions, and cultivation practices [9]. In general, it consists of high amounts
of water (60–70%), residual oil retained in the pulp (2.5–3%), inorganic compounds, and appreciable
amounts of lignin, cellulose, and hemicellulose, as well as other organic matter including proteins,
polyalcohols, fatty acids, sugars, polyphenols, and pigments [9,10]. This organic load is responsible for
its phytotoxic and antimicrobial characteristics, as well as its high moisture content, making it difficult
to handle, store, and transport [11,12].

In recent years, many efforts have been made to find a way to efficiently recover olive pomace
in order to add commercial value to this waste [13,14]. Within the forms of recovery already studied
and mentioned in the literature, bioconversion of these residues into fertilizers can be highlighted,
including application in the production of animal feed, the use as a substrate for the production of
bioethanol/biomethane and biohydrogen, and bioconversion in some biopolymers or enzymes for
other industries [15].

Despite all the advantages that are described in the literature for these conversion technologies,
as capable of processing residual biomass mainly due to its ability to homogenize different types of
raw materials with different qualities, these technologies still present restrictions, namely with regard
to its scalability, and the fact that large production units must operate continuously. Many recent
developments have been achieved, mainly with regard to process control and stability. However, it
cannot yet be considered a mature technology, so a large investment in R&D is still needed.

Torrefaction and pyrolysis are thermochemical conversion technologies that present as main
difference the temperature range where occur, being, respectively, 220 ◦C to 320 ◦C for torrefaction,
and 320 ◦C to 600 ◦C for pyrolysis [16]. Both processes take place at atmospheric pressure, in an
oxygen-poor environment, where residence times vary according to the purpose for which the process
is intended, and in the case of roasting, the final yield tends towards the solid fraction, whereas
in pyrolysis, this yield tends normally to the liquid fraction [17]. The use of these technologies for
the processing of agroforestry residues is already widely documented in the bibliography, with some
previous work already dedicated specifically to the thermo-conversion of olive pomace, mainly because
these processes allow a very significant volume reduction, at the same time that confer properties such
as hydrophobicity, thus allowing a more efficient storage without the risk of reaction with water or
withstanding biological activity [18–21].

This work aims to evaluate the potential of using olive pomace as a renewable energy source in
the perspective of circular economy, where waste is reused and incorporated into a new production
cycle. For this, the research was divided into different stages, starting with the characterization of
olive pomace, namely with regard to its original properties that will serve as a standard, followed by
torrefaction and pyrolysis in a muffle at different temperatures, respectively, 300 ◦C, 400 ◦C, and 500 ◦C,
followed by the determination of a set of characteristics, which allow the evaluation of the potential
to improved energy recovery processes, optimizing circular economy in olive oil industrial sector,
assuming definitively the potential that these materials present, provided that the initial disadvantages
as a fuel are overcome, for example, with the use of technologies such as torrefaction or pyrolysis.
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2. Materials and Methods

2.1. Samples Collection and Preparation

In this study, several analyses were carried out to characterize the evolution of the olive pomace
properties resulting from the torrefaction and pyrolysis processes. Thus, different techniques were
used, such as thermogravimetric analysis, elemental analysis, and heating value. The olive pomace
samples analyzed, were collected in an olive oil extraction plant that operates in a two stages process,
in the region of Vila Real (Northern Portugal), in the 2019 campaign.

Olive pomace samples were dried at a temperature of 90 ◦C for 6 h. Samples were weighed to be
approximately 500 g and wrapped in aluminum foil to ensure an atmosphere with low oxygen content,
as presented in Figure 1. Tests were carried out in duplicate, placing two samples at the same time in
each batch, to guarantee their reproducibility.

Figure 1. Assemblage of the samples in aluminum foil for torrefaction and pyrolysis tests.

For torrefaction and pyrolysis, the experimental protocol described by Ribeiro et al. (2018) [22]
was applied, which proposed using a high-temperature oven for thermochemical processes used
already in other previous studies, such as that one presented by Sá et al. (2020) [23]. The samples were
torrefied and pyrolyzed in the muffle, which was programmed according to temperature (◦C) and
residence time (minutes) as presented in Table 1. The selection of parameters was done in a sequential
manner, taking into account the results obtained for each one of the tests carried out. Initial and
processed materials are presented in Figure 2.

Table 1. First series of conversion tests.

Residence Time (Minutes) Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

30 Room Temperature
to 180 ◦C

Room Temperature
to 180 ◦C

Room Temperature
to 180 ◦C

60 180 ◦C to 300 ◦C 180 ◦C to 400 ◦C 180 ◦C to 500 ◦C

90 300 ◦C 400 ◦C 500 ◦C

Time enough to safely open
the muffle and collect the material

300 ◦C to Room
Temperature

400 ◦C to Room
Temperature

500 ◦C to Room
Temperature
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Figure 2. (a) Dried sample; (b) 300 ◦C; (c) 400 ◦C; and (d) 500 ◦C.

2.2. Determination of Elemental Composition

To determine the elemental composition was used a CHN analyzer in accordance with
the procedure described in the standard EN 15104: 2011—Solid Biofuels—Determination of Total
Content of Carbon, Hydrogen and Nitrogen—Instrumental Methods. After obtaining the results for
carbon, hydrogen and nitrogen content, the following equation was used to calculate the oxygen
content:

w(O) = 100 −w(C) −w(H) −w(N) (1)

where w(O) is the oxygen content (%), w(C) is the carbon content (%), w(H) is the hydrogen content
(%), and w(N) is the nitrogen content (%).

2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted in accordance with the procedures described in
the standards EN 14775: 2009—Solid Biofuels—Determination of Ash Content, EN 15148: 2009—Solid
Biofuels—Determination of Volatiles Content and EN 14774-3: 2009—Solid Biofuels—Determination
of Moisture Content. The entire procedure requires ground materials before being introduced into
the melting pots, which were loaded with approximately 1 g of material.

2.4. Determination of Heating Value

To determine HHV, the equation deduced by Parikh et al. (2005) was used as follows [24]:

HHV(db) = 0.3536FC + 0.1559V − 0.0078A (2)

where HHV(db) is the High Heating Value (MJ.kg−1) on a dry basis, FC is the Fixed Carbon (%) content,
V is the Volatile content (%), and A is the Ash content (%).

3. Results and Discussion

3.1. Elemental Analysis

The results obtained in the analysis of the elemental composition are shown in Table 2. As already
mentioned, all analyses were performed in duplicate, so the value presented is the average, and
the same applies to all the following results.
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Table 2. Ultimate analysis for the different process temperatures.

Elements Original Dry Sample T300 ◦C T400 ◦C T500 ◦C

C (%) 56.2 63.9 77.3 86.7
H (%) 6.8 7.2 3.8 3.4
N (%) 1.2 1.6 2.5 1.2
O (%) 35.8 27.3 16.4 8.7
S (%) <0.01 <0.01 <0.01 <0.01

The determined sulfur (S) content proved to be lower than the lower detection limit of
the equipment used in the analysis, so it was considered, for the purposes of calculating other
parameters, to be equal to the referred limit value, which was 0.01% on a dry basis. However, in
relation to the S content present in olive pomace, a more rigorous determination of the levels that can
be found in these residues will be necessary, since there are very different opinions among other works
on the subject [25–30].

In the elemental analysis, there is a decrease in the levels of hydrogen and oxygen, which is
understood as normal, due to the fact that with the increase in temperature there is a devolatilization of
hydrogenated and oxygenated compounds, mainly related to the depolymerization of hemicellulose,
when the process takes place at 300 ◦C, and lignin and cellulose, when the temperature is increased to
400 ◦C and 500 ◦C.

The nitrogen content remains practically unchanged during the different tests at different
temperatures, with a small concentration at 400 ◦C. Nitrogen is eliminated from the solid yield
when 500 ◦C is reached, most likely due to the formation of some compounds, such as light nitriles
(acetonitrile, propanenitrile), long chain nitriles and amides, pyrrolic and pyrrolidinic compounds, and
diketopiperazines (DKPs), as stated in several previous research works [31–33], and that are emitted at
this stage.

3.2. Thermogravimetric Analysis

The results obtained in the analysis of the proximate composition are shown in Table 3.

Table 3. Proximate composition for the different process temperatures.

Original Dry Sample Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

Fixed Carbon (%) 18.84 26.12 75.49 82.14
Volatiles (%) 79.85 75.59 21.08 14.36

Ashes (%) 1.31 1.30 3.45 3.51
Moisture (%) 3.51 1.52 0.91 0.57

The TGA results highlight the evolution of fixed carbon, which increases significantly from 18.84%
to 82.14%. This fact indicates, first, a directly proportional increase in heating value, but it also opens
the door to the creation of products with more added value, which may even justify other studies.
Concerning the ashes, there is also an increase in the content, from the initial 1.31%, to 3.51% at 500 ◦C,
which is due to the fact that the loss of mass leads to this concentration of the mineral fraction, which
is not lost through the volatilization of oxygenated compounds. Volatile content also presents an
expected behavior, since it decreases throughout the process, being minimal in the material produced
at 500 ◦C, with a value of 14.36%.

3.3. Heating Value

The results obtained for the calculation of High Heating Value (HHV) are shown in Table 4.
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Table 4. High Heating Value (HHV) calculated for the different process temperatures.

Original Dry Sample Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

HHV (MJ.kg−1) 19.10 21.01 29.95 31.26
Mass loss - 37% 76% 78%

The determination of HHV by the method described by Parikh et al. (2005) [24] allows
the evaluation of the energy content of a fuel by knowing other properties, such as fixed carbon, volatile
and ash content. Thus, the initial heating value of the thermally untreated sample, of 19.20 MJ.kg−1,
increases up to 31.26 MJ.kg−1. These values are in accordance to those presented in previous studies,
such as the presented by Guizani et al. (2016), where a two-step process based on torrefaction and
combustion is proposed for olive pomace recovery and where is concluded that torrefaction improves
strongly the combustion properties [20].

The mass loss verified during the tests was, respectively, 37%, 76%, and 78%. This result can
be interesting if associated with the energy recovery is also the environmental issue of reducing
the volume of waste generated. Previous studies such as those from Bridgeman et al. (2008) found
yields for torrefaction of Phalaris arundinacea, processed in a range of temperatures comprised from
230 to 290 ◦C, with mass losses of 7% to 32% [34]. Bergman and Kiel (2005) report typical values
of 20% for mass loss [35]. Felfli et al. (2005) found mass losses from 6% to 46%, respectively for
temperatures from 220 ◦C to 270 ◦C, for wooden briquettes processed for a period of 60 min [36].
Concerning higher temperature tests can be found several in the literature available [37–39]. However,
once in these studies the technology used was fast high temperature pyrolysis, the main objective
was to obtain a gaseous yield the highest possible, being in the majority of the cases reached 95% [37].
When comparing the results obtained in the tests conducted in the present study with those found in
the referred literature, mass loss results for torrefaction temperature range can be considered similar.
For the pyrolysis temperature range, above 300 ◦C, it was not possible to find comparable results, once
the procedures used to the obtention of the samples were considerably different from the one used here.

4. Conclusions

Torrefaction and pyrolysis are thermochemical conversion processes that can be the starting point
for the development of other conversion technologies. That is, can act as pre-processing technologies
before the use of other processes for the production of energy and for a more efficient methodology
to reduce waste volumes. It is already possible to find many cases in the literature in reference to
the use of these materials in biomass gasification and liquefaction processes, where olive pomace can
be included.

The results obtained in this preliminary study showed a significant increase of 11.5%, 57%, and
63% for the heating value, respectively, for the tests performed at 300 ◦C, 400 ◦C, and 500 ◦C, with mass
losses of 37%, 76%, and 78%. In this way, the options defined by the tests at 400 ◦C and 500 ◦C are
potentially interesting, since mass loss, although significant, may allow the process to become viable.
However, it is necessary to carry out further tests, namely, using a torrefaction unit on a pilot-industrial
scale, in order to confirm the feasibility of the processes.

It is possible to see that there is a strong probability that these technologies can contribute to
the resolution of a set of problems, namely, through the elimination and recovery of a set of waste, such
as those resulting from the olive oil industry, which are responsible for great environmental concerns,
but also because can be an alternative to the production of renewable fuels that allow, for example,
the replacement of others with fossil origin, guaranteeing the continuity of its operation, and thus
the existence of backup units that ensure the stability of the energy supply, when other renewable
sources, more intermittent, are unable to assure it.
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Abstract: The potential of using cold water brown macroalgae Fucus vesiculosus for biocrude produc-
tion via non-catalytic supercritical hydrothermal liquefaction (HTL) was studied. Demineralization,
residue neutralization, and high value-added product (alginate and fucoidan) extraction processes
were carried out before using the biomass for HTL biocrude production. Acid leaching was carried
out using three demineralization agents: distilled water, dilute citric acid solution, and the diluted
acidic aqueous by-product from a continuous HTL pilot facility. Alginate was extracted via H2SO4

and NaCO3 bathing, and fucoidan was extracted using CaCl2. Experimental data show that none
of the leaching agents was greatly efficient in removing inorganics, with citric acid leaching with
extensive neutralization reaching the highest ash removal efficiency of 47%. The produced 6 sets of
biocrudes were characterized by elemental and thermogravimetric analyses. Short (10-min retention)
HTL and the extent of leaching residue neutralization were also investigated. Highest biocrude
yields were recorded when liquefying non-neutralized citric acid leaching, alginate, and fucoidan
extraction residues. On the other hand, thermochemical conversions of short retention time HTL, full
neutralization extent, and baseline (dried raw macroalgae) biomass performed worse. Specifically,
the highest biocrude yield of 28.2 ± 2.5 wt.% on dry ash-free feedstock basis was recorded when
liquefying alginate extraction residues. Moreover, the highest energy recovery of 52.8% was recorded
when converting fucoidan extraction residues.

Keywords: residue valorization; hydrothermal liquefaction; biorefinery; macroalgae; value-added
products

1. Introduction

The transportation sector is engaging with innovation to address societal concerns
over climate change. Numerous upcoming technologies are posed to significantly diminish
our dependence on fossil fuels. Among the rapidly developing technologies are hydrogen-,
electricity-, and electrofuel-based alternatives. Given the imminent transitional period,
intermediary fuels will undoubtedly play a critical role to gradually transform the current
well-established infrastructure of liquid fuels. This is where advanced biofuels come into
play and supply for this demand. Biomass, given adequate management, sustainable
cultivation, and timely integration, should be the key precursor for several types of fuels—
a significant fraction of future energy portfolio. Due to the wide abundance and short life
cycles, biomass promises potential for a more sustainable world, one where we are able to
lower anthropogenic CO2 emissions drastically.

Macroalgae, also known as seaweed, constitute numerous large multicellular algae
species. These seabed dwelling plants grow in coastal marine areas, and can be harvested
at depths less than 50 m below sea level. The environments in such ecosystems are
conveniently next to invariant in terms of temperatures and salinity, facilitating continuous
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growth all year round, albeit not constant in growth rate [1]. Seasonal solar irradiance
variance plays a major role in dictating growth rates and the chemical composition of the
resultant macroalgal biomass. Previous studies have shown that brown seaweed (e.g.,
Saccharina, Undaria, Ecklonia, or Sargassum) are characterized by growth rates of 3.3–11.3 kg
dry weight/m2 per year [1]. This corresponds to harvest potentials between 2–10 dry
tons/ha per year in Danish waters [2]. In fact, brown seaweeds can have a maximum
energy yield of more than 45% throughout a single growing period. Such a value is
significantly greater when compared to yields of most types of terrestrial biomass (e.g.,
lignocelluloses: 20–25%, energy crops: 30–35%). Such high productivity rates show a high
potential for growing this biomass commercially [3].

Despite stagnant conditions locally, macroalgae are known to vary greatly in terms
of chemical composition. Energy storage carbohydrate (e.g., laminaran and mannitol)
fractions depend heavily on harvest seasonality, as the plants accumulate and release the
compounds throughout the lighter and darker seasons, respectively [1]. Ash content can
also vary greatly [1,4]. For instance, brown seaweeds harvested early in spring typically
contain high amounts of alginate, proteins, and ash but low concentrations of the other
types of carbohydrates [5]. However, upon receiving more light, the photosynthetic activity
of the algae surges—the plants produce higher amounts of sugars, whereas the relative
amounts of alginate, proteins, and ash drop [5].

Alginate, a linear polysaccharide abundant in free hydroxyl and carboxyl groups,
and fucoidan, a fucose-containing sulfated polysaccharide, are amongst many algal com-
pounds that have generated great interest in the scientific community over recent years [6,7].
Specifically, these two types of natural polysaccharides are valued for their applicability in
medicinal and pharmaceutical fields. Although the properties of these value-added com-
pounds vary depending on the chosen extraction methods and subsequent modification
procedures, the processes typically result in a residual biomass by-product.

Using macroalgae as feedstock for energy production is not new, with many research
groups worldwide studying the potential to make use of this marine resource. The tested
technologies are of biochemical or thermochemical nature, where the biomass is converted
to energy carriers. The high moisture content and high amounts of low melting point
alkali and alkaline earth metals present in the biomass renders it a poor choice for direct
combustion. Typically, a particular pathway is chosen based on the desired state of the
output fuel. Multiphase, except for solid, fuel precursor production has been demonstrated
using seaweed.

Hydrothermal liquefaction (HTL), unlike anaerobic digestion, is capable of fast pro-
duction of high-quality fuel precursors, typically being carried out in a matter of minutes
to tens of minutes [8]. Alkaline homogeneous catalysts are often employed, thus despite
the overall high levels of ash, the metals of alkali nature present in the biomass are hypoth-
esized to potentially improve the conversion. Reaction media of elevated pH levels are
typically used, as such conditions lead to decreased formation of residual solids, whereas
the gases are pushed towards repolymerization. Anastasakis et al. found that in the HTL
of macroalgae, experiments in which no external catalyst was added yielded the highest
amounts of biocrude [9]. In terms of quality, HTL biocrude is capable of reaching high
energy densities, often equivalent to at least 70% of that of fossil crude [9]. The presence of
heteroatoms in the biomass is one of the reasons why it is difficult to achieve high energy
content in nontreated HTL biocrude. In macroalgae, nitrogen and sulfur are derived from
proteins and sulphated carbohydrates, respectively, while all major groups of polysaccha-
rides contain copious amounts of oxygen. When compared to lignocellulose products,
algae-derived HTL biocrudes typically are more contaminated due to the high nitrogen
and sulfur contents in the initial feedstock [10].

HTL experiments have been carried out with macroalgal feedstock recently [10–13].
However, alginate and fucoidan—two high-value compound extraction residues—have
not yet been exposed to such thermochemical conversion conditions. On the other hand,
energetic utilization via anaerobic digestion [14], pyrolysis [15], and hydrothermal car-
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bonization [16] has been studied with such algal residues. Since HTL can successfully
process sewage sludge and compost, two low-value wet material streams, which suggests
that seaweed residues could be susceptible as well [17]. Researchers have recently stud-
ied two-stage HTL and co-liquefaction as a means to boost yields of macroalgae-derived
biocrude [18,19]. This study focuses on utilizing residual material streams generated at
macroalgal factories (i.e., alginate and fucoidan extraction residues). Taking circular econ-
omy goals into consideration, such modern bio-refineries could expand and produce both
high-value products and HTL biocrudes at high, continuous production capacities. This
study was carried out to test whether alginate and fucoidan residues can be effectively
liquefied into high-quality biocrudes intended for downstream upgrading and refining
of the eventually drop-in quality fuel. Additionally, the study included investigating the
effects raw macroalgae demineralization, considering that the post-processed macroalgal
biomass is hypothesized to contain copious amounts of inorganics. Finally, extensive
neutralization of leaching residues was carried out to test for its necessity, and a shorter
reaction time was investigated for potential benefits in supercritical HTL of low-value
residual seaweed biomass.

2. Results

2.1. Demineralization

Fucus vesiculosus residues reached stable pH levels of 6 after the water leaching step, a
value corresponding to the fresh biomass. This is said to be caused by the macroalgal cell
wall polysaccharides that contain acidic functional groups [20]. Four washing steps were
necessary to reach pH 7, corresponding to 50 g water/g initial macroalgae. Five washing
steps brought the pH level up to 6.9, compared to the initial pH of 5.6 when leaching with
HTL water. Citric acid leaching led to the lowest initial pH of 3.8. Eight washing steps only
raised the pH to 6.1, corresponding to 100 g water/g initial macroalgae, despite the fact
that a diluted acid solution was used.

Ash content was reduced as a result of the dry biomass grinding and subsequent
water leaching. A final ash content of 13.71 wt.% was obtained when measured after first
reaching pH 7 (i.e., after washing step 4), corresponding to an overall ash reduction of
38.85%. However, the final measurements show that further ash reduction is very limited
during neutralization, defined here as 1.14% per four H2O washes throughout the entire
experimental range.

HTL water led to less effective demineralization compared to water leaching. Here,
the final ash contents amounted to 16.17 and 14.89 wt.% prior and post neutralization,
respectively. The agent’s capacity is believed to be limited due to the relatively high amount
of inorganics (2.51 wt.%) in the liquid itself. The used catalyst, potassium carbonate, is
believed to constitute the majority of the ash and it is hypothesized to add onto the
amounts of potassium salts abundant in the seaweed biomass. Neutralization did not
offer much in terms of further reductions. The slight reduction amounted to 1.28 wt.%,
while an analogous decrease of 1.9 wt.% occurred in the case of water leaching. All in
all, diluted HTL water leaching offered inferior ash reduction performance, exhibiting a
demineralization potential of 33.59%. The raw data acquired for and used throughout this
study are available in the Supplementary Materials.

In the studied fresh seaweed, leaching using a dilute citric acid solution resulted in
the highest ash removal efficacy. Final ash contents of 14.53 and 11.85 wt.% were achieved
before and after the eight washing steps, respectively. This amounted to ash reductions of
35.19% and 47.15%. The final result is caused by the combined effects of acid and water
leaching, as evident from the data. The results of this part of the study are listed in Table 1
and visualized in Figure 1.
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Figure 1. Correlation between macroalgae residue and ash content post demineralization.

Table 1. Demineralization results, highlighting the effects different leaching agents and post-
treatment via water washing have on the pH, final ash content and higher heating value of macroalgal
biomass.

Leaching No. of H2O Washes pH Ash [wt.%] Residue HHV [MJ/kg]

Water

1 6.4 15.28 ± 0.20 15.18 ± 0.08

4 7 13.71 ± 0.33 15.65 ± 0.05

8 7 13.38 ± 0.36 15.46 ± 0.04

HTL water

1 5.6 16.17 ± 0.91 15.73 ± 0.03

4 6.7 15.06 ± 0.96 15.82 ± 0.01

5 6.9 14.89 ± 0.59 15.80 ± 0.01

Citric acid

1 4 14.53 ± 0.42 16.16 ± 0.02

4 5.3 13.36 ± 1.36 16.16 ± 0.07

8 6.1 11.85 ± 0.37 16.03 ± 0.05

Higher heating values (HHVs) of the resultant biomass residues were measured to
extend the comparison of the three investigated methods. From an energetic standpoint,
higher quality feedstocks were achieved via the use of all three leaching agents. Here, too,
the claim that citric acid treatment performs best is valid since the highest HHV recorded
was 16.16 MJ/kg compared to the initial 14.95 MJ/kg of the dried F. vesiculosus seaweeds.

The final metric here was to measure the amount of solid residues generated post
leaching. Differences across the three were observed, with 61.75 wt.%, 65.15 wt.% and
68.66 wt.% of residues generated when leaching with citric acid, HTL water and water,
respectively. Thus, the determined differences in ash removal efficacies are confirmed. It is
noteworthy that post-treatment water washing equalized the amount of residues by wash
number 4 from all three sets of experiments, further suggesting that neutralization and
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subsequent washing do not depend on the leaching agent used as far as residue generation
is concerned

2.2. Value-Added Product Extraction

Despite the high extent of alginate and fucoidan extractions, high quantities of post-
extraction residues were produced, amounting to 41.88 and 68.17 wt.% of the initial biomass,
respectively.

The residues were exposed to elemental analysis and the effect alginate and fucoidan
extractions have on heteroatomic constituents, specifically nitrogen and sulfur, was studied.
Fucoidan extraction led to lower amounts of elemental nitrogen, i.e., 1.84 wt.% compared
to the initial 3.14 wt.%, but alginate extraction did not affect this parameter of the biomass.
Meanwhile, fucoidan extraction resulted in a significantly lower fraction of elemental sulfur.
Here, the final content amounted to 0.37 wt.% compared to the initial 1.12 wt.% in the dried
seaweeds.

The residues were also studied in terms of how ash content changes after exposure to
the two extraction processes. While no significant changes in the final ash content were
observed after fucoidan extraction, inorganics were concentrated by the alginate extraction
procedure. To confirm, fucoidan and alginate extractives were also ashed. Low amounts of
dissolved inorganics were determined in both extracts. Thus, both extraction methods were
confirmed to selectively dissolve organics, removing virtually no inorganics. However,
the produced ash samples did differ in color (fucoidan extraction residues were light,
alginate extraction residues were dark), indicating that of the limited amounts of inorganics
removed, the processes do target different compounds. Additionally, as seen in Figure 2,
the different residues generated from leaching and extraction did not result in significant
differences upon thermal decomposition; divergences are apparent only in the latter stages,
when the residue is composed of inorganics to a great extent.

 

Figure 2. TGA curves representing raw biomass, leaching residues, and extraction residues (A), and the six produced
biocrudes (B).

2.3. Hydrothermal Liquefaction

2.3.1. HTL Yields

The recorded biocrude yields were in the range of 15.23 to 28.21 wt.% on dry, ash-free
(DAF) basis. The results, shown in Table 2, highlight that run 6 (short HTL) and run 5 (HTL
of neutralized citric acid leaching residues) resulted in the lowest yields. Run 4 (baseline
HTL) produced a slightly higher yield of 19.36 wt.%. Finally, as seen by the results of
the three remaining biomass treatment runs resulted in improved biocrude yields. Most
notably, run 4 (HTL of alginate extraction residue) experiments yielded the highest quantity
of products, amounting to 28.21 wt.%.
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Table 2. Summary of HTL biocrude yields and key quality parameters, including H/C and O/C
ratios and higher heating values and energy recovery rates. DAF basis was used when calculating
the biocrude yields.

Biocrude Yield [wt.%] H/C O/C HHV [MJ/kg] ER [%]

Run 1 19.36 ± 4.48 1.38 0.35 26.28 30.95

Run 2 21.59 ± 3.73 1.22 0.10 35.35 46.93

Run 3 26.56 ± 5.34 1.29 0.13 34.46 52.83

Run 4 28.21 ± 3.44 1.36 0.13 34.50 45.78

Run 5 17.26 ± 1.1 1.55 0.08 38.05 38.39

Run 6 15.23 ± 3.82 1.54 0.05 39.16 35.29

HTL by-product yields were also quantified in terms of mass yields. Runs 2, 3, and 5
generated the most solids. Run 3, representing the thermochemical conversion of fucoidan
extraction, yielded the most solids (0.35 g), whereas run 4 (alginate residues) generated
the least (0.18 g). Such a significant difference must be taken into consideration, especially
when preparing for continuous operation. In terms of water solubles (WS), runs 2 and 3
yielded the least with 0.15 g and 0.09 g, respectively. Here, the overall average amount of
produced WS across all experiments was 0.2 g. Run 1 yielded the most: 0.28 g of WS. Except
for run 2, the yields of gaseous by-products were comparable across the experimental range.
The conversion of citric acid leaching residues generated the most gases: 0.38 g, compared
to the average of 0.35 g. Figure 3 shows the yields of all four products, scaled with respect
to each other, and represents the proportional yields at lab scale batch processing. As a
general tendency, the data suggest that the slightly worse-performing runs generate higher
amounts WS and gas, on average.

 

Figure 3. Overview of HTL product yields, including biocrude, solids, water solubles and gases, indiscriminately scaled to
a closed mass balance.
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The biocrudes were also evaluated in terms of their HHVs and the associated calcu-
lated energy recovery rates for each set of experimental runs. The produced biocrudes
varied greatly in terms of their HHVs, ranging from as low as 26.28 MJ/kg in run 1, up to
38.05 and 39.16 MJ/kg as estimated for run 5 and 6 biocrudes, respectively. The higher-end
values are similar to fossil crudes. As a proxy for the feasibility of converting the different
biomass streams via HTL, energy recovery levels in the main fuel product were calculated.
As per Table 2, the highest ERs were estimated for runs 2, 3, and 4, with the maximum
estimated for fucoidan residue HTL being 52.83%. Conversely, run 1 (HTL of untreated
seaweeds) performed the worst, reaching just 30.95% in ER. Finally, the energy contents
between 35–38% of the initial feedstocks were estimated for the remaining runs 5 and 6.

2.3.2. Biocrude Quality

Biocrude quality determination of the different conversion runs is no less important
than estimating biocrude yield parameters. Elemental H/C and O/C ratios were the first
two indicators. While the goal is to have a biofuel precursor with maximal hydrogen and
minimal oxygen amounts, the highest H/Cs of ~1.54 with low O/C ratios between 0.05 and
0.08 were determined in the biocrudes of runs 5 and 6. A post-treatment upgrading step
including extensive deoxygenation would still be necessary to approach fossil analogues of
high enough quality for commercial refining and blending. Adequate quality parameters
were recorded in run 2, 3, and 4 biocrudes. Since only baseline run 1 biocrude was
a product significantly more contaminated with oxygen, all pre-treatments/conditions,
including demineralization, value-added product extraction, and even short retention, can
yield superior biocrudes. Table 3 highlights the key elemental constituents in a succinct
manner. No significant differences were observed upon proximate analysis of the different
products: volatile matter and fixed carbon averaged at 83.32 ± 2.3 and 16.68 ± 2.3 wt.%,
respectively. Here, a high fraction of volatiles is an important parameter indicating the
potential suitability for use as a fuel precursor for downstream processing into lighter
hydrocarbons such as diesel, jet fuel, and gasoline. TGA analysis revealed concerningly
high amounts of inorganic residues, averaging at 11.46 ± 0.7%, as shown in Figure 2,
further emphasizing the need for biocrude post-treatment.

Table 3. Overview of quantified HTL biocrude sample constituents: carbon, hydrogen, nitrogen,
sulfur, and oxygen.

C [wt.%] H [wt.%] N [wt.%] S [wt.%] O [wt.%]

Run 1 60.04 6.90 3.07 1.47 28.20

Run 2 77.72 7.91 2.74 0.53 10.78

Run 3 75.28 8.07 2.96 0.49 18.88

Run 4 74.40 8.41 3.01 0.51 13.37

Run 5 77.85 10.03 3.16 n.m. 8.65

Run 6 79.60 10.20 4.32 n.m. 5.57
n.m.—not measured; O calculated by difference, assuming 0.3 wt.% ash.

Differences in biocrude yields and quality between runs 2 and 5 and 1 and 6 can only
be done by taking a closer look at the resultant biocrudes; only then is it possible to see
whether extensive neutralization or a shorter retention time could hold any advantages. As
per Figure 3 and Table 2, biocrude yields of neutralized residue and short retention HTL
runs were poor. Only run 5 performed slightly better out of the four. No definitive tendency
can be observed from by-product distribution. Out of the two, neutralized residues yielded
more gas compared to the leached biomass. Run 1 biocrude had a very high amount of
oxygen, as evident in Table 3. Comparing these two, shorter retention seems preferable
due to a significantly lower O/C ratio and a slight increase in H/C. When discussing the
neutralization extent, however, of a similar O/C ratio, the HTL of neutralized residues
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yielded a biocrude with a H/C ratio more than 20% higher than that of non-water washed
acid leaching residues.

2.3.3. Solids

Organic and inorganic fractions of the generated solid residues were determined
and are shown in Figure 4. Averaging at 70.87 wt.%, the organic fractions did not vary
significantly across the experimental range. The only exceptions were run 3 (fucoidan
residues) solids, of which only 52.54 wt.% were organic in nature. As seen in Figure 3,
the amount of gaseous by-product generated during run 3 was average and the yield of
WS at the lower end of the spectrum. More inorganics must have been carried through
in the solid phase by-product as such a high fraction of the solids was generated. The
apparent concentration of organics is, therefore, apparently low. While the ash content
of the biomass and HTL solids was measured directly, the missing amount is assigned to
the WS fraction, where the corresponding percentage is derived on the basis of the total
amount of produced WS. Despite the potential to recycle the water phase, as evidenced
in HTL of lignocellulosic biomass, the present study suggests this might not be feasible
in HTL of macroalgae nor for demineralization purposes [21]. Upon ICP analysis, the
concentration levels of all measured levels except for potassium and sodium were higher
in run 1 solids (Figure 5) than those measured in the dried feedstock.

Figure 4. Variation in organic and inorganic constituents of the six produced HTL solids.
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Figure 5. Comparative metal concentrations in raw macroalgae, citric acid leaching, fucoidan, and alginate extraction
residues, and the solids produced in HTL run 1, as determined by ICP ash analysis.

2.3.4. Gases

Similar compositions of constituent gases were determined across the gaseous by-
products of the six sets of experimental HTL runs (Figure 6). Runs 3 and 4 differentiated
from the other samples. While the concentration of CO was significantly higher in run 3
samples, more H2 was detected in the by-product of run 4. In general, the composition
of all product gases was heavily dominated by CO2, with 84.61 and 91.61 vol.% as the
minimal and maximal values, respectively. Typically, only trace amounts of CO, H2, and
CH4 were detected, confirming that decarboxylation and decarbonylation reactions are
behind the removal of oxygen.

 

Figure 6. Comparative overview of the compositional profiles of the HTL by-product gases across
the experimental range.
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3. Discussion

3.1. Demineralization

Should the effect of biomass residue pH be strong and neutrality an important prereq-
uisite for effective HTL of seaweed feedstocks, all demineralization runs would require
post-processing neutralization, regardless of the leaching agent that was originally em-
ployed. Since it was possible to raise the pH of the HTL water leached residues via water
washing, a further synergistic benefit could be acquired by substituting intensive acid
pretreatment, given that the leaching agent could be shown to be an effective leaching
agent. Here, HTL water usage as a demineralization agent and the subsequent necessity
to neutralize the residues deserve further, dedicated studies. There is a potential need
to include the use of an external neutralizing agent to render the biomass exposed to
citric acid leaching neutral. Alternatively, it is apparent that an alarmingly high water
consumption would have to be dealt with downstream. The addition of an alkali catalyst
could be synergistically beneficial if both extensive ash removal potential and effective HTL
conversion can be shown. However, costs associated with high water consumption and
post-treatment are not exclusive to wet acid leaching—each washing step comes at a cost
of lost organic matter. This should be taken into account as the neutralization procedure
via washing would exacerbate such losses. Reactive solvent citric acid recovery could be
a potential way to significantly diminish water demand [22]. While here water washing
was studied as a widely available and low-tech method, careful investigations have to be
carried out with any potential biomass residue to adequately weigh the pros and cons
associated with the presented methods and their extent.

The present study recorded lower HHVs in post-neutralization residues, suggesting
that extensive water washing might not be an advantageous method. In fact, the full extent
of demineralization is reached before neutralization occurs; thus, any further washes may
remove organics more selectively instead. This is confirmed by the elemental analysis
data. After citric acid leaching, despite a slightly lower amount of inorganics by 2.68 wt.%,
elemental carbon and hydrogen increased only by 1.69% and 0.19%, respectively, when
residues after one and eight H2O washes were compared. This confirms that organics
are lost in subsequent washing of macroalgal biomass residues. Finally, the differences in
nitrogen were negligible (below 0.1 wt.%), whereas, given the shortage of relevant data, no
conclusions can be made about the fate of sulfurous compounds.

It is apparent from the data presented in Table 1 that all three leaching agents lead
to higher quality energy feedstocks. Since post-neutralization resulted in decreases in
HHVs, it is suggested that extensive water washing might have significant drawbacks. In
fact, the highest extent of leaching is seen to take place during the first washing steps, as
shown by the average biomass mass losses of 34.82% and 40.98% recorded after the first
and fourth wash, respectively. Figure 1 depicts the change in ash content versus biomass
residue. As an example, here, a decrease in ash content by 31.85% (i.e., a 7.14% mass
loss of the biomass) results in a total biomass mass loss of 31.34%. This indicates that the
tested methods are several times more effective at removing organics. Costs associated
with feedstock are typically the limiting barrier for biofuel production via HTL and this
is no exception for macroalgae [23]. Whether the advantages of demineralization would
outweigh the inherent additional costs of processing and leached organics valorization is
yet to be shown quantitatively.

Highly selective demineralization of biomass high in inorganics is a topic of high
interest in the scientific community. More aggressive acidic de-ashing, such as the use
of nitric acid, was shown to be highly effective but still lacked in selectivity [24]. Mean-
while, novel methods, such as treatment with pulsed electric fields, have already been
used to reach high demineralization efficiency at a relatively low loss of organics [25].
More importantly, however, it was recently shown that batch aqueous demineralization
overestimates water-soluble inorganics and loss of organic matter, indicating the urgent
need for large scale semi- or fully continuous pretreatment technique research on the
biomass of interest [26]. This seems to be true also for biocrude ash content determination,
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where even low ash (1–2% db) feedstocks lead to 4–5% ash in continuous supercritical HTL
biocrudes [27]. This highlights the possibility that achieving high demineralization extent
would not necessarily prevent the need to purify the produced biocrude downstream,
as the inorganic homogeneous catalysts commonly used in HTL (e.g., NaOH, K2CO3)
partially migrate to the product stream. It is the authors view that research is needed in
continuous demineralization of biomass high in inorganics and subsequent HTL to further
investigate whether it is more economical to develop efficient demineralization treatments
or HTL systems capable of processing high ash feedstocks instead.

3.2. Value-Added Product Extraction

The high amounts of residues could be explained by the fact that the F. vesiculosus
used in the present study had been harvested in late winter, suggesting that the plants
had consumed their energy stocks, giving rise to the high amount of inorganics present in
the feedstock. Further differences have been recorded when comparing winter-harvested
F. vesiculosus and autumn-collected S. latissima, where the latter contained more than twice
more alginate [28,29]. Obviously, genera-specific differences in plant structures could also
add to such differences.

The apparent variance in residue coloration served as a solid basis for further ash
analysis to identify how this visual difference correlates to compositional differences.
Calcium and sodium compounds made up the majority of the total inorganics in fucoidan
and alginate extraction residues, respectively. Since CaCl2 and Na2CO3 cannot completely
be removed in a single post-extraction washing step, significantly increased concentrations
of these elements are observed upon ICP analysis. The lightness of the fucoidan residues is
a result of the high concentrations of calcium in the biomass. The inorganic constituents of
the dried F. vesiculosus itself are dominated by alkali and alkali earth metals. Specifically,
potassium, sodium, calcium, and magnesium are abundant in the highest amounts, while
potassium, magnesium, and manganese are shown to be extracted effectively throughout
both of the procedures. However, heavier metals, such as aluminum, copper, nickel, and
zinc, remain at nearly unchanged concentrations. Particular to alginate extraction is the
enhanced migration of iron, strontium, and phosphorous. This phenomenon is explained
by the use of H2SO4—this strong acid is known to be a more aggressive demineralization
agent [30]. When compared to the initial macroalgae, the HHVs of both extraction residues
exhibited improved HHV values.

3.3. Hydrothermal Liquefaction

As reported previously, batch macroalgal biocrude can contain a significant quantity
of inorganics, rendering further purification necessary [31]. Several techniques, including
filtration, electrocoalescence, washing, and, more recently, washing with carbonated water,
utilized in conventional refineries could be employed for this purpose [32,33]. The con-
centrations of alkali and alkaline earth metals were expected to change due to the high
solubility of potassium and sodium salts in water—significant amounts were removed
during the product separation procedure, as observed previously in the literature [34]. ICP
analysis of the inorganics present in the produced by-product solids indicated that reactor
degradation is an area of concern and further studies are necessary to determine specific
degradation rates. This is based on the increasing or appearing concentration levels of
stainless steel-derived metals, such as chromium, iron, manganese, nickel, and titanium.

Yet another important methodological detail worth noting is that an additional water
washing step was included after product filtration to check for significant amounts of water
solubles that had precipitated upon rinsing the reactants with acetone. Obviously, using
a solvent to empty the reactors and separate the products will impact the results to some
extent and the obtained products may not be representative of larger-scale operations. This
is made especially clear as gravimetrical separation of biocrude is commonly employed at
continuous pilot-scale HTL facilities [21]. Largely varied mass losses between 7.96 to 54.15%
were recorded upon the additional water washing step in run 4 and 3 solids, respectively.
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The recalcitrance of alginate extraction residue derived HTL solids is suggested to be
brought on, once again, by the use of sulfuric acid that had made the residues more stable
hydrolytically via structural destruction and effective demineralization. In a previous study,
crystalline macroalgae structures were shown to be broken down by dilute sulfuric acid in
L. digitata [31]. This analysis revealed no effect on the amount of acetone WS precipitates
by extensive water neutralization or shorter HTL retention time as mass losses of 37 and
22 wt.% were recorded in solids of runs 1 and 6, and 2 and 5, respectively. Nonetheless,
given the large variation and possible high misrepresentation of the yields, extra washing
makes sense to show quantitively certain data, and reduce the risk of them not being either
acetone- and water-insoluble, or representative of large HTL facilities filtered in-line.

4. Materials and Methods

Fresh samples of brown macroalgae Fucus vesiculosus (photograph in Figure 7), grow-
ing north of the Danish mainland, were acquired for the experimental part of the study.
Specifically, these algae were chosen due to their wide distribution in the Baltic Sea. In
some western areas, F. vesiculosus are the only large, canopy-forming brown macroalgae.
They grow along rocky coasts, at low depths [35].

 

Figure 7. Physical appearance of the samples: fresh biomass (A), dried alginate extraction residues
(B), and dried fucoidan extraction residues (C).

Thermogravimetric analysis (TGA) was performed in an inert atmosphere (purged
with nitrogen) using a PerkinElmer STA6000 TG/DSC analyzer. Samples of 4–7 mg were
heated to 950 ◦C at a temperature ramp rate of 10 K/min. The nitrogen flow rate was
set to 20 mL/min throughout the entire procedure. CHNS analysis was carried out on
a Vario Macro Cube simultaneous CHNS analyzer from Elementar. Here, samples of
70–80 mg were analyzed in triplicates. An in-house moisture analysis (KERN MLS) was
used to determine the water content in the fresh biomass. Higher heating values (HHVs)
of the dried and milled macroalgae samples were measured in triplicates using an IKA
C2000 basic bomb calorimeter. Finally, ash content in the biomass samples was determined
as the constant mass solid residue post-dry oxidation at 575 ± 25 ◦C. All compositional
information is provided in Table 4.
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Table 4. Compositional analysis of freshly harvested winter F. vesiculosus macroalgae.

Physical Properties (as Received):

Water content [%] 77.42 ± 0.5

Proximate Analysis (Dry Basis):

Volatile matter [%] 54.16

Fixed carbon [%] 20.23

Ash [%] 22.42

Higher heating value [MJ/kg] 14.95 ± 0.01

Elemental Analysis (Dry, Ash-Free Basis):

Carbon [%] 36.90

Hydrogen [%] 6.06

Nitrogen [%] 3.14

Sulfur [%] 1.12

Oxygen [%] a 30.36
a—calculated by difference.

4.1. Demineralization

Initial screening tests were carried out on Laminaria digitata brown macroalgae as a
part of a previous study [30]. The combination of significant ash removal and relatively
water-lean neutralization procedure led to evaluating dilute citric acid treatment as optimal.

Demineralization with distilled water was also carried out to establish baseline results.
Finally, to investigate an alternative means to utilize one of the by-product streams of
continuous HTL, the aqueous phase by-product was used as the third leaching agent. Its
acidic nature gives merit to investigate the de-ashing potential, and thus, valorize the
otherwise challenging waste stream. The raw aqueous product was a sample previously
collected at the local semi-continuous HTL plant and represents a real-world synergistic
opportunity. The sample was slightly acidic with a pH level below 5.5 [27].

The raw macroalgae were pre-rinsed with cold water to remove any unbound inor-
ganics as the first step. After the initial rinsing, the biomass was oven-dried and milled
(FOSS CyclotecTM 1093, particle size: ≤200 µm). In the case of citric acid leaching, the
now dry and powdered macroalgae were mixed with a 1 wt.% citric acid solution (12.5 g
solution/g macroalgae). The leaching process took place overnight (18 h of continuous
stirring at 1000 rpm at room temperature). After leaching, the mixtures were centrifuged
(SIGMA 6–16S centrifuge, for 5 min at 4000 rpm) to remove the leachate. Then, the neu-
tralization/rinsing procedure took place. Neutralization is a part of the study to process
a non-acidic feedstock. This was done because alkaline processing media were found to
suppress char formation from carbohydrates during HTL [21]. Distilled water was added
to the residues (12.5 g water/g initial macroalgae) and the mixture was stirred manually.
Subsequent centrifugation was utilized for separation. Varying amounts of coupled rinsing-
separating steps were enforced to set up for analysis of HTL of post-demineralization
macroalgae. The focus here was to determine whether a great neutralization extent is truly
necessary for efficient HTL of acid leached macroalgae. The experimental design included
drying (at least for 18 h at 105 ◦C) the residues after one, four, and eight rinsing repetitions
(i.e., simulated water consumption ranging from 12.5 to 100 g/g of dry initial macroalgae).
Ultimately, we aimed to test the need for water-intensive post-treatment. The pH levels
were measured initially, after the leaching period and after each rinsing step (WTW pH
3210 m, accuracy of ±0.2 pH points). All results are reported as average values of triplicate
experiments/measurements, unless stated otherwise.

Just 50 mL of HTL aqueous phase was available for the needs of this study. In order
to accommodate the required leaching medium, the available 50 mL were diluted with
distilled water to reach a total volume of 300 mL. This being said, it is worthwhile to note
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that the pH of the solution did not change significantly, stabilizing at pH 5.6 prior to mixing.
The same acid solution-to-biomass ratio of 12.5 and leaching conditions were kept.

4.2. Value-Added Product Extraction

The experimental flow of the performed alginate removal procedures was adapted
from [36]. Three samples (sample size: 5 g) of the winter harvest F. vesiculosus were
processed. Firstly, the rinsed macroalgae were dried and milled. Then, the powder
was mixed with a 0.5 M H2SO4 solution (13.58 g solution/g algae) and stored overnight
(minimum 21 h) in a dark cabinet. Then, the mixture was centrifuged (5 min at 4000 rpm)
and the liquid solution was removed. An intermediary washing step (13.58 g H2O/g initial
algae) with subsequent centrifugation (4000 rpm, 5 min) was performed to remove any
residual acid. A 4% Na2CO3 solution (19.95 g Na2CO3 solution/g initial algae) was added
to the residues. The mixture was stirred magnetically (800 rpm) for 2 h. After soaking,
the mixture was once again centrifuged to separate the solubles. A washing step (19.95 g
water/g initial algae—mix, centrifuge, drain) took place next. All of the above process
steps were carried out at room temperature. Finally, the residues were carefully removed
from the centrifuge bottles and placed in an induction oven to dry for at least 18 h at 105 ◦C.

The employed simulative fucoidan extraction procedure was adapted from [15]. Three
samples (sample size: 5 g) of winter harvest F. vesiculosus were used. The water-rinsed
macroalgae were processed mechanically via drying and milling. Subsequently, fucoidan
was extracted in a CaCl2 solution. The extraction was finished throughout two steps:
samples were exposed two times to 20 min-long magnetic stirring (800 rpm) sessions
in 1 wt.% CaCl2 solutions (16.67 g solution/g algae). After each stirring, the mixtures
were centrifuged at 4000 rpm for 5 min and the separated liquid was removed. A similar
procedure followed the two extraction-separation steps: the solid fucoidan extraction
residues were mixed with water (16.67 g water/g initial algae) and centrifuged once more
in order to remove any remaining calcium chloride. All steps were carried out at room
temperature. Finally, the residues were oven-dried, cooled in a desiccator, weighed, and
stored in airtight containers until further processing.

4.3. Hydrothermal Liquefaction

Six separate HTL runs were carried out throughout this study. The experiment list
can be seen in Table 5. The main focus of the overall procedure was set on HTL of
treated macroalgae, namely de-ashed, post fucoidan extraction and post alginate extraction.
Additionally, the effects of post de-ashing neutralization and a shorter retention time were
investigated.

Table 5. HTL experimental overview.

Reference Pre-Treatment HTL Conditions Hypothesis/Argument

Run 1 -

Normal

Baseline

Run 2 De-ashing Demineralization improves yield

Run 3 Fucoidan extraction Effective HTL with fucoidan
extraction residues is possible

Run 4 Alginate extraction Effective HTL with alginate
extraction residues is possible

Run 5 De-ashing and
neutralization

Post de-ashing neutralization is
not necessary

Run 6 - Short High-quality biocrude can be
produced at a shorter reaction time

All experiments were carried out in stainless steel (grade 316) 12 mL microreactors.
Feedstock dry mass loadings of 20% were used, and all reactions were carried out at
400 ◦C (±5 ◦C). Upon feedstock slurry preparation, the specific macroalgae powder was
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combined with distilled water to form the predefined mixture. A total of 5 g (±0.1 g) of the
slurry was then loaded into the reactors. Nitrogen gas was used to simultaneously leak test
(80 bar) and purge the reactors to evacuate atmospheric oxygen. Hereafter, two reactors and
thermocouples were mechanically coupled to an agitator, providing mechanical mixing
of the reagents inside the reactors while being processed. The two reactors were then
submerged into a preheated, fluidized sand bath and held, normally, for 15 min of retention
time and 10 min in the short HTL run. The retention time was defined as the time that
passes between the moment when the reactors have reached the pre-set temperature of
400 ◦C (±5 ◦C) and the instance of manually submerging the reactors into the cool (~20 ◦C)
water bath. After quenching in water for a minimum of half an hour, the separation
procedure begins.

The first step of product separation was the weighing of the gaseous products, gas
sampling, and venting the remaining gases via top-mounted valves. The remaining prod-
ucts consisted of solid residues, biocrude, and an aqueous phase. The reactors were washed
with acetone to remove all biocrude traces from the reactor. The liquid phase was then
separated from the char via vacuum-assisted mechanical filtration (VWR, particle reten-
tion: 5–13 µm). The solids present on the filter were then dried overnight at 105 ◦C and
re-filtered with 250 mL of distilled water. The remaining solid residues were dried once
again, weighed, and defined as water and acetone insoluble solids. Finally, the produced
solids were ashed. This was done to determine how much inorganics are present in the
by-product. Acetone was then evaporated from the homogeneous liquid fraction and the
biocrude fraction was manually extracted after centrifuge-aided phase separation. The
higher density extracts were defined as biocrude, whereas the aqueous by-product was
collected, dried, weighed, and denoted as water solubles (WS). Post reaction gases were
weighed, adjusted for initial nitrogen addition, and analyzed via GC analysis. The aqueous
products were weighed prior and after to show the extent of experimental error due to
water losses during acetone evaporation. The produced biocrudes were weighed, their
proximate analyses were done via TGA, and their water contents were measured via Karl
Fischer titration.

4.4. Calculation Methods

This section describes all calculative methods that were used for determining both
product/by-product yields and quality parameters, such as biocrude higher heating value
(HHV), hydrogen-to-carbon ratio (H/C), and oxygen-to-carbon ratio (O/C). Both biocrude
and gas yields were calculated on a dry and ash-free (DAF) feedstock basis identically as
shown in Equation (1). Similarly, the yields of solids were calculated on a dry basis.

Yieldbiocrude =
Mass o f biocrude

Mass o f dry, ash f ree f eedstock
·100% (1)

Finally, the yields of WS were determined on a dry feedstock basis, by adding the
weighed WS and the amount of solids washed out with water (Equation (2)). This procedure
was adopted to better represent the generated amount of WS. Previously utilized methods
of presenting the data as process water + WS were shown to be inconsistent (i.e., variations
in mass up to 25% among single run triplicate data). Such differences are believed to be
caused by the non-automated evaporation step—depending on the duration of this step,
more or less process water is lost. However, this does not impair the results of the study as
preserving process water was never among the objectives. Furthermore, presenting dry
WS data instead is more reliable.

YieldWS =
Mass o f WS + mass lost during water washing o f solids

Mass o f dry f eedstock
·100% (2)

Due to the inability of measuring HHVs of the produced HTL biocrudes directly
(microreactors do not yield sufficient amounts), the study resorted to elemental HHV esti-
mation. In order to represent the biocrude comparably, several HHV estimation formulas
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were tested against laboratory measurements or raw macroalgae, demineralization, and
value-added product extraction residues. The correlation derived by Friedl et al. (Equation
(3)) was shown to give the most accurate results—all tested values were within 5% of
the experimental measurements [37]. Meanwhile, the correlation proposed by S. Channi-
wala and P. Parikh (Equation (4)) was used when estimating the HHVs of the produced
biocrudes [38]:

HHV = 0.00355·C2 − 0.232·C − 2.230·H + 0.0512·C·H + 0.131·N + 20.6 (3)

HHV = 0.3491·C + 1.1783·H + 0.1005·S − 0.1034·O − 0.0151·N − 0.0211·Ash (4)

Hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratios, on an elemental basis,
were calculated for each of the produced biocrudes. Here, analyzed sample masses are
taken into account. Such quality parameters allow for a direct comparison with biocrudes
produced from other biomass sources, different HTL conditions, and even fossil fuels. In
the literature, yet another ratio, the effective hydrogen-to-carbon ratio, is often presented
to compensate for any water present in the produced biocrude. Contrary to such an
approach, the study included measuring the total water content by Karl Fischer titration
and subtracting the results both from biocrude yields and elemental composition.

Additionally, to biocrude yield and quality, energy recovered in the form of produced
biocrudes was calculated as well to compare the energetics of each HTL run. The recovered
ratio is calculated on dry feedstock basis, using Equation (5):

ER =
Mass o f biocrude·estimated HHV

Mass o f dry f eedstock·measured HHV
·100% (5)

5. Conclusions

All three of the studied demineralization agents led to lower amounts of ash in
the macroalgal biomass residues, and correspondingly, superior higher heating values
compared to the initial seaweed feedstock. The amounts of generated solid residues leveled
out already after the fourth washing step. Citric acid leaching with extensive neutralization
was the most effective method for reducing ash, corresponding to a final ash removal
efficiency of 47.15%. Ash concentration was observed in biomass residues after alginate
extraction. Both alginate and fucoidan extraction residues resulted in improved high
heating values.

The recorded hydrothermal liquefaction yields of 26.56 and 28.21 wt.% on a dry
ash-free basis were the highest across the experimental range and were obtained when
converting fucoidan and alginate extraction residues, respectively. Short retention and
neutralized leaching residue experiments exhibited the poorest liquefaction efficiencies.
However, these two experiments yielded biocrudes of the highest H/C and lowest O/C
ratios, while the baseline dried F. vesiculosus product had a higher O/C ratio.

Demineralization led to a slight improvement in biocrude yield. Both fucoidan and
alginate extraction residue conversions resulted in relatively high biocrude energy recovery
rates of 52.83 and 45.78%. Post macroalgae leaching neutralization is not advised, as it led
to significantly poorer biocrude yield and energy recovery rate, and high process water
demand. Short retention time hydrothermal liquefaction of F. vesiculosus resulted in a low
biocrude yield and a high elemental nitrogen content in the product, but promises high
quality otherwise, as suggested by advantageous H/C, O/C ratios and a higher heating
value of the biocrude.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/recycling6030045/s1, MS Excel Workbook: Raw data.
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Abstract: The increasing production of essential oils has generated a significant amount of vegetal
waste that must be discarded, increasing costs for farmers. In this context, fungi, due to their ability
to recycle lignocellulosic matter, may be used to turn this waste into new products, thus generating
additional income for essential oil producers. The objectives of our work, within the framework of
the European ALCOTRA project FINNOVER, were two-fold. The first was to cultivate Pleurotus

ostreatus on solid waste of lavender used for essential oil production. The second was to provide, at
the same time, new products that can increase the income of small and medium farms in the Ligurian
Italian Riviera. This paper presents two pilot tests in which P. ostreatus was grown on substrates with
five different concentrations of lavender waste, ranging from 0 to 100% (w/w). Basidiomata grown on
all the substrates and their biochemical profiles were characterized using high-performance liquid
chromatography coupled to mass spectrometry. The biochemical analysis of mushrooms proved the
presence of molecules with antioxidant and potential pharmacological properties, in particular in
mushrooms grown on lavender-enriched substrates. The results open the possibility of producing
mushrooms classified as a novel food. Furthermore, the results encourage further experiments aimed
at investigating how different substrates positively affect the metabolomics of mushrooms.

Keywords: essential oil production; agro-waste recycling; mushroom cultivation; closing the loop;
HPLC-MS analysis

1. Introduction

Due to environmental changes and the high degree of competitiveness of national and
international markets, the agri-food industry faces numerous economic challenges; hence,
the industry is constantly looking for economically sustainable solutions. These difficulties
are manifested in rural areas where small- and medium-sized farms face challenges to
market their products and to make them competitive with multinational corporations or
foreign products. These difficulties may be caused by the poor efficiency of the production
cycles and/or by the lack of competitiveness of the products themselves. A circular econ-
omy could be a valid alternative to the habitual “take-make-waste” approach, providing a
concrete solution to transform the system into a more efficient, sustainable, and eco-friendly
approach. Many studies have highlighted that a circular approach, through closing the
production loop, minimizes external inputs and the production of additional waste, making
the processes both economically and environmentally sustainable [1]. A circular approach,
if properly applied, could allow the survival of many local farm businesses that would
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otherwise not be economically sustainable. In recent years, the scientific community has
worked to optimize production processes from a circular economy perspective.

Concerning bioresources, research has focused on the isolation and selection of partic-
ular organisms that are exploitable in circular processes [2]. In this context, fungi—due to
their natural roles in ecological cycles—are good candidates to be exploited to recycle and
to transform vegetal by-products and waste from agriculture into more valuable products.
To date, there are more than 100,000 known species of fungi, but it is estimated that there
are over 3,000,000 species that are still unknown [3]. Due to their biological characteristics,
fungi are able to colonize almost every environment on Earth, and thus they play a key role
in nutrient cycling in trophic chains. For example, lignicolous fungi (that is, wood-decaying
fungi) play a crucial role in recycling lignin and cellulose in forest ecosystems [4]. On
this basis, it is clear that several species of lignicolous fungi can also be applied fruitfully
from a circular economy perspective and can be exploited to turn woody by-products and
waste from agriculture into food or other valuable products. Mushrooms, in particular,
are a group of fungi characterized as having sporomata (fruiting bodies) visible to the
naked eye; they have been collected and cultivated by humans for thousands of years
both for food and for medicinal purposes [5]. Almost all traded mushroom species today
are saprotrophic or lignicolous fungi cultivated on substrates based on different decaying
organic matter, most frequently wood. Recently, the increasing use of mushroom species
such as Pleurotus ostreatus (Jacq.) P. Kumm., Lentinula edodes (Berk.) Pegler, Ganoderma
lucidum (Curtis) P. Karst. and Grifola frondosa (Dicks.) Gray for food [6,7], nutraceutical
products, and cosmetics [8,9], has motivated scientists to undertake new research regarding
the applications of mushroom-forming fungi. Some examples are enzyme production
through solid or liquid fermentation [10,11], bioremediation of polluted environments [12],
new composite biomaterial for green building [13], and medical and nutraceutical applica-
tions [5,9]. In a recent paper, an international group of researchers [14] further underlined
how, due to the research carried out in recent years, fungi can play a central role in our
lives and, if properly exploited, they can help address many of the challenges humans are
likely to face in the future.

P. ostreatus, also known as the oyster mushroom, is one of the most used and affordable
species of cultivated mushrooms globally [6]. Due to its economic, ecological, and medicinal
values, P. ostreatus is widely cultivated. Several authors have highlighted its usefulness in
bioremediation of petroleum and aromatic polycyclic hydrocarbons [15–17]. Furthermore,
from a biochemical perspective, P. ostreatus is an excellent supplier of different nutrients and
well-known molecules with beneficial effects, such as vitamins, amino acids, and essential
fatty acids. The nutritional value of these compounds, and their numerous effects, such as
anti-inflammatory and antioxidant properties, are well known [18–20]. Within the extensive
literature on P. ostreatus, research about cultivation techniques and the effects of different
substrates on the production of sporomata has shown how different agricultural waste can
be used for sporomata production [21–26]. These findings confirmed the versatility of this
mushroom and suggest the possibility of cultivating it on other types of agricultural waste
from a circular perspective.

True lavender (Lavandula angustifolia Miller) and its cultivars are widely utilized in
the essential oil industry. The natural range of L. angustifolia lies in the south of France, the
Pyrenees (Spain) and, partially, the north-western Italian Riviera [27]. Today, in addition to
France and Spain, Bulgaria, the United Kingdom, China, Ukraine, and Morocco are among
the biggest global producers. Bulgaria, in particular, has recently become the world’s
leading producer, producing 100 tons of lavender oil per year. During the extraction
process, the relatively low quantity of essential oil in fresh lavender (0.8–1.3%) results in
enormous quantities of solid residues (tens of thousands of tons globally) that still have a
high content of useful substances. These wastes are usually discarded directly in nearby
locations or disposed of as special waste, leading to potential environmental issues.

In this work, within the framework of the European project ALCOTRA 1198 FINNOVER
(http://www.interreg-finnover.com accessed on 3 May 2021), we hypothesized that P. os-
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treatus can be cultivated on substrates enriched with waste derived from the extraction of
lavender essential oils. The pilot tests were established at the Stalla Company, a small agri-
cultural business in Liguria (north-western Italy). The company was founded in 1900 and
in the past 20 years has cultivated and hybridized several species of flowers, including the
L. angustifolia cultivar imperia used in this work. The activities were carried out in two pilot
tests with the main goal of confirming the feasibility of cultivating P. ostreatus mushrooms
on waste of the L. angustifolia cultivar imperia in a small local and rural business. The bio-
chemical profile of sporomata grown on lavender-based substrates was analyzed through
high-performance liquid chromatography coupled with mass spectrometry (HPLC-MS) to
evaluate the variation due to the lavender enrichment. The biochemical data showed that
the mushrooms grown on the enriched substrates have a high content of useful substances
that can add value to the final product. The results of this work highlight the possibility
of using lavender residues according to the circular economy principle for the production
of mushrooms.

2. Materials and Methods

2.1. Pilot Tests

P. ostreatus was used in the tests because it has several interesting characteristics: it
grows quickly, is relatively easy to manage, has good organoleptic characteristics, and has
interesting, well-known medicinal properties. Moreover, it also grows spontaneously in
many areas of Liguria and northern Italy.

In 2017, two strains of P. ostreatus called POA (autochthonous wild strain, isolated
from a Ligurian locality in the province of Savona) and POC (domesticated strain) were
isolated and tested for the pilot plant cultivation. The two strains were isolated under a
laminar flow on Malt Extract Agar (MEA) and Potato Dextrose Agar (PDA) at 24 ◦C for
15 days. Once purified, the two strains were preserved on PDA slants at 6 ◦C in the ColD
collection of the Laboratory of Mycology DiSTAV (University of Genoa). The two tests
described started in December (2018 and 2019, respectively) with spawn production and
incubation, and the cultivation phases were carried out in spring at the Stalla Company.

Substrates were prepared according to Yang et al. [23] and modified as follows. In
December, plant residues of the L. angustifolia cultivar imperia derived from the extraction
of lavender essential oil were properly shredded and mixed with barley straw for the
preparation of growth substrates with different lavender/straw ratios (Table 1). The water
content of the final mixed substrates was adjusted to 70%.

Table 1. Details of the different percentages of lavender present in the substrates.

% Barley Straw % Lavender

1 100 0
2 0 100
3 50 50
4 60 40
5 70 30

The prepared substrates were placed in 25 × 45 cm thermoresistant polypropylene
bags (600–700 g per bag), sealed, and autoclaved at 125 ◦C for 30 min. Once cooled, the
substrates were inoculated under a laminar flow hood using 30 g of 7 day old cultures of
the POA and POC strains grown on PDA. The spawn was incubated in the dark at 24 ◦C
and 65–70% relative humidity (RH) for 50–60 days to allow the mycelium to colonize the
entire substrate.

The pilot cultivation test was carried out in April at the Stalla Company. The pilot
plant was set up in a company greenhouse adapted for cultivation. The 25 m2 pilot area
was set up using special sterilized plastic tarps. Cultivation benches (90 cm high) were
set up in the pilot area, adjacent to a fog irrigation system to manage the RH during the
cultivation phase. In addition, to prevent contamination, a small anteroom was set up to
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provide double protection against contaminants to the pilot area. Before starting cultivation,
all surfaces were sanitized using a 20% hypochlorite solution. The spawn was placed in
the pilot area: all bags were placed on the benches, spaced 20 cm apart from each other.
To enable the formation of primordia, six holes of 2 cm in diameter were made using a
sterile scalpel on each spawn bag. During the cultivation period, the fog irrigation system
was used to keep the RH at about 80%; moreover, the irrigation contributed to control the
temperature at around 22 ± 3 ◦C during the entire period of cultivation.

The basidiomata were harvested when the pileus margins were flat to slightly rolled
upwards. They were counted, weighed, and preserved at −20 ◦C for the subsequent
biochemical analysis.

The weight data of the collected basidiomata were processed using Microsoft Excel to
calculate the mean, perform one-way analysis of variance (ANOVA), and create charts of
production on the different substrates. In addition, the percentage yield on the different
substrates (Y) was calculated using the following equation:

Y =
basidiomata fresh weight

weight of substrate
× 100

2.2. Sample Preparation and Biochemical Analysis

The basidiomata were divided into aliquots of 2 g fresh weight each, taking care to
eliminate growth substrate usually attached to hyphae. Each aliquot was placed within
an Eppendorf tube. The samples obtained were dried using a Speed-Vac freeze dryer
slightly heated to 35 ◦C to facilitate the evaporation of the water in the vegetation. The
samples were finely pulverized in a mortar to obtain a greater contact surface with the
solvent, placed inside heat-resistant glass vials with 2 mL of anhydrous ethanol, methanol,
or acetonitrile next to a magnetic anchor, and the vials were hermetically closed. Water
was not used as an extraction solvent because in samples rich in polymeric sugars such as
those examined, there is a rehydration of the sample itself, which is not desirable because
it prevents effective filtration and centrifugation. The sample was left for 2 h on a heating
plate at 55 ◦C and then filtered through filter paper and transferred to settle in a test tube in
a refrigerator for 30 min. This allowed agglutination of the residual excess carbohydrates,
causing it to precipitate. A final centrifugation at 13,000 rpm for 10 min was used to obtain
clear extract without solid residue.

The HPLC-ESI-MS analysis was performed using an Agilent 1100 chromatograph
directly coupled with an MSD ion trap mass spectrometer. Chromatographic separation
was conducted using a C-18 Symmetry column (Waters Corporations). The column was
chosen considering the complexity of the matrix to be analyzed and the reproducibility of
the method.

For the mobile phase, HPLC-grade acetonitrile (Merck, Darmstadt, Germany) and
Milli-Q water (Millipore Corp., Bedford, Italy) were used, and were both filtered, degassed,
and added, respectively, to 0.5 and 1% formic acid (Carlo Erba, Sabadell, Spain) to facilitate
and improve ionization. SIAD (Bergamo, Italy) supplied the research-grade nitrogen
(>99.995%). Absolute ethanol (Carlo Erba) was used for the extraction. The characterization
of a given signal can be undertaken by analyzing the “full scan” and tandem spectra with
Massbank EU, an exhaustive “open access” tool available on the Internet. The m/z ratio of
the parent ion was entered and, to focus the search and exclude some substances, the m/z
ratios of one or more fragment ions were also entered. For each search, a relative intensity
normalized to 100 and an adequate tolerance regarding the accuracy and resolution of the
instrument used was set. In our case, although the instrument used has an accuracy of
0.05 UMA when considering the m/z ratios, the tolerance was set at 0.3 UMA.

The main issue with this kind of sample is the dominant presence of long-chained
polysaccharides, such as chitin and related polymers, whose behavior as “chemical sponges”
can interfere with the optimal separation in HPLC and ionization in the mass spectrometer.
To overcome these problems, great care was applied in the filtration and centrifugation
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processes; these steps are essential to ensure the quality of the samples that are injected in
the HPLC-MS system.

3. Results

3.1. Pilot Tests

The entire mushroom production process on substrates enriched with lavender waste
was established to be cost effective and well integrated, with the lowest impact on the usual
activities of the company. As shown in Figure 1, the mushroom production process began
with the waste derived from essential oil extraction (center of Figure 1). After the mushroom
production process, the exhausted substrate consisting of vegetable material partially
degraded by the biological activity of the mushrooms was used within the company as a
soil conditioner or to produce biocompost.

“
”

Figure 1. The entire circular process for mushroom cultivation. The yellow area concerns the cultivation of lavender and
the essential oil production process. The green area represents the mushroom production process and the valorization of the
spent substrates for biocompost production.

In 2018 (the first pilot test), during the incubation phase, 97% of the inoculated bags
completed the incubation phase, whereas 3% were contaminated by a common microfungus
of the genus Trichoderma. In 2019 (the second pilot test), all of the incubated bags reached
the optimal colonization. The incubation time required to achieve complete colonization
of the substrates was 40 ± 5 days in 2018 and 47 ± 7 in 2019. The substrates consisting of
100% lavender residues needed 12 ± 8 days longer in 2018 and 15 ± 7 days longer in 2019
to complete colonization compared with the control substrate. There were no significant
differences between the two strains used regarding growth. During the cultivation phase,
90 and 95% of the bags in 2018 and 2019, respectively, reached the production of primordia
and developed fruit bodies.

The weight of the basidiomata grown on the different substrates in 2018 and 2019
is shown in Table 2. The one-way ANOVA confirmed that the substrate composition
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affected the weight (p < 0.01), but there was no difference in the growth between the two
strains tested.

Table 2. Mushroom production (expressed in grams) on the different substrates tested.

2018 2019

Substrate POA POC POA POC

1 493 537 851 826
2 287 294 456 490
3 370 407 623 538
4 424 435 594 545
5 452 439 793 753

As shown in Figure 2, the percentage yield (Y) for both pilot tests showed a lower
production efficiency for the substrate containing high lavender waste concentrations
compared with the control (100% straw), which had a Y between 27.4 and 29.8. The
substrate with 100% lavender had a Y between 15.2 and 16.9, the substrate with 50%
lavender had a Y between 17.9 and 22.6, and the substrate with 40% lavender had a Y
between 18.2 and 24.2. The Y for the substrate containing 30% lavender—between 24.4 and
26.4—was closest to the control substrate.

— —

 

Figure 2. Production yield expressed as the percentage of the two strains grown on different sub-
strates (each color refers to different straw/lavender ratios: blue = 100/0; red = 0/100; green = 50/50;
violet = 60/40; light blue = 70/30) containing different concentrations of lavender waste in 2018
and 2019.

3.2. Biochemical Analysis

The analysis of sporomata extracts grown on the substrates with lavender showed
that an average mass of extract between 1.6- and 2.1-fold higher in weight was produced
compared with the sporomata grown on the control substrate. In addition, domesticated
sporomata grown on the control substrate tended to produce fewer metabolites than the
wild strain. The analysis was performed using multiple samples of mushrooms grown un-
der the same conditions. This examination demonstrated the repeatability of the extraction
and analytical methods. As shown in Figures 3 and 4, the chromatograms of the extracted
samples overlap perfectly.
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Figure 3. A comparison between samples of the same strain grown under the same conditions
and extracted in ethanol. The perfect overlap of the different extracts confirms the reliability and
reproducibility of the extraction and analytical methods.

Figure 4. A comparison between samples of the same strain grown under the same conditions and
extracted in acetonitrile.

This method isolated and identified >50 molecules belonging to numerous chemi-
cal families, such as di-tripeptides, fatty acids, and their epoxides. There were no major
differences between the domesticated and wild strains regarding production of biomass
and metabolites, although there were differences in the metabolite profile of P. ostreatus
harvested on only straw compared with the enriched substrates. As shown in Table 3, the
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HPLC-MS method allowed dividing the various classes of compounds into five groups rel-
ative to their retention time within the chromatographic analysis. The obtained separation
could be very useful because it is predictive of the biological activities that each fraction, or
specific compounds, from P. ostreatus extracts may have for different applications, including
for human health.

Table 3. Classification of the isolated and identified compounds relative to the percentage of eluent B
and their retention time in high-performance liquid chromatography.

Group % of Acetonitrile
Retention Time

(min)

Group 1
carboxylic acids, alcohols, and nucleosides 0–11 3–5

Group 2
carbohydrates, amino acids,

dipeptides, tripeptides, and their derivatives
(Amadori products)

15–32 7–15

Group 3
nucleotides, polyphenols, and lactones 35–48 16.5–20

Group 4
fatty acids and their derivatives 50–69 22.5–30

Group 5
cholanic acid and apolar

compounds
70–100 35–40

4. Discussion

The two pilot tests carried out demonstrated the application of mushroom cultivation
on a lavender farm following the circular economy principle. This process, as already pro-
posed by other authors, enables farmers to reuse the agricultural waste produced during
the main production cycle to obtain a new product [11,20,26]. The particular substrate
leads to distinct metabolomic profiles, a phenomenon that improves the commercial value
compared with mushrooms grown on traditional substrates. This difference compensates
for the lower yield of mushrooms. These data are consistent with the feasibility study
carried out as part of the FINNOVER project (www.interreg-finnover.com accessed on 3
May 2021). The vegetal waste partially inhibited the mycelial development, increasing the
incubation time when grown on the substate with lavender, and, later, the development
of basidiomata (lowering the production yield compared with the control). Based on
the average yields reported in Table 1, there were significant differences in the weight of
basidiomata produced on the substrates tested (p < 0.001), but there were no differences in
the biomass of the produced sporomata between the two strains tested. This result was
further confirmed by calculating the production efficiency index Y, as shown in Figure 2.
These calculations revealed that the yields on a substrate composed of 100% of lavender
residue were lower than those on the control substrate composed exclusively of straw.
These differences in biomass production suggest the use of lavender residues to grow
mushrooms may be unsuitable because, as shown in Figure 2, the Y value is inversely pro-
portional to the lavender waste content in the substrate. However, as discussed below, the
metabolomic characteristics and added nutraceutical value provided by the lavender to the
cultivated basidiomata could compensate for a small drop in production. Because the sub-
strate containing 30% lavender residue had slightly lower yields (ranging from 1 to −5.4%)
than those observed in samples without lavender residue, this substrate may provide an
appropriate balance between biomass production and improved metabolomic profile.

P. ostreatus is a well-known food that is rich in essential dietary elements [28,29].
Specifically, we found that the wild strain is a slightly better producer of metabolites in
response to the presence of an environmental substrate than the domesticated strain, if
dried extracts and just secondary metabolites are considered. This variable production
probably depends on the fact that the domesticated strain, which has been cultivated for
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generations in a protected and controlled environment through cloning of the mycelium—a
type of asexual reproduction that does not allow genetic mixing—depresses or silences in
successive generations various secondary metabolic pathways that are no longer useful
for maintaining physiological activity. These metabolic pathways are not silenced in the
wild strain, because in nature it is in direct contact with environmental stressors, and direct
competitors and pathogens. The substrate enriched with lavender, a plant particularly
rich in terpenes and other molecules it produces as antibacterial and antifungal agents,
stimulates the fungus to activate its secondary metabolism, as evidenced by the presence of
compounds that are not part of the fungus’s usual primary metabolomic pattern. Although
weight data from the different growth phases of the fungus showed that the fungus grown
on straw generally produced greater biomass, HPLC-MS and tandem mass analysis showed
that the levels of n-acetylglucosamine and its precursors remained constant in each sample,
independently of the type of substrate used for growth.

Of the many molecules extracted and characterized, significant interest exists in the
amino acids, glucosides, and small dipeptides, that are particularly known in the fungi
kingdom. There are myriad roles for these peptides and their derivatives; it has been
shown that these peptides have antifungal, antimicrobial, immunostimulant, and growth-
promoting properties [30]. The evolution of these peptides can be seen in the large cyclized
peptide molecules produced by some fungi, such as amatoxins of the Amanita genus, a
clear evolutionary trend that leads from simple molecules to complex cycled peptides
with defensive functions. Amanitin toxins, in general, are among the most effective toxins
produced by superior fungi, with a clear defensive role. Therefore, the condition by which
peptides and dipeptides are produced in P. ostreatus appears to be archaic or, at least, less
evolved [30]. Of significant interest is the notable amount of glutathione in the samples. Its
action is highly relevant regarding free radicals and peroxide ions, and largely justifies the
powerful antioxidant action of P. ostreatus extracts analyzed on cell cultures treated with
oxidizing agents (personal data).

Of note is the presence of fatty acid epoxides, particularly those of myristoleic, linoleic,
and linolenic acids produced by the fungus grown on lavender-enriched substrates. Fungi
are an excellent source of polyunsaturated fatty acids, whose role has long been recognized
in the prevention of inflammatory heart and other diseases [31]. Moreover, it is evident
that a balanced intake of polyunsaturated fatty acids is fundamental for human health.
We also found a notable share of palmitic acid, a saturated fatty acid. The samples of P.
ostreatus grown on substrate enriched with lavender also showed the presence of numerous
molecules derived from fatty acids, in particular a series of fatty acid epoxides. These
molecules are produced by the fungus in response to environmental stresses through the
activation of the monooxygenase domain of cytochrome P450, which is common to all
fungi and has been highly preserved during evolution [32]. In particular for linoleic and
linolenic acid, in the samples cultivated on substrates enriched with lavender, we noticed
a partial decrease in the content of polyunsaturated fatty acids in favor of the presence
of fatty acid epoxides. This trend was also confirmed by the presence of cholanic acid in
the samples of fungi cultivated on substrates enriched with lavender. These molecules
of steroid origin are similar to those found in human bile salts and mammals in general.
These molecules are probably involved in the fatty acid mobilization inside fungal cells,
consistent with the presence of lipid drops in the fungal cells. The presence of fatty acid
epoxides in fungi is interesting. It is known that fatty acids often have cytotoxic activity
or otherwise are harmful to health [33]. It should be noted that epoxides of fatty acids
were only present in fungi cultivated on enriched substrates, and were absent or present in
trace amounts in fungi grown on only straw, confirming that lavender acts as a stressor,
and suggesting the role of fatty acids epoxides as biomarkers of stress in Basidiomycota.
In contrast to plants, in which the role of peroxygenases in the production of fatty acid
epoxides is known, in fungi it appears that only the monooxygenase domain of cytochrome
P450 is involved in their synthesis [34]. Nevertheless, the role of fatty acid epoxides in the
regulation and suppression of inflammatory processes has been recognized [35]. Several
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toxic and tumor growth-promoting activities are known [36], so further investigation to
verify the activity of fatty acid epoxides produced by P. ostreatus would be useful.

5. Practical Implications of This Study

The pilot tests conducted allowed us to evaluate the technical feasibility of exploiting
the cultivation of mushrooms to recycle agricultural residues in small rural farms. The
results confirmed the feasibility of this approach, but showed a lower production yield
compared with the standard substrate in optimal conditions. The reasons for this reduced
efficiency are due to the different substrate and to the fact that the Stalla Company, which
produces lavender essential oil, is not specialized in the production of mushrooms. Al-
though the yields were low, a positive aspect that emerged from these tests is the presence
of interesting substances within the basidiomata. This positive effect, due to the different
substrates, should be investigated because it could add value to the product and make
it extremely profitable for the farmers. Future tests will contribute to optimizing and
improving the efficiency of the process, and to better understand how different residues
can influence the biochemical composition of the fungi produced.

6. Conclusions

The pilot tests carried out in this work showed that mushrooms can be fruitfully
exploited in the agricultural circular economy. In particular, we found that a lavender-
based waste product could be recycled, resulting in interesting characteristics from a food
that is currently commercially available, making it a niche product and a potential novel
food. The same model could be tested using different residues and fungi. By evaluating
different combinations, other interesting products could emerge that may be exploited in
different rural contexts. The results obtained in this work should spur further research on
this topic.
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Abstract: The volume of discarded solid wastes, especially plastic, which accumulates in large quan-
tities in different environments, has substantially increased. Population growth and the consumption
pattern of societies associated with unsustainable production routes have caused the pollution level
to increase. Therefore, the development of materials that help mitigate the impacts of plastics is
fundamental. However, bioplastics can result in a misunderstanding about their properties and envi-
ronmental impacts, as well as incorrect management of their final disposition, from misidentifications
and classifications. This chapter addresses the aspects and factors surrounding the biodegradation
of bioplastics from natural (plant biomass (starch, lignin, cellulose, hemicellulose, and starch) and
bacterial polyester polymers. Therefore, the biodegradation of bioplastics is a factor that must be
studied, because due to the increase in the production of different bioplastics, they may present
differences in the decomposition rates.

Keywords: biodegradation; bioplastics; lignocellulosic fibers; microbial polyesters

1. Introduction

Consumption demands for industrialized materials such as plastics in their various
applications have increased over the past years. This consumption is generating residues,
which require alternatives for their proper disposal and recycling. Disposal, recycling, and
plastic substitution are potential research areas towards urgent and necessary solutions.
Most commercial plastics come from the petrochemical industry, which uses natural gas
and fossil hydrocarbons as feedstock. Such synthetic plastics are biodegradable and
degradable only for a long period. Therefore, they are considered neither biodegradable
nor renewable [1]. Synthetic polymers, such as polypropylene (PP), polyethylene (PE),
polytetrafluoroethylene (PTFE), nylon, polyester (PS), and epoxy are examples of plastic
components of high resistivity, chemical and biological inertness, resistance, flexibility, and
other interesting properties [2–5].

At the beginning of the large-scale production of synthetic plastic materials, their
properties seemed adequate for good quality development. However, such materials are
non-biodegradable, thus generating large accumulations of residues in different landscapes.
Thus, they have been a cause of growing concerns due to environmental problems. New
materials based on biological sources have been developed towards solving or reducing
the above-mentioned problems. However, in addition to be renewable and biodegradable,
bioplastics must have vapors barrier properties and mechanical properties that meet the
different applications of this material, and the attention has now evolved towards the
possible ecotoxic effects of bioplastics and active properties for a cover of food.

The names of biodegradable and/or bioplastic products given by companies and
reported in the literature, when drawn up wrongly, can lead to misunderstandings by the
general public due to incorrect classifications of the polymeric materials [6–9]. A bioplastic
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can be biodegradable or not. However, a biodegradable material does not necessarily
come from a biological source. Towards the avoidance of errors, the following definitions,
reported in this article, must be clarified:

• Plastics are polymeric matrices comprised of organic polymers of high molecular
weight and other substances, such as fillers, colors, and additives [6]. In general, the
synthetic route is predominant in the synthesis of the material.

• Bioplastic refers to materials that are biodegradable, bio-based, or both. Although the
term bioplastic is generally used to distinguish polymers derived from fossil resources,
it is worth mentioning that bioplastics may come from petroleum [6]. The prefix “bio”
of bioplastic does not necessarily mean this material is environmentally friendly [6].

• Biomass is a source of natural organic carbon that may originate from animals or
vegetables raised/cultivated by humans or that spontaneously emerge in terrestrial
and marine environments [10].

Different biotic and abiotic factors contribute to the different degradation processes [11].
Thermal, mechanical, and chemical degradation, as well as photodegradation, are examples
of abiotic degradation. A degradation process is related to the fragmentation of material
into small elements or molecules, or just physical and chemical changes in a polymer. Due
to high temperatures, polymers can be thermally degraded. The chemical bonds in their
chains are broken by a thermo-degradation effect [12].

Mechanical degradation is an abiotic degradation mechanism that occurs through
shear forces (due to aging, turbulence in water and air, snow pressure, and other factors),
tension and/or compression. Under environmental conditions, it acts synergistically with
different abiotic factors [13].

Abiotic chemical degradation occurs by the degradative effect of chemicals substances,
and represent one of the most important mechanisms of abiotic degradation, since the
polymer matrix is affected by atmospheric or agrochemical pollutants, such as oxygen (i.e.,
O2 or O3), which produce free radicals through oxidation, attacking covalent bonds [13].
Abiotic chemical degradation differs from biotic chemical degradation, mainly regarding
the origin of the chemical with a degrading effect.

Photodegradation is the process of degradation of polymers by the action of light,
resulting in the oxidation of the material. UV rays interact with chromophores groups
of polymers (carbonyl, hydroxyls, and aldehydes), which are degraded by chain fission,
photoionization, crosslinking, and oxidation reaction [11,13–15].

Microbial biodegradation is a degradation process of polymers and other materials
through the action of microorganisms [11] resulting in CO2 and/or methane, water, cell
biomass, and energy. However, in the natural environment and even in the process of
controlled biodegradation, abiotic effects help or even occur synergistically with biodegra-
dation. This consideration of synergism is important for the elaboration of biodegradation
procedures.

With environmental concern, this review evaluated the biodegradation process (con-
sidering the synergistic action of biotic and abiotic agents) of bioplastics elaborated with
polysaccharides from plant biomass and microbial polyesters. Moreover, addressing the
definitions, biodegradation mechanism, and factors that affect the biodegradative process
of bioplastics. The scope of this review does not address the biodegradation of bioplastics
produced from polymers of animal origin (natural polymer), and bioplastics derived from
petroleum (PBAT, PBS, PVA, PCL, and PGA [16]. However, the definitions presented in
this review do not exclude these types of bioplastics.

2. Problems Related to Plastics

The current geological era, the so-called Anthropocene, is exposed to the influence of
human actions in different environments. Indicators from such anthropic actions are biodi-
versity reduction, deforestation, climate, and other environmental changes [17]. However,
materials produced by human society, like plastics, are also indicators of the Anthropocene.
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Plastics directly (i.e., environmental impacts from the plastic production chain) affect
different environments (e.g., terrestrial and marine).

An environment in which plastic waste currently generates several problems, is
the oceans, due to the large accumulation of these materials. The plastic that reaches
the oceans mostly is generated in coastal population regions, where the disposal and
management of this waste is destined for uncontrolled landfills [18]. Due to urban runoff
and inland waterways, such plastics reach oceans and are transported via tide and winds.
It is estimated that between 4.8 and 12.7 million metric tons of plastics produced in the
continent (distribution varies according to the analyzed location) reached the marine
environment in 2010 [18].

In recent years, environmental concerns (e.g., harmful effects of plastics on the en-
vironment, since they are not biodegradable [19], or slowly degraded) have been intensi-
fied. Large accumulations of floating plastics in the oceans have been reported- approxi-
mately 1.8 trillion pieces of plastic have been quantified in the Great Pacific Garbage Patch
(GPGP) [20]. The ingestion of plastic fragments by the marine fauna is a major concern due
to their small size [18,21,22], the so-called microplastics, which are smaller than 5 mm [21].
Besides, since plastic fragments are present on the surface and floor of oceans, as well as in
several maritime regions (coastal areas) and the Arctic sea ice, strategies, as a reduction in
inputs [18] and the elaboration/utilization of biodegradable materials, would be adequate
measures to reduce the impacts of plastics.

Even with the area of studies on the impacts of plastics on fauna and for the various
organisms still under development, some studies point to the occurrence of toxicological
effects of this synthetic waste [23,24]. A plastic intake and entanglement can lead to the
lower life quality of organisms, loss of mobility, external and internal injuries, blockage of
digestion, and other harms [25]. Goldstein and Goodwin [22] identified the presence of
microplastics (mainly PE, PS, and PP) in the digestive tract of 33.5% of Gooseneck crustaceans
(Lepas spp.).

The development of innovative technologies represents a means for both sustainable
development and the growth of emerging countries, such as Brazil, whose sustainable
energy has been highlighted by innovation technologies. Thus, even with bioplastic not
representing a material for total replacement of non-biodegradable plastic, researches and
production of bioplastics are a technological alternative for the development of a more
sustainable and balanced society. Therefore, aligning with the current trend (socio-political
and environmental), in which concerns with the environment is growing.

3. Biodegradation Process

The microbial biodegradation of materials occurs by the action of microorganisms,
such as fungi and bacteria [26], and is classified as physical, chemical, and enzymatic
according to modifications in the materials. Biodegradation is a natural process of vital
importance for nutrients and energy recycling [27]. Microorganisms use organic material
as a source of nutrition for their metabolism; except for the substances used in metabolic
incorporation, the rest is oxidized by cellular respiration, thus leading to the formation of
simple and small submetabolites, released in the environment [28,29].

Biodegradation due to physical degradation occurs from the adhesion of microorgan-
ism species to the surface of organic materials through the secretion of a gum [30] produced
by microorganisms. This gum represents a complex matrix made of natural polymers
(e.g., polysaccharides and proteins). Such a thick complex, together with microorganisms,
infiltrates the material and changes its volume, size, pores distribution, moisture content,
and thermal transfers. A few microorganisms (e.g., filamentous fungi) lead to cracks in the
materials due to mycelial growth, i.e., both their durability and resistance properties are
reduced [13,31]. Microorganism biofilms are a matrix that protects microorganisms from
different environmental conditions and results in a major change in materials [13,32].

Biodegradation by chemical degradation refers to the production of chemical sub-
stances by living organisms, which facilitate and increase the speed of the process. Emulsi-
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fying substances produced by microorganisms help the exchange between hydrophobic
and hydrophilic phases, which are important interactions for the penetration of microor-
ganisms in the polymeric material [33]. Such a lime formation (polymers secreted by
microorganisms mixed with different microbial species) improves the material deteriora-
tion. It represents a point of accumulation of polluting and chemical substances (abiotic
chemical degradation), thus benefitting microbial proliferation [34].

Examples of chemical substances released into the environment by microorganisms,
which play an important role in chemical biodegradation, are nitrous acid, nitric acid, and
sulfuric acid. All of these compounds are produced by chemolithotrophic bacteria, such
as Nitrosomonas spp., Nitrobacter spp., and Thiobacillus spp., respectively [29,33,35]. Apart
from the action of chemical substances generated by those organisms, chemoorganotrophic
microorganisms generate organic acids with potential for chemical degradation (e.g., oxalic,
citric, gluconic, glutaric, glyoxalic, oxaloacetic, and fumaric acids).

The action mechanisms of such acids (organic or inorganic) are diverse and include
an increase in surface erosion when adhering to the material surface [36]. The use of those
acids as nutrients benefits the growth of filamentous fungi and bacteria [13]. Another action
mechanism of biotic chemical degradation is the oxidation of organic material. Certain
fungi and bacteria have specific proteins in their membrane that capture iron-chelating
compounds (siderophores) [37]. With this mechanism microorganisms capture cations
from a matrix.

Biodegradation by enzymatic degradation occurs due to the depolymerization of poly-
meric chains of a matrix through the action of hydrolase enzymes that catalyze the reactions
of chemical bonds breakage adding a water molecule. These bonds are ether, peptide-like,
and ester, present in biodegradable bioplastics. The main enzymes are amylases and cellu-
lases, which cleave starch and cellulose polymers, respectively. However, other enzymes
(breakage of ester bonds), such as esterases and lipases, can degrade co-polyesters.

A mechanism that explains the action of hydrolases (e.g., depolymerase) in polyesters
hydrolysis (synthetic and natural) through biodegradation is related to three amino acids,
namely serine, histidine, and aspartate. A hydrogen bond is formed when a component
reacts with the histidine ring, thus guiding interaction between histidine and serine, and
forming an alcohol group of high nucleophilic character (-O). Histidine plays a deprotonat-
ing role for serine, i.e., as a base. The alkoxide group includes an ester bond and generates
an acyl-enzyme and an alcohol group. Finally, a free enzyme and a terminal carboxyl
group are generated by the action of the water molecule under an acyl-enzyme. This
entire enzymatic degradation process is termed catalytic triad [30,38,39], and the products
generated are metabolized or not by microorganisms that have depolymerizing enzymes.
Therefore, a consortium of microorganisms is important for complete biodegradation [13].
Figure 1 depicts the mechanism of action of depolymerizes and the catalytic triad.

Apart from the biodegradation of cellulose, starch, and polyesters, hemicellulose
is another polymer that can be degraded by microbial enzymes. A catalytic action of
hemicellulases (enzymatic pool) on different types of hemicellulose polysaccharides pro-
duces monomeric sugars, acetic acids [40]. For example, enzymes that degrade xylan
(hemicellulose from grasses) are endo-1,4-β-xylanase (cleavage results in oligosaccha-
rides), xylan 1,4-β-xylosidase (cleavage of oligosaccharides generate by xylan, which forms
xylose monomers), and accessory enzymes, such as xylan-esterases, ferulic and p-coumaric-
esterases, α-Ï-arabinofuranosidases, and α-4-O-methyl glucuronidase [41]. Both enzymes
act synergistically so that xylans and hemicellulose mannans of some types of plant cell
walls are depolymerized [42]. Nevertheless, some polymers are not biodegraded by com-
mon enzymatic hydrolysis, i.e., polymers can be oxidized by enzymes such as laccase,
dioxygenase, peroxides, monooxygenase, and oxidases [43]. Thus, such enzymes are not
hydrolases and influence the cleavage process of polymers differently from hydrolases
(oxygen insertion, hydroxylation, oxidation, and free radical formation lead to polymer
cleavage) [43]. Figure 2 depicts the enzymatic biodegradation process.
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Figure 1. Enzymatic hydrolysis of polymers and catalytic site of depolymerase enzymes [13].

The result of biodegradation, for example of bioplastic from natural polymers (e.g.,
polysaccharides) is the generation of small molecules from a polymer. Microorganisms
cannot employ large substances insoluble in water for obtaining organic or inorganic nu-
trients for their metabolism. They produce enzymes and chemicals used in extracellular
environments and, therefore, depolymerize the materials. After hydrolysis and/or oxida-
tive action of microorganism enzymes on different polymers, which results in monomers,
metabolism oxidation occurs. In this system, organic compounds lead to a loss of electrons
and the consequent production of ATP molecule (adenosine triphosphate). This is the last
biodegradation stage, in which organic matter is mineralized. The microorganisms use
smaller and simple organic molecules, such as oligomers and monomers, for their metabolic
activities. However, byproducts are generated from microbial metabolism (e.g., carbon
dioxide—aerobic degradation), water, biomass, methane, and hydrogen sulfide (anaerobic
degradation) [45,46]. Figure 3 displays the biotic and abiotic degradation of plastic.
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Figure 2. Enzymatic biodegradation process [44].

 

Figure 3. Disintegration, biodegradation, and mineralization process of plastic polymeric materials.
Adapted [47].
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3.1. Factors That Influence Biodegradation

The microbial population available is a key factor for biodegradation in an envi-
ronment (soil, air, and water), and several properties (e.g., the chemical constitution of
materials) affects the efficiency of the biodegradation process. Chemical composition influ-
ences the biodegradation of plastics through different patterns of crystallinity, hydrophilic
and hydrophobic character, conformational flexibility, polymer accessibility, surface area,
molecular weight, melting temperature, hydrolyzable and oxidizable bonds in polymer
chains, morphology, and stereoconfiguration [27,48,49].

Crystallinity influences biodegradability because it affects the accessibility of the
enzyme to the material polymer. More organized regions of polymers (crystalline) tend
to hinder enzymatic hydrolysis since catalytic proteins diffuse with greater difficulty. On
the other hand, water molecules diffuse more easily between amorphous (less organized)
regions, and enzymes can easily access the material polymers in such regions [28].

The polarity of bioplastics directly influences biodegradation, since materials devel-
oped with hydrophobic polymers are less susceptible to enzymatic attack. Degrading
microorganisms depend on a hydrophilic surface to adhere to and catalyze the depolymer-
ization reaction by means of hydrolytic enzymes. However, this enzymatic accessibility to
the material is reduced on hydrophobic polymeric surfaces. This impediment occurs not
only because the microorganisms and enzymes are more hydrophilic, but also due to the
aqueous medium (usual water), in which the enzyme is contained, to have their contact
with the material (bioplastic) reduced. For example, glycolic polyacids (PGA) are more
easily biodegraded than poly (lactic acids) (PLA), since PLA is more hydrophobic) [50].

Blends in a polymeric bioplastic matrix are common when it is desired to obtain
materials with certain characteristics, and also interfere with biodegradation (increase or
reduce biodegradation), since the different components of biocomposites can influence the
accessibility of the enzyme to the polymeric material in different ways.

The molecular weight of polymers affects the biodegradability of plastics, since the
heavier the molecular weight, the greater the difficulty for microorganisms to break it down
and assimilate. Therefore, the lower the molecular weight of the polymer, the easier the
biodegradation, since the need for extracorporeal digestion is reduced. Aliphatic polyester
is one of the few biodegradable polymers of high molecular weight [13]. However, it
is worth mentioning that in addition to the molecular weight, the types of bonds in the
polymeric chain (considering that bioplastic, like plastic, is formed by a polymeric matrix),
and different chemical groups in polymers influence the biodegradation process.

Although the term “bio” degradation is directly correlated with the fragmentation of
a polymer by the action of microorganisms, these microorganisms do not act in isolation
on the polymeric material, since abiotic agents influence the fragmentation efficiency. The
abiotic degradation of organic matter such as thermal, mechanical, chemical, and by the
action of light are examples of degradative processes. These processes work synergis-
tically with biodegradation, reducing the material to dimensions that allow microbial
assimilation [13,51].

3.2. Assessment and Biodegradation Quantification

Biodegradation can be measured through metabolic products, physical and chemical
properties of plastics/bioplastic, acidification of the medium, and other ways. CO2 is a
product of biodegradation, more specifically, of the oxidation of organic matter, and can be
used for direct or indirect measurement of material biodegradation over a period of time.
Its content released in a degradation process is quantified by the respirometry technique,
which can use a closed CO2 production and a capture system. International methods, such
as ASTM D5338-15 [52] and ISO 14855-2: 2018 [53] are applied for the quantification of the
CO2 produced in a microbial degradation process.

The measurement of consumed oxygen (ISO 17556: 2003) [54] is another method
of quantifying biodegradation by respirometry. Respirometry involves techniques that
measure parameters indicative of cellular respiration. The higher the consumption of
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oxygen and the release of CO2 by microorganisms, the better the biodegradation indicator.
For details and examples of other standard methods of respirometry analysis (ASTM, EN,
and ISO), see specialized literature [55].

Methane molecules can also be used for measurements of materials biodegradation.
However, unlike the above-mentioned respirometry techniques, CH4, CO2, and other gases
quantification is generally conducted under anaerobic conditions. Analysis methods such
as ASTM D5511-02 [56], is used for this purpose.

Apart from microbial proliferation in plastic/bioplastics materials, analyses of color
change, surface roughness, cracks, and holes are also alternatives for checking the dete-
rioration of materials [13,36]. Analysis parameters can be used especially for materials
of difficult biodegradation and low CO2 release. However, the results of such analyses
(e.g., microbial growth in the polymeric matrix) are not recommended for the conclusion of
biodegradation or abiotic degradation directly [13]. Additional techniques, such as electron
microscopy, photon microscopy, microscopy of polarization, and atomic force microscopy
reinforce the results [13,57,58].

The physical properties of plastics/bioplastics (e.g., tensile strength, elongation at
break, modulus of elasticity, crystallinity, cold crystallization temperature, and glass tran-
sition temperature) can be measured as biodegradation indicators. The weight loss of a
sample determined by the burial method can be used in plastic/bioplastic biodegradation
analyses, although it may result from the solubility and volatility of certain substances [13].
The analysis of weight loss of bioplastics by burying in soil, or composting systems, may
result in conclusion errors, since in addition to the mass of the soil or compost account
for the variation in the bioplastic mass, in bioplastics washing processes (a step which
precedes weighing procedures), can cause fragmentation and loss of material derived from
bioplastic. Thus, even though the method of analyzing mass loss is frequently reported in
the literature, as is usual in determining the biodegradation of bioplastics, this technique
ends up being difficult to perform [59]. Recent articles evaluating the biodegradation of
bioplastics by burying in soil and compost has used image evaluation as a tool for analysis,
that is, the reduction of the area of bioplastics, detected by image registration (from the
insertion of the bioplastic in a mold/grid with known dimensions) [60,61].

The indication of biodegradation through products generated by microorganisms is
another way of measuring the process. For example, the biodegradation of polymeric cellu-
lose materials can be measured according to the release of glucose [62], or the quantification
of 1,4-butanediol as an indicator of the biodegradation of PBA and PBS polymers [63].

The increase in microbial biomass (weight or number of cells) is indicative of a
biodegradation process since a single source of carbon (plastic or bioplastic material)
in a closed environment can point out the occurrence of biodegradation and/or surface
changes and molecular rearrangements. However, conclusive statements about the amount
of mineralized material cannot be directly made.

The evaluation and quantification of bioplastic and/or plastic biodegradation by
the above-mentioned methods can be conducted in an aqueous medium and soil. How-
ever, each condition of analysis imposes different requirements, which leads to different
responses from different methods.

3.3. Biodegradation of Bio-Based Polymers Bioplastics

In this topic, biodegradation of bioplastics developed with polysaccharides from
plant biomass/lignocellulose and microbial polyesters was followed as the scope of this
review. It was exemplified the biodegradation of a category of bioplastics, those developed
with natural polymers (vegetable and microbial). Therefore, this review does not intend
to address issues related to the development of bioplastics of vegetable and microbial
origin, advantages and disadvantages in addition to the viability of this material (related
to the economic aspects and properties of bioplastics). To obtain this information, it is
recommended reading of the specialized literature [6,64–66].
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3.3.1. Biodegradation of Plant-Based Polymers Bioplastics

The mass loss of bioplastics from rice straw showed complete degradation after
105 days [67]. Rice straw bioplastics were composed mainly of cellulose and trifluoroacetic
acid. On the first day of contact with the soil, the bioplastic showed an increase in mass,
due to the phenomenon of water absorption by the material. According to the authors, its
mechanical properties are similar to those of polystyrene (bioplastic in the dry state).

The mass loss of bioplastics consisting of acetylated starch and acetylated sugarcane
fibers (lignin, hemicellulose, and cellulose) resulted in 24.2 to 39.3% degradation after
5 weeks [68]. The acetyl group may have created stable biodegradable sites; however, an
increasing effect on the crystallinity of the bioplastic with the addition of cellulose may
have contributed to the low biodegradation rate due to the restriction effect of the microbial
enzyme’s activity. In addition to the crystallinity and chemical structure of cellulose,
microbial diversity, carbon availability and the period of biodegradation considered can
influence its depolymerization.

Bioplastics (glycerol, acetylated starch, and acetylated nanocellulose composition) sub-
jected to biodegradation in a petri dish with Trametes versicolor were completely degraded
in 60 days, and after 40 days with starch and non-acetylated reinforcement. The starch
bioplastics were completely biodegraded after 30 days, and the addition of cellulose to
the formulation of bio-based plastics resulted in a longer biodegradation time [69]. Water
and moisture absorption is important in the biodegradation process of bioplastics [70]. The
starch-based bioplastics investigated in this study were composed of different concentra-
tions of oxidation starch (20, 40, and 60%). Oxidation decreases biodegradation due to
reduced swelling and water absorption from the soil by bioplastic.

Hemicellulose is another natural plant-derived polymer of potential application for
the development of bioplastics. However, in addition to the elaboration that biomaterial,
the study of the biodegradation of these carbohydrates in bioplastics have not received
attention, as the area of use of hemicellulose for bioplastic focus on physicochemical
properties and modifications of this macromolecule. The bioplastic based on xylan (of the
hemicellulose type of grasses) and blended with gelatine was completely biodegraded
after 15 days of conditioning (determined by the burial procedure) [71]. This bioplastic
was considered 100% biodegradable since the sample could not be recovered for weighing.
A bioplastic made with 50% xylan (from beechwood) and PVA (polyvinyl alcohol) was 56%
biodegraded after 30 days by burial in soil [72]. PVA reduced the biodegradation of the
bioplastic produced by the PVA/xylan mixture. The sample with 25% xylan was 42.2%
biodegraded after 30 days of burial in soil.

Xylan was grafted with poly-(ε-caprolactone) (PCL), and biodegradation was eval-
uated by BOD (biological oxygen demand). The biodegradation (aerobic and activated
sludge) kinetics of bioplastics with high concentrations of PCL was delayed in comparison
to materials made with pure hemicellulose or with lower graft concentrations [66]. Despite
changes in the kinetics, the biodegradation property of the bioplastic was not altered and
ranged between 95.3 and 99.7%.

Recalcitrant substances also influence the biodegradation of natural polymers. Lignin
is a constituent of lignocellulosic fibers, shows the highest degree of recalcitrance in
the plant cell wall [73,74]. This polymeric complex of phenylpropane units hinders the
biodegradation of the material or products that contain it, such as bioplastics, and re-
duces the contact surface of lignocellulosic fibers with degrading enzymes [74]. Lignin
requires different enzymes to degrade due to the different units that comprise its polymeric
complex [75]. In anaerobic environments lignin may persist biodegradation for a longer
time, with this process is primarily more efficient in aerobic environments [76], due to the
catalytic action involved in oxygen.

Starch and lignin (lignosulfonate) bioplastics were completely biodegraded after
4-month burial [77]. Biodegradation was measured through the analysis of CO2 and
morphological characteristics. The samples with lignin analyzed after 5 weeks of biodegra-
dation tests were fragmented, however, small residues of the bioplastic were identified.
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After the 2-month burial, the samples with lignin showed a significant biodegradation ef-
fect, with small fragments of the material still observed. After 4 months of testing, residues
of bioplastic fragments were no longer detected. A bioplastic made from the addition of
lignin (1.2% w/t) to the bio-PTT matrix (Bio-poly (trimethylene terephthalate)) increased
its weight loss through biodegradation in soil [78]. In 140-day burial, bio-PTT/lignin
bioplastic showed more than 50% mass weight loss.

A higher CO2 emission was reported from films with lignin in comparison to the
bioplastic composed only of starch, due to the greater amount of carbon atoms in its
formulation [77]. However, such CO2 may have originated from the metabolism of soil
organic compounds, i.e., the bioplastic may have stimulated the microbial degradation
of stable organic compounds in the soil through the priming effect. A strategy for the
biodegradation of bioplastics composed of lignin, due to the recalcitrance of this phenolic
complex, is the application of UV radiation prior to chemical, microbiological and/or
enzymatic treatments. Lignin is susceptible to photodegradation due to the UV effect [79].
After photodegradation, other treatment combinations can be applied for the degradation
or biodegradation of lignocellulosic fibers, such as enzymatic or oxidative treatments. One
of the advantages of using lignin in the development of thermoplastic formulations is
its processing at high temperatures [80]. However, studies using lignin in the bioplastic
formulation, have not received much attention.

3.3.2. Biodegradation/Enzymatic Degradation of Plant-Based Polymers Bioplastics in
Relation to Derivatization

The assessment of biodegradation, disintegration, and enzymatic degradation of
bioplastics made with natural polymers (such as proteins, starch, cellulose, and hemicellu-
lose) is not recurrent in the literature. Biodegradation has received lower attention when
compared to the objective of most studies, which is to evaluate the physicochemical and
mechanical properties of the materials. However, this limitation in the studies is even
greater when compared to the biodegradation of bioplastics made with modified polymers.

The comparison between bioplastics developed from unmodified and modified hemi-
cellulose presents few studies intending to analyze the enzymatic degradation [81], and
biodegradation. This low number of studies with hemicellulose could be related to the
difficulties in obtaining a plastic polymer matrix from this heterogeneous vegetable polysac-
charide. However, in addition to the analysis of the physicochemical properties of modified
bioplastics, the effects of chemical, physical, and biological (and enzymatic) modifica-
tions of polymers on biodegradation must be considered. The enzymes involved in the
enzymatic degradation of unmodified and modified polysaccharides may be different.
Moreover, a more complex enzymatic pool will be required for modified polysaccharides.

As pending groups are attached to the polysaccharides chain, new enzymes will be
required for further hydrolysis. According to a recent review article, physical modifications
of polysaccharides hardly result in a change in the biodegradation process [82]. However,
chemical changes result in different degradation mechanisms. Considering a chemical
similarity, the enzymatic degradation of cellulose acetate can be catalyzed by acetyl es-
terases, an enzyme common for xylan deacetylation. The modification or functionalization
of polysaccharides may result in a reduction in biodegradation since modified bioplastics
(acetylated cellulose, acetylated xylan, acetylated starch, starch propionate, starch butyrate,
starch valerate, and starch hexanoate) showed a reduction in anaerobic biodegradation [83].
For example, the degree substitution (DS) > 1.5, 1.5, 1.2 for starch, cellulose, and modified
xylan (acetylated) respectively, represented the minimum modification necessary to delay
the biodegradation of bioplastics.

The chemical modifications of the polysaccharides that make up bioplastics, such
as acetylation, increase the degree of hydrophobicity of the polymers and the plastic
matrix. This has the advantage of reducing the solubilization of the polymers in polar
solutions. However, resulted in a decrease the enzymatic degradation. It was observed a
reduction in two mannases of Cellvibrio japonicus (CjMan5A and CjMan26A), with reduced
catalytic activities on galactoglucomannan substrates (hemicellulose) due to the decrease
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of the solubility of the polymers [81]. Other studies in the literature showed the influence
of chemical modification of hemicellulose in relation to solubility, thermal resistance,
crystallinity [84], and biodegradation rate [85]. Therefore, the diffusion of water by the
composite and biodegradation is a parameter affected by chemical derivatization.

Modified xylans with an increase in the DS reduced enzymatic degradation by xy-
lanolitic enzyme [86]. However, a rapid biodegradation rate (80%) on the first day of the
evaluation was achieved for (hydroxypropyl)xylan. Substitutions above 1.5 reduced enzy-
matic degradability by 10%. However, the modification of cellulose with hydroxypropyl
led to a reduction in biodegradation (20% in 18 days). Regarding the DS and the enzymatic
activity, the article justifies the limitation of the recognition of the xylanolitic enzyme to
the substrate due to chemical modification. In addition to the sterile impediment, when it
changes the polysaccharide polarity through modification, it may be another explanation
for the degradability reduction [87].

Modifications of polysaccharides may result in a less hydrophobic bioplastic, fa-
voring the process of biological and abiotic degradation. Xylan carboxymethylation for
bioplastic production showed an increase in water absorption at high relative humidity,
demonstrating, therefore, the hydrophilic character of the carboxymethyl groups [88]. Car-
boxymethylation is a procedure for the production of hemicellulose-based bioplastics with
increases in hydrophilic characteristics [89]. This procedure results in the development of
environmentally favorable materials considering biodegradation.

A modification of hemicellulose by subtraction of chemical constituents may result in
a different biodegradation process. An enzymatic modification of arabinoxylan resulted
in an increase in the bioplastic crystallinity as the arabinose content was reduced [90,91].
In both of these studies, the effects of enzymatic modification of hemicellulose in relation
to biodegradation were not evaluated. However, the increase in crystallinity may be a
retarding factor in the bioplastic biodegradation due to the degree of organization of the
molecules limiting enzymatic action, probably reducing the water absorption effect and
reducing microbial growth.

The different modifications in natural bio-based polymers (for example, polysaccha-
rides) may result in a difficulty in biodegradation or enzymatic degradation. The rate of
degradation of these materials can reduce in a given period. However, the material can
still be metabolized or degraded using enzymes. For example, acetylated xylan is the form
found in natural lignocellulosic materials, therefore, although acetyl groups result in a
delay in biodegradation, these polysaccharides are biodegradable by microbial enzymes,
such as xylanases and esterases, whereas the acetylated xylan form is predominant in
the environment.

3.3.3. Biodegradation of Microbe-Based Polymers Bioplastics

Under the nutritional abundance of carbon and nitrogen, some bacteria can synthe-
size energy reserve polymer (inclusions). Polymers like polyhydroxyalkanoate (PHA)
(intracellular granules), can be produced via microbial fermentation of biomass (animal or
vegetable). Regarding applications, these natural polymers are an important alternative
for the manufacture of bioplastic materials since they are biodegradable and biocompat-
ible, and used in the medical field [92]. With the 41% increase in world production of
PHAs between 2010–2017, this polyester has become a polymer of significant interest in
the development of bioplastics. The properties of this microbial polyester can contribute
to a reduction of environmental impacts due to the closed carbon cycle generated by
biodegradation [93].

There is a growing interest in the development of materials formulated with PHAs,
the study of the biodegradability of these materials. However, factors that influence the
degradation of composites and bioplastics are necessary. Some of the marine microorgan-
isms that are known to degrade PHAs [94] are Aestuariibacter halophilus S23; Alcanivorax sp.
24; Alcanivorax dieselolei B-5; Pseudoalteromonas haloplanktis; Alteromonas sp. MH53; Bacillus
sp.; Bacillus sp. strain NRRL B-14911; Bacillus sp. MH10; Comamonas testosteroni YM1004;
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Enterobacter sp.; Aliiglaciecola lipolytica; Gracilibacillus sp.; Marinobacter sp. NK-1; Nocardiopsis
aegyptia; Pseudoalteromonas sp. NRRL B-30083; Pseudoalteromonas gelatinilytica NH153; Pseu-
doalteromonas shioyasakiensis S35; Pseudomonas stutzeri YM1006; Psychrobacillus sp. PL87;
Rheinheimera sp. PL100; Shewanella sp. JKCM-AJ-6,1α; Streptomyces sp. SNG9. Terrestrial mi-
crobial representatives degraders PHAs [95] are Alcaligenes faecalis; Pseudomonas lemoignei;
Acientobacter sp.; Acientobacter schindleri; Bacillus sp.; Pseudomonas sp.; Stenotrophomonas mal-
tophilia; Variovorax paradoxus; Stenotrophomonas rhizophilia; Penicillium sp.; Purpureocillium
lilacinum; Verticillium lateritium; Burkholderia sp.; Nocardiopsis sp.; Streptomyces sp.; Bacillus
cereus; Burkholderia sp.; Cupriavidus sp.; Gongronella butleri; Penicillium oxalicum.

As in polysaccharide-based bioplastics, crystallinity in polyester bioplastics from
microbial synthesis plays an important role in the biodegradation process. In bioplastics
with higher proportions of amorphous regions, depolymerization occurs more quickly
through abiotic or biotic action. For example, higher biodegradation was obtained with
hydroxybutyrate (PHB), hydroxybutyrate-co-hydroxyvalerate (PHBV-40), PHBV-20, and
P (3HB, 4HB) (10% mol of 4HB) and PHBV-3 [96]. According to the quantification of
CO2 in a composting vessel, PHBV-40 and P (3HB, 4HB) (10% mol 4HB) showed the
highest degrees of biodegradation, due to a reduction in crystallinity with the addition of
higher percentages of HV (valerate hydroxide—indicated by the numbering in front of the
acronym) and 4HB. Biodegradation was 90.5%, 89.3%, 80.2%, 90.3% and 79.7% in 110 days
of analysis for bioplastics formulated by PHBV-40, PHBV-20, PHBV-3, P (3HB, 4HB) and
PHB, respectively.

The advantage of using PHBV in comparison to PHB is the ease of processing and good
toughness. Certain PHBV disadvantages such as low thermal stability and a high degree of
crystallinity must be overcome [96]. Improvements, mediated by chemical changes, must be
performed together with the preservation of the material’s biodegradation property, which,
depending on the HV percentage, maybe rigidity or flexibility, similarly to commercial
synthetic plastics (polyethylene, polypropylene, and polyvinylchloride), and assurance of
biodegradation of the formulated bioplastic [96].

A commercial Ecoflex bioplastic (commercial product of BASF) was compared to PHB
and poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) in activated sludge for
18 days. Bioplastics composed of PHBHHx showed a higher degree of biodegradability
than Ecoflex and PHB, with weight losses of 40, 20, and 5%, respectively [97]. The low
crystallinity and morphology of the surface of the bioplastic proved a determining factor
in the biodegradation process, observed mainly in bioplastics with 12% HHx (hydrox-
yhexanoate), which displayed a rough and porous surface before and after undergoing
activated exposure to sludge and lipases (Figure 4).

 

Figure 4. Surface morphology of bioplastic made with PHB (12% HHx) before (left) and after degradation (right) [97].

Besides surface morphology and crystallinity of the bioplastics, other factors, such as
mixing components, depth of burial (due to environmental and/or microbial differences),
and time of exposure to the soil also determine the biodegradability degree. In the study
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performed by Weng et al. [98], evaluating through appearance and fragmentation, the
following results were achieved for the biodegradation of polymeric blends (poly (3-
hydroxybutyrate-co-4-hydroxybutyrate and poly (lactic acid)—(P (3HB, 4HB)/PLA)): In
the first month of testing, blends composed of 100% P (3HB, 4HB) and those with 25%
PLA showed loss of integrity (appearance), whereas in the second month, both bioplastics
had been almost completely biodegraded. This behavior was similar for the different
depths of burial used (20 and 40 cm); however, at 20 cm and 2 months of testing, a greater
difficulty was observed in the collection of fragments of blends with 75% of P (3HB, 4HB).
For both depths of burial, the higher the concentration of PLA in the blends, the longer the
biodegradation time. However, the biodegradation behavior was the opposite for higher
concentrations of P (3HB, 4HB).

Polymer blends with 100% and 75% P (3HB, 4HB) were degraded more easily at
20 cm depth, although the presence of PLA in the bioplastics represented a delay in
biodegradability at both depths tested. At 40 cm, PLA suffered greater disintegration, due
to the anaerobic conditions, providing better conditions for degradation of the PLA, as
reported by the authors [98].

In addition to temperature, bioplastic composition, crystallinity, degree of hydrophilic-
ity and environmental conditions in relation to oxygen concentration, another factor that
must be taken into account is the abundance of microbial biomass and the efficiency of fungi
and bacteria biodegradation in different environments. The biodegradation of microbial
polyesters by fungi was reported as dominant in soil [95]. However, the biodegradation of
polymers in aquatic (marine) medium was faster with the use of bacteria [99,100].

PHA bioplastics as well as other bioplastics have limitations in their applications
and achievements due to the high cost, low mechanical resistance, and impairment of
biodegradation in functionalization processes and mixtures with other polymers [93]. In
addition to the low ductility property, one of the main disadvantages of using PHAs in
the production of bioplastics is the formation of brittle bioplastics, properties that can be
improved by mixing biodegradable polymers from oil. However, the sustainability of bio-
plastic manufacturing is affected since the use of oil in the extraction and refinement stage
generates the carbon dioxide production [101]. Another impact that should be considered
in the production of PHA bioplastics with synthetic polymers such as the use of PCL is
the reduction in the rate of biodegradation [102]. However, the development of polyester
bioplastics with bio-based fibers origin (blends development), such as lignocellulosic fibers,
can assist in overcoming the low ductility property of bioplastics [93]. This blend reduces
costs, ensuring a biodegradable and renewable product.

The application of polyhydroxyalkanoate as a bioplastic has major limitations (e.g.,
its production costs for replacing conventional plastics [103]). A potential alternative for
the optimization of PHA production technologies is the use of organic residues, such
as lignocellulosics [104]. As an example, hemicellulose [105–107], cellulose [108] and a
mixture of hemicellulose and cellulose hydrolyzate [109] have been used for the production
of microbial polyesters, such as PHA and P3HB (PHB). However, the use of lignocellulosic
fibers poses limitations mainly related to the production yield and generation of inhibitory
substances for PHA-producing microorganisms [104]. Table 1 shows some properties and
biodegradation times of different biodegradable bioplastics produced from biopolymers.

Poly(lactic acid) (PLA) is another polyester that may be partially derived from the
microbial fermentation of biopolymers. The lactic acid produced by the bacteria is poly-
merized by a chemical route, thus forming PLA, which offers several advantages, such as
rigidity and miscibility with other biodegradable plastics. However, in several application
areas (e.g., manufacture of 3D printers), its fibers have been used by Brazilian companies
due to the PLA lower heat loss in comparison to oil-derived plastics [110]. Neverthe-
less, bioplastics from bacterial polyesters should be considered, since PHAs like PBH
present several advantages in comparison to PLA [111]. Table 1 shows some properties and
biodegradation times of different biodegradable bioplastics produced from biopolymers.
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Table 1. Properties and biodegradation time of different biodegradable bioplastics produced from biopolymers.

Bioplastic Type Polymer Type CONB BPR PAB TS (MPa) E (%) Reference

PHB nanofiber Polyester Soil, 30 ◦C and 80% humidity 100% in 21 days Weight loss . . . . . . [112]

PHB/Starch Polyester Sludge, 35 ◦C, anaerobic 93.8% in 190 days Biogas
quantification . . . . . . [113]

PHB Polyester Compost, 55 ◦C and 70% humidity Approx. 80% in 28 days CO2
quantification 1015 . . . [114]

PHA Polyester Seawater 100% in 1.5 to 3.5 years Literature
review . . . . . . [115]

PHA Polyester Soil, 12–15 cm depth and 35%
humidity 30% in 60 days Weight loss 16.2 600.3 [116]

PHA/Rice husk Polyester/Fibers Soil, of 12–15 cm depth and 35%
humidity >90% in 60 days Weight loss 7.5 <400 [116]

PHA Polyester Soil, 20 ◦C and 60% humidity 48.5% in 280 days CO2 quantification . . . . . . [117]

PHBV/Starch Polyester/Polysaccharide Liquid medium 100% in 31 days CO2 quantification 21.01 10.85 [118]

PHBV/NPK Polyester/Fertilizer Soil, 25–30 ◦C and 65% humidity 68.66% in 112 days Weight loss . . . . . . [119]

PHBV/Starch Polyester/ Polysaccharide Soil, 25 ◦C and 20% humidity >60% in 150 days Weight loss ~7 ~3.2 [120]

Starch Polysaccharide Soil, 3.5 cm depth and 65% humidity 30% in 5 days Weight loss 1.88 0.45 [70]

Starch Polysaccharide Marine water with sediment Approx. 69% in 236 days BOD 4.7 * 211 [121]

Starch Polysaccharide Microorganisms in a plate, 25 ◦C and
75% humidity 100% in 30 days Weight loss 8.6 52 [69]

Starch/Cellulose Polysaccharide/Modified Microorganisms in plate, 25 ◦C and
75% humidity 100% in 60 days Weight loss 14.7 50 [69]

Cellulose Polysaccharide Soil 100% in 105 days Weight loss 45 6.1 [68]

Cellulose/Starch Polysaccharide Soil/ humus, 25 ◦C and 75% humidity 24.2 to 39.3% in 35 days Weight loss 5.6 to 35.0 13.1 to 21.7 [69]

Hemicellulose/
Gelatine

Polysaccharide/Partially
hydrolyzed protein Soil/manure 100% in less than 15 days Weight loss . . . . . . [71]

PLA/Starch Poly(lactic acid)/
Polysaccharide Compost and 58 ◦C 79.7% in 90 days Weight loss . . . . . . [122]

CONB = Biodegradation conditions; BPR = Biodegradation period and rate; PAB = Biodegradation analysis procedure; TS = Tensile strength; E = elongation; . . . = not reported; * = Newton (N).
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Bioplastics are renewable and/or biodegradable and display good mechanical prop-
erties such as tensile strength similar to certain synthetic plastics in common use (Table 1).
Polypropylene and polystyrene, fossil-based synthetic plastics, show TS between 25–40 MPa
and 30–55 MPa, respectively [68], whereas it ranges between 55–124 and 9–17 for CellophaneTM

and low-density polyethylene (LDPE), respectively [123,124]. This similarity of mechanical
properties of bioplastics and plastics was also reported by Hansen et al. [125]. Therefore,
even if at present and in the future, the total replacement of non-biodegradable plastic
from petroleum, is something unlikely, for some applications, such as bioplastics for use in
agriculture (mulch) and packaging (short lifetime), this technology can represent one of
the alternatives (along with other actions and technologies) to mitigate the environmental
impacts related to plastics.

3.4. Effect of the Bio-Based Polymer Addition on the Biodegradation Rate of PHAs Bioplastics

The addition of bio-based polymers in polyester microbial biocomposites is vast in the
literature [93,126,127]. The bio-based polymers application, mainly lignocellulosic fibers, is
due to the improvement in the biodegradation rate of the formulated bioplastic [93]. This
improvement in the biodegradation of PHAs biocomposite is related to the increase in
hydrophilicity and water absorption by bioplastics. A mixture of 30% Sisal fibers (wt) and
PHBV resulted in increased water absorption of 14% compared to pure PHBV (0.8%) [128].
The use of Kenaf fibers (main cellulose) in the blend with poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) [P(3HB-co-3HHx)], resulted in a greater loss of mass in biodegradation
in soil due to greater water absorption and microbial binding sites in the microbial polyester
from binding with Kenaf fiber [129]. This study suggested that the accelerated deterioration
of the blend (reduction of mechanical properties), after 6 burial weeks (soil) was due to the
weakening of the adhesion between the fiber/[P(3HB-co-3HHx )], with the access of water
to the internal hydrophobic regions of the polymer.

The use of hemicellulose with PHAs is also an alternative to increase the blends
biodegradation rate in relation to pure microbial polyesters [93]. Bioplastics from PHBV/
Peach Palm Particles (lignocellulosic fiber with considerable hemicellulose content) were
biodegraded faster than pure PHBV in soil [130]. The authors reported cracks, corrosion,
and discoloration after 2 months of biodegradation. The poor adhesion between the
fiber/PHBV interface, which resulted in greater water absorption and accessibility of soil
microorganisms, was suggested as contributed to the deterioration.

Starch, another polysaccharide from vegetable biomass, can also be used in the pro-
duction of bioplastics with reduced biodegradation time. The mixture of starch and PHBV
(50/50% wt) was fully biodegraded in the soil after 33 days, i.e., there was a 50% reduction
in biodegradation time compared to pure PHBV [131]. The addition of starch reduced the
crystallinity of the blend, facilitating the absorption of water by the matrix and increased
the enzymatic activity on the surface and in the inner region of the blend. There was an
increase in the biodegradation of PHA/starch blends as the starch content increased in
the formulation, with biodegradation of PHA/30% starch (wt) corresponding to 44% in
6 months of burial in soil [132].

Chemical modifications of polysaccharides, such as cellulose acetylation (cellulose
acetate) can result in partial or total inhibition of blends biodegradation, due to reduced
solubilization and hydrophobicity of the fibers. The acetyl and butyryl group in cellulose
reduced the rate of biodegradation of the PHB blend/modified cellulose due to the im-
pediment of the substituents and reduced the blends/water interactions [133]. However,
in the same study, the mechanical properties were improved by increasing the concentra-
tion of cellulose acetate butyrate. Related to cellulose, the degree of substitution above
2.5 results in the inhibition of biodegradation [93]. However, some chemical modifications
can positively influence the biodegradation of microbial and bio-based polymer blends.
This improvement in biodegradation is due to the increase in the contact area surface of
the fibers, resulting from the surface treatments of the fibers, such as, an increase in the
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fiber rugosities with the application of NaOH, which removes the hemicellulose and lignin
fibers [93].

Lignin is the most recalcitrant constituent of lignocellulosic fibers due to the com-
plexity of the composition of this phenolic macromolecule [82,134]. The lignin enzymatic
catalytic degradation needs different enzymes [75,82], or even the synergy of an enzyme
complex. The inclusion of lignin in the blends of PHAs and PLA results in steric im-
pediment of the enzyme and reduction of the degree of hydrophilicity, which is shown
in the literature as a factor in reducing the biodegradation of polyester blends [93,132].
For example, the biodegradation in soil of the PHA/lignin blend was 4% after 24 weeks,
which was lower than the rate of biodegradation of the PHA/10% starch, PHA/cellulose
(11.1 and 100% respectively) [132]. An alternative for obtaining bioplastics from microbial
polyesters, with guaranteed polymer biodegradability, is the use of enzymes and microor-
ganisms capable of catalyzing the breakdown of lignin. The main enzymes involved in
lignin oxidoreduction are laccases (Lac), lignin peroxidase (LiP), and manganese peroxi-
dase (MnP) [82], and the recently discovered enzymes dye-decolorizing peroxidases and
unspecific peroxygenase [134,135].

The application of specific microorganisms that degrade lignin and/or PHAs can
be an alternative to improve the biodegradation of the blends of these polymers. In
nature, these enzymes act synergistically, and some microorganisms can produce the three
enzymes, while others only produce a few of the necessary enzymes [82]. LiP has a key
role in the degradation of lignin, due to the distinct characteristics of the active site of the
enzyme. However, the catalytic action of LiP is mediated by H2O2, which is generated
by Lac [135]. The effectiveness of the microorganisms is essential for the biodegradation
of PHA/lignin blends, as some microorganisms such as Phanerochaete chrysosporium are
considered excellent for the degradation of lignin [134,136]. However, Brown-rot fungi
due to the degradation mechanisms of lignin not being oxidative, presents a reduced
degradation process of lignin [82]. Another example is the case of the bacteria Streptomyces
viridosporus, which can result in a reduced degradation process of lignin since this bacterium
acts in the non-phenolic regions of lignin [82,134].

4. Conclusions

Advances in the development of materials and technologies with fewer environmental
impacts are highly expected, mainly due to the progress in the area of biopolymers over
the past two decades. However, biopolymers application and use in the various sectors
of society is limited, i.e., the annual production of bioplastics compared to plastics is
still low. In this way, the use of plant biomass and microbial polyesters can help the
development of bioplastic feasible, due to the availability of resources, biocompatibility,
biodegradability and generally does not result in ecotoxicity. However, the physicochemical
and biodegradation properties must be considered for the study of the optimization of
bioplastic from natural polymers. Several actions must be taken so that bioplastic can
become a reality on a large scale. The state of São Paulo (Brazil) has established a law
that prohibits the supply of disposable plastic products to commercial establishments,
which may increase the production scale of some bioplastics, thus reducing costs. The
approval of a law by the Chinese government that prohibits the import of international
plastic wastes for recycling can also encourage the production of bioplastics. An increase
in the production and distribution of bioplastics is not sufficient for the development of a
more conscious and sustainable society, i.e., care must be taken for the identification of a
bioplastic and/or biodegradable material towards no final consumers’ mistakes and no
unsuitable actions or disposal habits.
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36. Lugauskas, A.; Levinskaite, L.; Peĉiulyte, D. Micromycetes as deterioration agents of polymeric materials. Int. Biodeterior.

Biodegrad. 2003, 52, 233–242. [CrossRef]
37. Pelmont, J. Biodégradations et métabolismes. Les bactéries pour les technologies de l’environnement. EDP. Sciences 2005, 1, 798.
38. Abou Zeid, D.-M. Anaerobic Biodegradation of Natural and Synthetic Polyesters. Ph.D. Dissertation, Technischen Universität

Carolo-Wilhelmina zu Braunschweig, Braunschweig, Germany, 2001.
39. Belal, E.S. Investigations on Biodegradation of Polyesters by Isolated Mesophilic Microbes. Ph.D. Dissertation, Technischen

Universität Carolo-Wilhelmina zu Braunschweig, Braunschweig, Germany, 2003.
40. Freitas, C.; Carmona, E.; Brienzo, M. Xylooligosaccharides production process from lignocellulosic biomass and bioactive effects.

Bioact. Carbohydr. Diet. Fibre. 2019, 18, 100–184. [CrossRef]
41. Terrone, C.C.; Nascimento, J.M.F.; Terrasan, C.R.F.; Brienzo, M.; Carmona, E.C. Salt-tolerant α-arabinofuranosidase from a

new specie Aspergillus hortai CRM1919: Production in acid conditions, purification, characterization and application on xylan
hydrolysis. Biocatal. Agric. Biotechnol. 2020, 23, 101460. [CrossRef]

42. Pérez, J.; Muñoz-Dorado, J.; De La Rubia, T.; Martínez, J. Biodegradation and biological treatments of cellulose, hemicellulose and
lignin: An overview. Int. Microbiol. 2002, 5, 53–63. [CrossRef]

43. Costa, C.Z.; Albuquerque, M.C.C.; Brum, M.; Castro, A. Microbial and enzymatic degradation of polymers: A review. Quim.

Nova. 2015, 38, 259–267. [CrossRef]
44. Mueller, R.J. Biological degradation of synthetic polyesters-Enzymes as potential catalysts for polyester recycling. Process Biochem.

2006, 41, 2124–2128. [CrossRef]
45. Premraj, R.; Doble, M. Biodegradation of Polymers. Indian J. Biotechnol. 2005, 4, 186–193.
46. Kumar, S.; Maiti, P. Controlled biodegradation of polymers using nanoparticles and its application. RSC Adv. 2016, 6,

67449–67480. [CrossRef]
47. Krzan, A.; Hemjinda, S.; Miertus, S.; Corti, A.; Chiellini, E. Standardization and certification in the area of environmentally

degradable plastics. Polym. Degrad. Stab. 2006, 91, 2819–2833. [CrossRef]
48. Rani-Borges, B.; Faria, A.U.; De Campos, A.; Gonçalves, S.P.C.; Martins-Franchetti, S.M. Biodegradation of additive PHBV/PP-co-

PE films buried in soil. Polimeros 2016, 26, 161–167. [CrossRef]
49. Priyanka, N.; Archana, T. Biodegradability of Polythene and Plastic by the Help of Microorganism: A Way for Brighter Future. J.

Environ. Anal. Toxicol 2011, 1, 111. [CrossRef]
50. Gunatillake, P.A.; Adhikari, R. Biodegradable synthetic polymers for tissue engineering. Eur. Cells Mater. 2003, 5, 1–16.

[CrossRef] [PubMed]
51. Proikakis, C.S.; Mamouzelos, N.J.; Tarantili, P.A.; Andreopoulos, A.G. Swelling and hydrolytic degradation of poly(d,l-lactic acid)

in aqueous solutions. Polym. Degrad. Stab. 2006, 91, 614–619. [CrossRef]
52. ASTM D5338-15. Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials Under Controlled Composting

Conditions, Incorporating Thermophilic Temperatures; ASTM Int.: West Conshohocken, PA, USA, 2015.
53. ISO 14855-2. Determination of the Ultimate Aerobic Biodegradability of Plastic Materials under Controlled Composting Conditions—Method

by Analysis of Evolved Carbon Dioxide—Part 2: Gravimetric Measurement of Carbon Dioxide Evolved in a Laboratory-Scale Test; ISO:
Geneva, Switzerland, 2018.

54. ISO 17556:2003. Determination of the Ultimate Aerobic Biodegradability in Soil by Measuring the Oxygen Demand in a Respirometer or the

Amount of Carbono Dioxide Evolved; ISO: Geneva, Switzerland, 2003.
55. Pavel, S.; Khatun, A.; Haque, M.M. Nexus Among Bio-plastic, Circularity, Circular Value Chain & Circular Economy. SSRN

Electron. J 2020, 47. [CrossRef]
56. ASTM D5511-02. Standard Test Method for Determining Anaerobic Biodegradation of Plastic Materials under High-Solids Anaerobic-

digestion Conditions; ASTM Int.: West Conshohocken, PA, USA, 2002.
57. Zhao, J.H.; Wang, X.Q.; Zeng, J.; Yang, G.; Shi, F.H.; Yan, Q. Biodegradation of poly(butylene succinate-co-butylene adipate) by

Aspergillus versicolor. Polym. Degrad. Stab. 2005, 90, 173–179. [CrossRef]
58. Tsuji, H.; Echizen, Y.; Nishimura, Y. Photodegradation of biodegradable polyesters: A comprehensive study on poly(l-lactide)

and poly(ε-caprolactone). Polym. Degrad. Stab. 2006, 91, 1128–1137. [CrossRef]
59. Medina Jaramillo, C.; Gutiérrez, T.J.; Goyanes, S.; Bernal, C.; Famá, L. Biodegradability and plasticizing effect of yerba mate

extract on cassava starch edible films. Carbohydr. Polymers. 2016, 151, 150–159. [CrossRef] [PubMed]
60. Balaguer, M.P.; Villanova, J.; Cesar, G.; Gavara, R.; Hernandez-Munoz, P. Compostable properties of antimicrobial bioplastics

based on cinnamaldehyde cross-linked gliadins. Chem. Eng. J. 2015, 262, 447. [CrossRef]
61. Piñeros-Hernandez, D.; Medina-Jaramillo, C.; López-Córdoba, A.; Goyanes, S. Edible cassava starch films carrying rosemary

antioxidant extracts for potential use as active food packaging. Food Hydrocoll. 2017, 63, 488–495. [CrossRef]

94



Recycling 2021, 6, 22

62. Aburto, J.; Alric, I.; Thiebaud, S.; Borredon, E.; Bikiaris, D.; Prinos, J.; Panayiotou, C. Synthesis, characterization, and biodegrad-
ability of fatty-acid esters of amylose and starch. J. Appl. Polym. Sci. 1999, 74, 1440–1451. [CrossRef]

63. Lindström, A.; Albertsson, A.C.; Hakkarainen, M. Quantitative determination of degradation products an effective means to
study early stages of degradation in linear and branched poly(butylene adipate) and poly(butylene succinate). Polym. Degrad.

Stab. 2004, 83, 487–493. [CrossRef]
64. Yang, J.; Ching, Y.C.; Chuah, C.H. Applications of Lignocellulosic Fibers and Lignin in Bioplastics: A Review. Polymers 2019,

11, 751. [CrossRef]
65. Farhat, W.; Venditti, R.; Ayoub, A.; Prochazka, F.; Fernández-de-Alba, C.; Mignard, N.; Taha, M.; Becquart, F. Towards thermoplas-

tic hemicellulose: Chemistry and characteristics of poly-(ε-caprolactone) grafting onto hemicellulose backbones. Mater. Des. 2018,
153, 298–307. [CrossRef]

66. Ochi, S. Development of high strength biodegradable composites using Manila hemp fiber and starch-based biodegradable resin.
Compos. Part A Appl. Sci. Manuf. 2006, 37, 1879–1883. [CrossRef]

67. Bilo, F.; Pandini, S.; Sartore, L.; Depero, L.E.; Gargiulo, G.; Bonassi, A.; Federici, S.; Bontempi, E. A sustainable bioplastic obtained
from rice straw. J. Clean. Prod. 2018, 200, 357–368. [CrossRef]

68. Fitch-Vargas, P.R.; Camacho-Hernández, I.L.; Martínez-Bustos, F.; Islas-Rubio, A.R.; Carrillo-Cañedo, K.I.; Calderón-Castro, A.;
Jacobo-Valenzuela, N.; Carrillo-López, A.; Delgado-Nieblas, C.I.; Aguilar-Palazuelos, E. Mechanical, physical and microstructural
properties of acetylated starch-based biocomposites reinforced with acetylated sugarcane fiber. Carbohydr. Polym. 2019, 219,
378–386. [CrossRef]

69. Babaee, M.; Jonoobi, M.; Hamzeh, Y.; Ashori, A. Biodegradability and mechanical properties of reinforced starch nanocomposites
using cellulose nanofibers. Carbohydr. Polym. 2015, 132, 1–8. [CrossRef]

70. Oluwasina, O.O.; Olaleye, F.K.; Olusegun, S.J.; Oluwasina Olayinka, O.; Mohallem, N.D.S. Influence of oxidized starch on
physicomechanical, thermal properties, and atomic force micrographs of cassava starch bioplastic film. Int. J. Biol. Macromol.

2019, 135, 282–293. [CrossRef]
71. Lucena, C.A.A.; Da Costa, S.C.; Eleamen, G.R.D.A.; Mendonça, E.A.D.M.; Oliveira, E.E. Desenvolvimento de biofilmes à base de

xilana e xilana/gelatina para produção de embalagens biodegradáveis. Polimeros 2017, 27, 35–41. [CrossRef]
72. Wang, S.; Ren, J.; Li, W.; Sun, R.; Liu, S. Properties of polyvinyl alcohol/xylan composite films with citric acid. Carbohydr. Polym.

2014, 103, 94–99. [CrossRef]
73. Schmatz, A.A.; Tyhoda, L.; Brienzo, M. Sugarcane biomass influenced by lignin. Biofuels Bioprod. Bioref. 2020, 14,

469–480. [CrossRef]
74. Melati, R.B.; Shimizu, F.L.; Oliveira, G.; Pagnocca, F.C.; de Souza, W.; Sant’Anna, C.; Brienzo, M. Key Factors Affecting the

Recalcitrance and Conversion Process of Biomass. Bioenergy Res. 2019, 12. [CrossRef]
75. Figueiredo, P.; Lintinen, K.; Hirvonen, J.T.; Kostiainen, M.A.; Santos, H.A. Properties and chemical modifications of lignin:

Towards lignin-based nanomaterials for biomedical applications. Prog. Mater. Sci. 2018, 93, 233–269. [CrossRef]
76. Van Soest, P.J. Nutritional Ecology of the Ruminant; Cornell University Press: Ithaca, NY, USA, 1994; p. 2.
77. Campagner, M.R.; Da Silva Moris, V.A.; Pitombo, L.M.; Do Carmo, J.B.; De Paiva, J.M.F. Polymeric films based on starch and

lignosulfonates: Preparation, properties and evaluation of biodegradation. Polimeros 2014, 24, 740–751. [CrossRef]
78. Gupta, A.K.; Mohanty, S.; Nayak, S.K. Influence of addition of vapor grown carbon fibers on mechanical, thermal and biodegra-

dation properties of lignin nanoparticle filled bio-poly(trimethylene terephthalate) hybrid nanocomposites. RSC Adv. 2015, 5,
56028–56036. [CrossRef]

79. Thakur, V.K.; Thakur, M.K.; Gupta, R.K. Review: Raw Natural Fiber-Based Polymer Composites. Int. J. Polym. Anal. Charact. 2014,
19, 256–271. [CrossRef]

80. Agrawal, A.; Kaushik, N.; Biswas, S. Derivatives and Applications of Lignin–An Insight. Sci. Tech. J. 2014, 1, 30–36.
81. Arnling Bååth, J.; Martínez-Abad, A.; Berglund, J.; Larsbrink, J.; Vilaplana, F.; Olsson, L. Mannanase hydrolysis of spruce

galactoglucomannan focusing on the influence of acetylation on enzymatic mannan degradation. Biotechnol. Biofuels. 2018,
11, 1. [CrossRef]

82. Polman, E.M.N.; Gruter, G.J.M.; Parsons, J.R.; Tietema, A. Comparison of the aerobic biodegradation of biopolymers and the
corresponding bioplastics: A review. Sci. Total Environ. 2021, 753, 141953. [CrossRef] [PubMed]

83. Rivard, C.; Moens, L.; Roberts, K.; Brigham, J.; Kelley, S. Starch esters as biodegradable plastics: Effects of ester group chain
length and degree of substitution on anaerobic biodegradation. Enzyme Microb. Technol. 1995, 17, 848–852. [CrossRef]

84. Tserki, V.; Matzinos, P.; Kokkou, S.; Panayiotou, C. Novel biodegradable composites based on treated lignocellulosic waste flour
as filler. Part I. Surface chemical modification and characterization of waste flour. Compos. Part A Appl. Sci. Manuf. 2005, 36,
965–974. [CrossRef]

85. Tserki, V.; Matzinos, P.; Panayiotou, C. Novel biodegradable composites based on treated lignocellulosic waste flour as filler. Part
II. Development of biodegradable composites using treated and compatibilized waste flour. Compos. Part A Appl. Sci. Manuf.

2006, 37, 1231–1238. [CrossRef]
86. Glasser, W.G.; Ravindran, G.; Jain, R.K.; Samaranayake, G.; Todd, J. Comparative Enzyme Biodegradability of Xylan, Cellulose,

and Starch Derivatives†. Biotechnol. Prog. 1995, 11, 552–557. [CrossRef]
87. Mitchell, D.; Grohmann, K.; Himmel, M.; Dale, B.; Schroeder, H. Effect of the degree of acetylation on the enzymatic digestion of

acetylated xylans. J. Wood Chem. Technol. 1990, 10, 111–121. [CrossRef]

95



Recycling 2021, 6, 22

88. Alekhina, M.; Mikkonen, K.S.; Alén, R.; Tenkanen, M.; Sixta, H. Carboxymethylation of alkali extracted xylan for preparation of
bio-based packaging films. Carbohydr. Polym. 2014, 100, 89–96. [CrossRef]

89. Geng, W.; Venditti, R.A.; Pawlak, J.J.; Pal, L.; Ford, E. Carboxymethylation of hemicellulose isolated from poplar (Populus
grandidentata) and its potential in water-soluble oxygen barrier films. Cellulose 2020, 27, 3359–3377. [CrossRef]

90. Heikkinen, S.L.; Mikkonen, K.S.; Pirkkalainen, K.; Serimaa, R.; Joly, C.; Tenkanen, M. Specific enzymatic tailoring of wheat
arabinoxylan reveals the role of substitution on xylan film properties. Carbohydr. Polym. 2013, 92, 733–740. [CrossRef]

91. Höije, A.; Stememalm, E.; Heikkinen, S.; Tenkanen, M.; Gatenholm, P. Material properties of films from enzymatically tailored
arabinoxylans. Biomacromolecules 2008, 9, 2042–2047. [CrossRef]

92. Kjeldsen, A.; Price, M.; Lilley, C.; Guzniczak, E.; Archer, I. A Review of Standards for Biodegradable Plastics. Ind. Biotechnol.

Innov. Cent. IBioIC 2018, 33.
93. Meereboer, K.W.; Misra, M.; Mohanty, A.K. Review of recent advances in the biodegradability of polyhydroxyalkanaoate (PHA)

bioplastics and their composites. Green Chem. 2020, 22, 5519–5558. [CrossRef]
94. Suzuki, M.; Tachibana, Y.; Kasuya, K. Biodegradability of poly(3-hydroxyalkanoate) and poly(ε-caprolactone) via biological

carbon cycles in marine environments. Polym. J. 2020, 53, 47–66. [CrossRef]
95. Volovaa, T.G.; Boyandina, A.N.; Prudnikovab, S.V. Biodegradation of polyhydroxyalkanoates in natural soils. J. Sib. Fed. Univ.

Biol. 2015, 2, 152–167. [CrossRef]
96. Weng, Y.X.; Wang, X.L.; Wang, Y.Z. Biodegradation behavior of PHAs with different chemical structures under controlled

composting conditions. Polym. Test. 2011, 30, 372–380. [CrossRef]
97. Wang, Y.W.; Mo, W.; Yao, H.; Wu, Q.; Chen, J.; Chen, G.Q. Biodegradation studies of poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate). Polym. Degrad. Stab. 2004, 85, 815–821. [CrossRef]
98. Weng, Y.X.; Wang, L.; Zhang, M.; Wang, X.L.; Wang, Y.Z. Biodegradation behavior of P(3HB,4HB)/PLA blends in real soil

environments. Polym. Test. 2013, 32, 60–70. [CrossRef]
99. Morohoshi, T.; Ogata, K.; Okura, T.; Sato, S. Molecular characterization of the bacterial community in biofilms for degradation of

poly (3-Hydroxybutyrate-co-3-Hydroxyhexanoate) films in seawater. Microbes Environ. 2018, 33. [CrossRef]
100. Shruti, V.C.; Kutralam-Muniasamy, G. Bioplastics missing link in the era of microplastics. Sci. Total Environ. 2019,

697, 134139. [CrossRef]
101. Gironi, F.; Piemonte, V. Bioplastics and petroleum-based plastics: Strengths and weaknesses. Energ. Sources Part A 2011, 33,

1949–1959. [CrossRef]
102. Narancic, T.; Verstichel, S.; Reddy Chaganti, S.; Morales-Gamez, L.; Kenny, S.T.; De Wilde, B.; Babu Padamati, R.; O’Connor, K.E.

Biodegradable Plastic Blends Create New Possibilities for End-of-Life Management of Plastics but They Are Not a Panacea for
Plastic Pollution. Environ. Sci. Technol. 2018, 52, 10441–10452. [CrossRef] [PubMed]

103. Kourmentza, C.; Plácido, J.; Venetsaneas, N.; Burniol-Figols, A.; Varrone, C.; Gavala, H.N.; Reis, M.A.M. Recent advances and
challenges towards sustainable polyhydroxyalkanoate (PHA) production. Bioengineering 2017, 4, 55. [CrossRef] [PubMed]

104. Jiang, G.; Hill, D.J.; Kowalczuk, M.; Johnston, B.; Adamus, G.; Irorere, V.; Radecka, I. Carbon sources for polyhydroxyalkanoates
and an integrated biorefinery. Int. J. Mol. Sci. 2016, 17, 1157. [CrossRef]

105. Bertrand, J.I.; Ramsay, B.A.; Ramsay, J.A.; Chavarie, C. Biosynthesis of poly-βhydroxyalkanoates from pentoses by Pseudomonas
pseudoflava. Appl. Environ. Microbiol. 1990, 6, 3133–3138. [CrossRef] [PubMed]

106. Lopes, M.S.G.; Rocha, R.C.S.; Zanotto, S.P.; Gomez, J.G.C.; Silva, L.F. Screening of bacteria to produce polyhydroxyalkanoates
from xylose. World J. Microbiol. Biotechnol. 2009, 25, 1751–1756. [CrossRef]

107. Lee, H.S.; Cho, D.; Han, S.O. Effect of natural fiber surface treatments on the interfacial and mechanical properties of
henequen/polypropylene biocomposites. Macromol. Res. 2008, 16, 411–417. [CrossRef]

108. Nduko, J.M.; Suzuki, W.; Matsumoto, K.; Kobayashi, H.; Ooi, T.; Fukuoka, A.; Taguchi, S. Polyhydroxyalkanoates production
from cellulose hydrolysate in Escherichia coli LS5218 with superior resistance to 5-hydroxymethylfurfural. J. Biosci. Bioeng. 2012,
113, 70–72. [CrossRef]

109. Cesário, M.T.; Raposo, R.S.; de Almeida, M.C.M.D.; van Keulen, F.; Ferreira, B.S.; da Fonseca, M.M.R. Enhanced bioproduction of
poly-3-hydroxybutyrate from wheat straw lignocellulosic hydrolysates. New Biotechnol. 2014, 31, 104–113. [CrossRef]

110. Jones, F. A Promessa dos Bioplásticos. FAPESP. Available online: https://revistapesquisa.fapesp.br/a-promessa-dos-bioplasticos/
(accessed on 20 June 2020).

111. Chen, G. A microbial polyhydroxyalkanoates (PHA) based bio- and materials industry. Chem. Soc. Rev. 2009, 38, 2434–2446. [CrossRef]
112. Altaee, N.; El-Hiti, G.A.; Fahdil, A.; Sudesh, K.; Yousif, E. Biodegradation of different formulations of polyhydroxybutyrate films

in soil. Springerplus 2016, 5, 762. [CrossRef] [PubMed]
113. Gutierrez-Wing, M.T.; Stevens, B.E.; Theegala, C.S.; Negulescu, I.I.; Rusch, K.A. Anaerobic biodegradation of polyhydroxybutyrate

in municipal sewage sludge. J. Environ. Eng. 2010, 136, 709–718. [CrossRef]
114. Tabasi, R.Y.; Ajji, A. Selective degradation of biodegradable blends in simulated laboratory composting. Polym. Degrad. Stab.

2015, 120, 435–442. [CrossRef]
115. Dilkes-Hoffman, L.S.; Lant, P.A.; Laycock, B.; Pratt, S. The rate of biodegradation of PHA bioplastics in the marine environment:

A meta-study. Mar. Pollut. Bull. 2019, 142, 15–24. [CrossRef] [PubMed]
116. Wu, C.S. Preparation and Characterization of Polyhydroxyalkanoate Bioplastic-Based Green Renewable Composites from Rice

Husk. J. Polym. Environ. 2014, 22, 384–392. [CrossRef]

96



Recycling 2021, 6, 22

117. Gómez, E.F.; Michel, F.C. Biodegradability of conventional and bio-based plastics and natural fiber composites during composting,
anaerobic digestion and long-term soil incubation. Polym. Degrad. Stab. 2013, 98, 2583–2591. [CrossRef]

118. Coelho, N.S.; Almeida, Y.M.B.; Vinhas, G.M. A biodegradabilidade da blenda de poli(β-Hidroxibutirato-co-Valerato)/amido
anfótero na presença de microrganismos. Polímeros 2008, 18, 270–276. [CrossRef]

119. Harmaen, A.S.; Khalina, A.; Ali, H.M.; Azowa, I.N. Thermal, Morphological, and Biodegradability Properties of Bioplastic
Fertilizer Composites Made of Oil Palm Biomass, Fertilizer, and Poly(hydroxybutyrate-co-valerate). Int. J. Polym. Sci. 2016,
1–8. [CrossRef]

120. Magalhães, N.F.; Andrade, C.T. Properties of melt-processed poly (hydroxybutyrate-co-hydroxyvalerate)/starch 1:1 blend
nanocomposites. Polimeros 2013, 23, 366–372. [CrossRef]

121. Tosin, M.; Weber, M.; Siotto, M.; Lott, C.; Innocenti, F.D. Laboratory test methods to determine the degradation of plastics in
marine environmental conditions. Front. Microbiol. 2012, 3, 1–9. [CrossRef]

122. Sarasa, J.; Gracia, J.M.; Javierre, C. Study of the biodisintegration of a bioplastic material waste. Bioresour. Technol. 2009, 100,
3764–3768. [CrossRef]

123. Allen, W.R. Structural applications for flexible packaging: Innovations in pouch forms and uses. Polym. Plast. Technol. Eng. 1986,
25, 295–320. [CrossRef]

124. Briston, J.H. Plastic Films, 3rd ed.; Wiley: New York, NY, USA, 1988.
125. Hansen, N.M.L.; Blomfeldt, T.O.J.; Hedenqvist, M.S.; Plackett, D.V. Properties of plasticized composite films prepared from

nanofibrillated cellulose and birch wood xylan. Cellulose 2012, 19, 2015–2031. [CrossRef]
126. Sánchez-Safont, E.; Arrillaga, A.; Anakabe, J.; Cabedo, L.; Gamez-Perez, J. Toughness Enhancement of PHBV/TPU/Cellulose

Compounds with Reactive Additives for Compostable Injected Parts in Industrial Applications. Int. J. Mol. Sci. 2018, 19, 2102.
[CrossRef] [PubMed]

127. Albuquerque, R.M.; Meira, H.M.; Silva, I.D.L.; Galdino, C.J.S.; Almeida, F.C.G.; Amorim, J.D.P.; Vinhas, G.M.; Costa, A.F.S.;
Sarubbo, L.A. Production of a bacterial cellulose/poly(3-hydroxybutyrate) blend activated with clove essential oil for food
packaging. Polym. Polym. Compos. 2020. [CrossRef]

128. Dangtungee, R.; Tengsuthiwat, J.; Boonyasopon, P.; Siengchin, S. Sisal natural fiber/clay-reinforced poly(hydroxybutyrate-co-
hydroxyvalerate) hybrid composites. J. Thermoplast. Compos. Mater. 2014, 28, 6–879. [CrossRef]

129. Joyyi, L.; Ahmad Thirmizir, M.Z.; Salim, M.S.; Han, L.; Murugan, P.; Kasuya Ki Maurer, F.H.J.; Zainal Arifin, M.I.; Sudesh, K.
Composite properties and biodegradation of biologically recovered poly(3HB-co-3HHx) reinforced with short kenaf fibers. Polym.

Degrad. Stab. 2017, 137, 100–108. [CrossRef]
130. Batista, K.C.; Silva, D.A.K.; Coelho, L.A.F.; Pezzin, S.H.; Pezzin, A.P.T. Soil Biodegradation of PHBV/Peach Palm Particles

Biocomposites. J. Polym. Environ. 2010, 18, 346–354. [CrossRef]
131. Rosa, D.S.; Rodrigues, T.C.; Graças Fassina Guedes, C.; Calil, M.R. Effect of thermal aging on the biodegradation of PCL, PHB-V,

and their blends with starch in soil compost. J. Appl. Polym. Sci. 2003, 89, 3539–3546. [CrossRef]
132. Kratsch, H.A.; Schrader, J.A.; McCabe, K.G.; Srinivasan, G.; Grewell, D.; Graves, W.R. Performance and biodegradation in soil of

novel horticulture containers made from bioplastics and biocomposites. Hort. Technol. 2015, 25, 119–131. [CrossRef]
133. Wang, T.; Cheng, G.; Ma, S.; Cai, Z.; Zhang, L. Crystallization behavior, mechanical properties, and environmental biodegradability

of poly(?-hydroxybutyrate)/cellulose acetate butyrate blends. J. Appl. Polym. Sci. 2003, 89, 2116–2122. [CrossRef]
134. Datta, R.; Kelkar, A.; Baraniya, D.; Molaei, A.; Moulick, A.; Meena, R.S.; Formanek, P. Enzymatic degradation of lignin in soil: A

review. Sustainability 2017, 9, 1163. [CrossRef]
135. Santacruz-Juarez, E.; Buendia-Corona, R.E.; Ramírez, R.E.; Sanchez, S. Fungal enzymes for the degradation of polyethylene:

Molecular docking simulation and biodegradation pathway proposal. J. Hazard. Mater. 2021, 411, 125118. [CrossRef]
136. Chio, C.; Sain, M.; Qin, W. Lignin utilization: A review of lignin depolymerization from various aspects. Renew. Sust. Energ. Rev.

2019, 107, 232–249. [CrossRef]

97





recycling

Article

Characterization of Used Lubricant Oil in a Latin-American
Medium-Size City and Analysis of Options for Its Regeneration

Carlos Sánchez-Alvarracín *, Jessica Criollo-Bravo, Daniela Albuja-Arias, Fernando García-Ávila

and M. Raúl Pelaez-Samaniego

����������
�������

Citation: Sánchez-Alvarracín, C.;

Criollo-Bravo, J.; Albuja-Arias, D.;

García-Ávila, F.; Pelaez-Samaniego,

M.R. Characterization of Used

Lubricant Oil in a Latin-American

Medium-Size City and Analysis of

Options for Its Regeneration.

Recycling 2021, 6, 10. https://

doi.org/10.3390/recycling6010010

Received: 15 October 2020

Accepted: 12 January 2021

Published: 2 February 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/).

Faculty of Chemical Sciences, University of Cuenca, Av. 12 de Abril and Av. Loja, Cuenca 10202, Ecuador;
jessica.criollo@ucuenca.edu.ec (J.C.-B.); daniela.albuja@ucuenca.edu.ec (D.A.-A.);
fernando.garcia@ucuenca.edu.ec (F.G.-Á.); manuel.pelaez@ucuenca.edu.ec (M.R.P.-S.)
* Correspondence: carlos.sancheza@ucuenca.edu.ec; Tel.: +593-991-708-800

Abstract: Petroleum-derived products, such as lubricant oils, are non-renewable resources that, after
use, must be collected and processed properly to avoid negative environmental impacts. A circular
economy of used oils requires the re-refining and reuse of the same. Similar to most countries in
Latin America, the management of used oils in Ecuador is still incipient and few cities collect and
treat this material properly. In Cuenca, the ETAPA company collects ~1344 t/year of used oils, which
are subjected to pretreatment operations prior to their use as fuel in a cement factory. However,
combustion generates polluting gases and disallows the adding of value to the used oils. The lack of
studies on the characterization and methods utilized for recovering used oils under the conditions
found in medium-size Latin-American cities (e.g., Cuenca), alongside a lack of government policies,
have hindered the adoption of re-refining operations. The objective of this work is to characterize the
used lubricant oils in Cuenca, to compare them with the properties of used oils from other countries,
and to suggest some re-refining technologies for oils with similar properties. Used oil samples were
collected from mechanic shops and car-lubricating shops for characterization. Its physicochemical
properties and metal contents are comparable to the used oils in other countries globally. Specifically,
the flash point, kinematic viscosity, TBN, and concentrations of Zn, Cd, and Mg are similar to the
properties of used oils in Iraq, Egypt, and the United Arab Emirates. Based on these results, the
best re-refining option for used oils in Cuenca is extraction with solvents in which sedimentation
and dehydration (already conducted in Cuenca) is followed by a solvent reaction process, a vacuum
distillation process, a finishing process with bentonite, and a final filtration step.

Keywords: waste lubricating oil; characterization; used oil management; circular economy

1. Introduction

Lubricating oil (or engine lubricant oil), a product derived from petroleum refining, is
a mixture of essential oils (either virgin or processed, mineral or synthetic) and additives.
Lubricant oils are used in equipment with moving parts to reduce friction and surface wear
off [1], which makes these oils widely employed for the operation of internal combustion
engines (ICEs; both gasoline- and diesel-type engines). During the operation of ICEs, the
additives in the oil are partially consumed and the oil quality decreases over time due
to degradation by oxidation, decomposition of oil and its additives, and contamination
with water, gasoline (or diesel), dirt, metals, and carbon particles [2]. The degradation
of lubricant oil reduces its life, which severely limits its reusability. Thus, it needs to be
replaced with new oil [3]. The used lubricant oil must be collected and stored adequately to
avoid environmental pollution, such as from spillage. Often, used lubricant oils are burnt
without any treatment, which emits harmful gases into the environment. Sometimes these
materials are even spilled in rivers [4].

Used lubricating oils contain heavy metals (e.g., Cr, Cd, As, and Pb) and harmful
chemical compounds, such as polynuclear aromatic hydrocarbons, benzene, chlorinated
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solvents, polychlorinated biphenyl (PCBs), and polycyclic aromatic hydrocarbons (PAHs).
Therefore, proper management of used oils is necessary to avoid the negative effects
inflicted on human health and nature [5]. From an environmental point of view, combustion
of used oils is not recommended [5], since the improper incineration of 5 L of used oil
could pollute an amount of air equivalent to that needed by a person to live over three
years [6]. The adsorption of Cr and its compounds released by burning used oil can cause
some types of cancer [5]. The negative impacts of the improper management of used
oil on the environment and on human health [7] require the exploration of options for
regenerating these oils with the intent of producing new lubricants and other petroleum-
derived products. The yield of lubricant oils through the re-refining of used oils is higher
than the yield from virgin crude petroleum refining [2], promoting a reduction of about 90%
of the environmental impacts that otherwise could result from the production of petroleum-
derived lubricant oils [7]. Some companies in the world, particularly large industries
that consume lubricants, regenerate used oil in their own facilities by physicochemical
processes to remove the contaminants. Then, the regenerated oil is added to new oils to
operate ICEs or is used in other industrial applications, such as gear lubricants, cutting
oil, and metal-rolling lubricants [8]. This option has the advantage of reducing losses in
each processing step, although the regenerated oil cannot be used again in the engines
or gearboxes in vehicles due to degradation. Thus, lubricating oils must be re-refined for
further use as lubricants in ICEs [9].

Our literature review suggests that there is a limited amount of studies reporting
on the collection methods, characterization, and reuse techniques for used lubricating
oils in Latin-American countries. Mexico and Brazil are the leading countries in the
region on the reuse of used lubricant oils. In Mexico, Bravo Energy recovers around
100 million L of used oil in the form of fuels from Mexico and other countries (the US,
Argentina, and Chile) [8]. Brazil consumes around 1 billion L/year of lubricating oil, 60%
of which corresponds to automobile ICEs. More than 36% of the collected used oil in the
country is derived from cars’ ICEs [10]. The Sindicato Nacional da Indústria do Rerrefino
de Óleos Minerais, “Sindirrefino” [11], ensures that the oil-refining activities in Brazil
follow the latest technology, obtaining products duly specified by the National Petroleum
Agency, according to Portaria ANP-130/1999. The industrial park has three differentiated
technologies: (a) an acid/clay system with a “cracking term”, obtaining a neutral heavy
base oil; (b) a flash distillation or skin evaporation system, which allows obtaining a light
and medium neutral base oil; and (c) an extraction system selective of propane solvents
to obtain a medium neutral base oil. Currently, there are several Latin-American cities
that possess private re-refining plants. Some examples of re-refining plants include CILCA
(Lima, Peru) [12], Biofactor (Duran, Ecuador) [13], Nueva Energía S.A. (Buenos Aires,
Argentina) [14], and other plants in Medellin and Bogota (Colombia) [15]. In September
2019, the IDB (Inter-American Development Bank) approved a loan to co-finance an oil
recovery plant in Central America in partnership with the Costa Rican company Metalub,
which currently collects and ships used oils to the US for re-refinement [16]. However,
in the region, re-refining is mostly solely conducted at the city scale; thus, countries as a
whole are not involved in the efficient collection and re-refining systems of used oils.

In Ecuador, the State, through the Agency of Regulation and Control of Hydrocarbon
Fuels (ARCH) [1], regulates and controls all activities related to the production, distribution,
and use of petroleum and petroleum-derived fuels and lubricants. According to the Central
Bank of Ecuador, from January to July 2018, the country imported 70,081 t of lubricants,
corresponding to an FOB value above US$ 100 million [17]. In May 2019, the Ministry of
the Environment of Ecuador (Ministerio del Ambiente) promulgated Law 042 to regulate
the management of used lubricant oils and the containers of these materials; it establishes
general guidelines on the storage, collection, and final disposal of used lubricating oils, and
the minimum collection goal corresponds to 20% calculated on the total tons of lubricating
oil imported or manufactured annually [18]. However, the law does not make specific
reuse operations or the re-refining of used oils mandatory. According to data from Arc
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& Pieper S.A. (from Quito), around 84 million L/year of used oils are not recovered
in the country. From it, 30% correspond to automotive and industrial used oils [19].
Few municipal governments (i.e., Cuenca, Ambato, Quito, Ibarra, and El Coca) and the
Provincial Government of Tungurahua have protocols to collect and recycle used oils.
In Quito, the BIOfactor company [13] collects all types of oils generated by the city and
neighboring cities in the north of Ecuador. The company has a re-refining capacity of
9 million L/year (in the city of Duran), which corresponds to approximately 11% of the
oil used in the country. Nevertheless, only the municipal government of Cuenca has
an environmental license from the Ministry of Environment (MAE) to collect and treat
used oils [19]. This city (a medium-size Latin-American city, with less than half a million
inhabitants), through the ETAPA company (Municipal Company of Telecommunications,
Potable Water, and Sewerage), has been carrying out a program called “Collection of Used
Batteries and Used Oils” since 1998, aiming to generate environmental awareness among
the population and promoting an adequate management of these wastes [20].

Currently, ETAPA collects 151,200 L/month (~1534 t/year) of used oil from “used
oil generators”, a group of approximately 1300 car-lubricating shops, mechanic shops, car
wash shops, and tire repair shops, and some miscellaneous industrial companies in Cuenca.
This amount of used oil collected is approximately 57% of the total consumed in the city [20].
The remaining is sold to an informal market that employs this oil as fuel in furnaces for
bricks, tile manufactures, and, less frequently, for wood treatment, concrete formwork,
spraying of cars’ bottoms after car-washing, as a pesticide, to reduce dust on unpaved
roads, or to protect cattle from subcutaneous parasites [19]. The practice of employing
used oils as fuel is common in Latin-American countries (see, for example, [21]). Evidently,
some of these uses are not environmentally friendly. It is expected that, in Ecuador, Law
042 could promote better management practices of used oils and reduce pollution.

The oil collected by ETAPA is subsequently treated in its own waste treatment facility
through decantation, filtration, and clarification processes to separate the water and solid
impurities. Following the Ecuadorian Technical Standard NTE-INEN 2266: 2017 for the
transport, storage, and handling of hazardous materials, the treated oil is sent to a cement
company in Guayaquil where it is burnt as fuel [20]. However, the management system
of used oils in the city requires expenses that currently are paid by both the municipal
government and the used oil generators. The sale of used oils to an informal market could
be explained in part by the propensity of used oil generators to reduce such additional
costs. Thus, adding value to used oils could help to reduce its utilization in informal
markets. Despite these problems, the collection and treatment system have been effective
at avoiding spillages and harmful discharges of used oil.

The implementation of Law 042 [18] would boost the required steps towards a circular
economy that prioritizes regeneration and reuse of used lubricant oil. For this purpose,
a deep understanding of the properties of used oil and the potential options for adding
value to this material are critical [22]. In the case of Ecuador, information on the properties
of used oils is scarce. Almeida et al. [4] characterized some properties of used oils in
Quito. In Cuenca, Jaramillo et al. [23] characterized two types of oils commonly used in
taxis (SAE 20W50 and SAE 10W30) to determine the most common causes of engine wear.
Likewise, ETAPA has determined some properties of the used oils they collect (mixtures of
automotive and industrial used oils) [24]. However, there are no current works showing a
complete characterization of used oils or suggestions about possible routes for re-refining
these materials as part of a circular economy strategy in the conditions of Cuenca and
other cities in Ecuador. The objective of this work was twofold: (a) to characterize the
used lubricant oils collected in Cuenca and compare the resulting properties with those of
used oils elsewhere; and (b) to recommend regeneration options for used oils, considering
the characteristics of the oils and the experiences reported in other places. The work
hypothesizes that, if the characteristics of used oils in Cuenca are comparable to those in
other places where used oil management is adequately performed, it is possible to adapt
such proven processes to the conditions of our city. This paper summarizes the main

101



Recycling 2021, 6, 10

findings of the research and expects to contribute with ideas for a better management of
used lubricating oils in medium- (e.g., Cuenca) and small-size cities.

Figure 1 summarizes the process to be developed in this research in order to meet the
proposed objective.
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2. Materials and Methods

2.1. Materials

Samples of used lubricant oils were obtained from mechanic car shops and other used
oil generators in the city of Cuenca. A preliminary step consisted of surveying a group
of 265 randomly selected (out of the 1300) used oil generators registered by ETAPA to
identify the collection methods and storage conditions of the used oils [25]. Based on the
preliminary results, it was determined that the number of storage containers in the city is
16, for which a sample was taken from each one and the four most frequently repeated
were duplicated, taken from different establishments (Samples 4 and 7, 5 and 6, 8 and 9, 14
and 15). The collection of three extra samples directly from the engines of three gasoline
vehicles (i.e., used oil without being mixed or exposed to contamination from external
agents) also was conducted for a comparison of the properties. Therefore, twenty-three oil
samples were collected in total. The twenty samples were mixtures of various types of used
automotive oils (mostly engine and gearbox lubricant oils) that have been stored under
different conditions (e.g., using plastic or metallic containers), as presented in Table 1. As
seen in the table, in Cuenca, the used oils are stored in the used oil generators’ facilities
for up to three months prior to collection by ETAPA. Samples of ~500 mL were extracted
directly from the storage tanks. The collected samples were then sent to the Chemical
Control Laboratory of the Guangopolo Power Plant (Termopichincha Unit—CELEC EP)
for characterization.

2.2. Characterization of the Used Oil Mixtures

The twenty three samples were characterized with the purpose of determining the
water content, density at 15 ◦C, viscosity index, base number, flash point, kinematic
viscosity at 100 ◦C, and metals content (Al, Ba, B, Cd, Ca, Cu, Cr, Sn, P, Fe, Mg, Mn, Mo, Ni,
Ag, Pb, Si, Na, Ti, V, and Zn). Water content was determined following ASTM D95 [26].
Density was determined as per ASTM D4052-11 [27]. The viscosity index was calculated
from the kinematic viscosity at 40 and 100 ◦C and following the ASTM D 2270-93 procedure.
The base number (TBN) was obtained by potentiometric titration, following ASTM D2896-
11 Procedure B [28]. The flashpoint was obtained in accordance with ASTM D92-12b [29];
i.e., using the Cleveland open cup method. The thermal bath method (ASTM D445-15
Procedure A) [30] was used for the kinematic viscosity index at 100 ◦C. The metal content
was determined in accordance with ASTM 6595-00 (2011) [31]. All tests were conducted in
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duplicate. Table 2 show the analytical instruments’ specifications for the characterization
of the used oil mixtures.

Table 1. Storage conditions of the used oils in mechanics and car lubricating shops in Cuenca.

Sample
Number

Container
Material

Top of
Tank

Pre-Filtered
a Covered b Collection

Frequency c

1 Directly from vehicle’s engine no - -
2 Directly from vehicle’s engine no - -
3 Directly from vehicle’s engine no - -
4 Metal Closed no yes monthly
5 Metal Closed no yes monthly
6 Metal Closed no yes monthly
7 Metal Closed no yes monthly
8 Metal Closed no yes bimonthly
9 Metal Closed no yes bimonthly

10 Metal Closed no yes quarterly
11 Metal Closed no no monthly
12 Metal Closed yes no monthly
13 Metal closed yes yes bimonthly
14 Metal closed yes yes monthly
15 Metal closed yes yes monthly
16 Metal open yes yes monthly
17 Metal open no yes monthly
18 HDPE closed no no monthly
19 HDPE closed no yes bimonthly
20 HDPE closed no yes quarterly
21 HDPE closed yes yes quarterly
22 HDPE closed yes yes monthly
23 HDPE open yes yes monthly

a Refers to a screening process to remove large particles (e.g., wipe cloth) prior to storing in the tanks. b Indicates
if the storage container has been under roof conditions or not. c Frequency of collection of the used oils from the
used oil generators’ facilities.

Table 2. The analytical instruments’ specifications.

Parameter A. Instrument Brand Model Serial Number

Water content Distiller Stanhope Seta 24415-2 1031631

Density at 15 ◦C Digital
densimeter Mettler Toledo Densito 30 PX LWE13A54

Viscosity index Thermostatic
bath Petrotest Visco Bath 0263125001

Total base
number (TBN) Potentiometer Metrohm 916 Ti Touch 1916001003195

Flashpoint Equipment to
flashpoint Fisher Tag Flash Tester 926

Metal content Atomic emission
spectrometer Spectroil M/F-W 626

2.3. Statistical Analysis of the Used Oil Properties

The results obtained were statistically analyzed in three steps: The first step focused on
identifying the similarities among the 23 oil samples, from a physicochemical perspective.
For this purpose, a cluster analysis using the SPSS program was conducted and the samples
with similar characteristics were grouped [32]. Then the agglomeration method (i.e., a
hierarchical classification in which algorithms are used to group objects, using a measure
of Euclidean squared distance between data and the Ward linkage that measures remote-
ness between groups) was employed. According to [32], this method is used to analyze
quantitative variables when the sample size is relatively small (<50). With this analysis,
a classification tree or dendrogram was prepared (see Figure 2). Since small distances
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indicate homogeneous conglomerates and large distances show diversified conglomerates,
it is convenient to stop the grouping process when the horizontal lines become long [32];
this procedure determines the number of clusters. In the second step of the analysis, the
inference statistical technique “confidence interval” (with a 95% level of confidence) was
employed [33]. In the third step, a comparison of the physicochemical characteristics of the
used oils in Cuenca to the properties of used oils in other countries was conducted. Box
and whisker plots were employed to summarize the data and to identify outliers (using
the SPSS software).
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2.4. Analysis of Options for Re-Refining Used Oils in Cuenca

The results of the characterization and experiences reported in the literature served to
propose options of technologies that could be employed to re-refine used oils in Cuenca.
This stage sought to establish the requirements that could enable the processing and
utilization of used oils as part of the circular economy strategy in the city. The options that
were analyzed considered five factors: (1) the amount of available used oil collected in the
city alongside the possibility of expanding used oil collection in neighboring cities; (2) the
quality of the used oil; (3) the yield of byproducts that can be obtained from used lubricant
oils through re-refining, based on the literature and the limitations of some re-refining
technologies; (4) the availability of materials for the treatment process close to the city; and
(5) the costs of the regeneration technologies and the possible uses of the waste.

3. Results and Discussion

3.1. Physical Characteristics of the Used Oils, and Their Metal Content, in Cuenca

The initial test of normality of the properties of the used oils in Cuenca showed that
the physical properties, such as water content, density, viscosity index, kinematic viscosity,
and the presence of elements (Al, B, Cd, Cr, Fe, Mg, Mn, Mo, Ni, Ag, Na, Ti, and V), present
a normal behavior. Thus, the central tendency measure is the mean. However, the TBN
and the concentrations of Ba, Ca, Cu, Sn, P, Pb, Si, and Zn in the used oil did not show a
normal distribution. Therefore, for these properties, we performed a data transformation
through the Cox–Box method, using Minitab 19 software. After these considerations, the
ranges of the values for each physical property and the metal content are shown in Table 3.

104



Recycling 2021, 6, 10

Table 3. Physical properties and metal content of the used oils in Cuenca city.

Parameter Unit Mean Range a

Water content %v/v 0.2 0.1–0.3
Density at 15 ◦C g/mL 0.88 0.88–0.89
Viscosity index - 132.6 128.1–137

Total Base number (TBN) mg KOH/g 5.8 4.8–6.8
Flashpoint ◦C 179.5 168–191

Kinematic viscosity at 100 ◦C mm2/s 12.2 11–13.4
Al mg/kg 8 6.1–9.8
Ba mg/kg 1.5 0.3–2
B mg/kg 43 24.8–62

Cd mg/kg 0.4 0.02–0.2
Ca mg/kg 1988.7 1744.4–2233.1
Cu mg/kg 13.4 2.8–23.9
Cr mg/kg 2.9 1.5–4.1
Sn mg/kg 9.2 0.5–2.9
P mg/kg 910.5 782.2–1038.7
Fe mg/kg 40.6 21.3–59.8
Mg mg/kg 37.8 14.3–61.2
Mn mg/kg 3.2 2.2–4.2
Mo mg/kg 31 15.5–46.4
Ni mg/kg 1.8 1.1–2.6
Ag mg/kg 0.7 0.1–0.5
Pb mg/kg 39.6 1.3–25.4
Si mg/kg 20.2 13.9–26.4

Na mg/kg 62.7 24–101.4
Ti mg/kg 12 3.1–15.7
V mg/kg 3.3 1.7–5

Zn mg/kg 781 671–890.1
a 95% level of confidence.

3.2. Influence of Storage Conditions on Used Oil Properties

The result of the cluster analysis of the physicochemical properties of the twenty-three
samples is presented in Figure 2. For the analysis, Euclidean squared distance and Ward’s
linkage were chosen to create homogeneous groups [32]. In the dendrogram (Figure 2),
a distance of 5 was chosen, obtaining four clusters (according to the similarity of their
physicochemical properties) called Clusters A, B, C, and D. Cluster A contains nine samples
(i.e., Samples 8, 18, 13, 5, 7, 15, 3, 1, and 12), Cluster B also consists of nine samples (i.e.,
Samples 17, 23, 2, 9, 4, 19, 6, 16, and 20), Cluster C consists of two samples (i.e., Samples
14 and 21), and Cluster D consists of three samples (i.e., samples 10, 11, and 22). Sample
2, as seen in Figure 2, corresponds to the average values of the properties of the 23 oil
samples. The corresponding properties moved away as the Euclidean distances of the
other samples moved too. An ANOVA test was performed to compare the means of the
groups (at the 95% confidence level). Figure 2 suggests that the storage conditions are
not grouped but are different within the same cluster. Samples 1, 2, and 3, which were
taken directly from vehicles’ engines (Table 1), are located within Clusters A and B, with
characteristics similar to the other stored samples, suggesting that the storage time (i.e., up
to three months) does not affect the properties of the used oils. Clusters C and D, despite
having fewer samples, also show different storage conditions. Therefore, this finding
indicates that there is no correlation between the storage conditions (i.e., type of material
of the containers and time) and the oil’s characteristics. This can be confirmed because
the properties of the oils extracted directly from the vehicle engines, which correspond
to the zero storage date, were analyzed under the same environmental conditions as the
other stored samples. Furthermore, due to the climatic conditions of Cuenca (which is
more or less constant throughout the year), there are no temperature variations that could
compromise the properties of the oil during storage.
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3.3. Physical Properties of the Used Lubricating Oils in Cuenca and Comparison with the
Properties of the Used Oils in Various Countries

Table 4 shows the values of the physical properties and metal content of the used oils
in Cuenca (Column 2) and the new lubricant oils that are employed in the city (Column 3).
The table also presents the typical values and expected limits of both the physical properties
and metal contents reported in the literature, as well as the expected tendencies of each
property or value compared to the new oils. It can be seen that, for used oils in Cuenca,
most values are below the accepted limits, according to [34]. Moreover, the water content
is below the limits reported by [34] and the rest of the results (except the concentration
of some metals) are in the range of expected values [8,35]. This result suggests that the
re-refining options for used oils in Cuenca should take advantage of the experiences in
other places that process used oils with similar properties to guarantee the properties of
the regenerated oil as required for further use.

Table 4. The physical properties and metal concentration of the used lubricant oils in Cuenca, in comparison with other oils.

Property

Oils in Cuenca Typical Range Other Studies
Expected

Limits [34]

Tendency with
Respect to
New OilsThis Study

Average New
Oils [23]

Ref. [8] Ref. [35]

Water content (%v/v) 0.2 0.1 - 1.1–13.7 - increases
Flashpoint (◦C) 178.1 - 75–240 120–214 >38 decreases
Density at 15 ◦C

(g/mL) 0.9 - - - - increases

Viscosity index 134.2 138.1 - 92.5–144 - increases
TBN (mg KOH/g) 5.7 5.3 - 4.1–4.7 - decreases

Kinematic Viscosity
100 ◦C (mm2/s) 11.8 16.4 - 9.3–14.8 - increases

Metals content (mg/kg)

Al 8 <1 - 4–20.3 <20 increases
Ba 1.5 64.7 5–110 - - decreases
B 43 10 - 30–4100 - decreases

Cd 0.4 - 0–3.8 2–9.4 <2 increases
Ca 1988.7 1396.6 936–1670 606–1890 - decreases
Cu 13.4 <1 - 7–30 <30 increases
Cr 2.9 <1 - 3.2–233 <10 increases
Sn 9.2 <1 - 9.7 <20 increases
P 910.5 802.2 494–973 - - decreases
Fe 40.6 1.3 23–99 15–348 <100 increases
Mg 37.8 12 66–120 43.5–332 - decreases
Mn 3.2 - 0.9–18 - - increases
Mo 31 97.9 24–42 - - decreases
Ni 1.8 <1 0–5.4 2 <10 increases
Ag 0.7 <1 - - <3 increases
Pb 39.6 <1 7–57 2–2813 <30 increases
Si 20.2 4.3 29–76 11–21.9 <20 increases

Na 62.7 48.1 174–606 13–65 <50 increases
Ti 12 <1 0–4.9 - - increases
V 3.3 <1 0.2–10 - - increases

Zn 781 803.3 444-1280 54.9–1100 - decreases

Table 5 shows a comparison of the physical properties, presence of metals, and con-
centration of additives of the used oils in Cuenca with those of used oils in other countries.
Some properties are difficult to compare due to a lack of data. However, it is seen that,
as with other materials, the water content is below the values reported in other countries.
Properties such as viscosity are of interest since they show that the oils have not degraded
too much during their use, as well as indicating a lower water content.
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Metals such as Al, Cd, Cr, Cu, Fe, Pb, Mn, Mg, Ni, Ag, Sn, Ti, and V (Table 6), known
as wear metals [8], arise in the used oil due to the engines’ high operating temperatures
and pressures. Thus, the concentrations of metals found in the used oil vary depending
on the brand and the type of used oil, the conditions of the engine that originated them,
and the distance traveled by the vehicle until oil change is performed [36]. Ti is outside
the range of typical values for used oils with a much higher value. Oil liquid Ti is widely
used to reduce the friction and wear of engine components [37], which could explain such
high values for Ti content. In the case of engine wear metals, all values are below the
mean of the countries reported in the literature (except for S and V, from which there are
not enough results to compare in Table 5); however, they are below the typical ranges as
reported by Parry [8] and Widodo et al. [35], as seen in Table 4. The results indicate that
the oils have a low contamination by wear metals, especially in the case of Si, Al, Cu, Cr,
and Fe. Si is considered a highly abrasive material [38]. Its presence in the used oil is
mainly due to contamination by sediments or some brake fluids, as well as by dust (dirt)
entering the engine. The concentration of additives such as Ba, B, Ca, Mg, Mo, Na, P, and
Zn (Table 7) is reduced with respect their initial concentrations. P and Zn are elements
that are generally found in anti-wear additives and antioxidants used to protect metal
segments under engines’ extreme operating conditions. Ca, Mg, and Na sulfonate are
mainly associated with the detergents/dispersants used for engine cleaning. Some engine
oils contain MoS2 to reduce wear at high temperatures and pressures. B and Ba are used
in some synthetic oil formulations and act as anti-wear additives [22,36,39]. Regarding B,
there are not enough data to compare with other countries (Table 5), but it is within a typical
range according to Widodo. et al. as seen in Table 4. Some metals that are components of
the engines also serve as additives in lubricating oils. This is the case of Al, Cu, Mg, Ti,
and Mo. If the concentration of an element in the used oil increases with respect to the
concentration of the virgin oil, it is considered a wear metal, otherwise it is considered
an additive. Ba and Mg content is below the mean of the typical values reported in the
literature (Table 7), which suggests that part of these elements was lost during the operation
of the engines. The Mo, Na, P, and Zn concentrations are also below the mean values (right
column), suggesting loss of these metals, but they are still within the typical ranges (see
Table 4). Ca has a higher value than the expected values [8,9]. Its content depends on the
types or brands of oils present in the mixture.

In general, it is observed that the characteristics of the oils used in Cuenca are within
the ranges of values obtained from other countries. The results of this research are close to
those reported for used oils in other countries in South America (e.g., Colombia, Chile, and
Venezuela), except for the higher water content of the used oils in Chile. This could possibly
result from similar climatic conditions, age of the car fleet, and types of oils consumed.
Likewise, in Peru, a higher presence of wear metals in used oils is seen, although those used
oils retain more additives. The literature also shows that, in Australia, used oils are less
contaminated by wear metals, but there is greater loss of additives. Works conducted in
the US on the concentration of metals in used oils show values close to used oils in Cuenca.
In the case of Spain and Portugal, there is less metal contamination in the used oil, except
for Fe. Iraq, Nigeria, and Poland present approximately similar results, although those oils
appear less contaminated by metals. The same happens in the case of used oils in the UAE,
except for the high content of Pb. The physical characteristics of the used oils in Egypt,
Pakistan, and Saudi Arabia show some similarities to the used oils analyzed in this work.
However, the metals content cannot be compared due to a lack of information. A high
water content and low viscosity index is evident in South Africa’s used oil. Kazakhstan,
Ukraine, and Ghana show the highest metal-contaminated automotive used oil.
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Table 5. The physical properties, concentration of wear metals, and additives of the used lubricating oils in Cuenca, in comparison with the properties of the oils used in various countries.

Element
(ppm)

This
Work

Quito-
Ecuador

[4]

Chile
[40]

Colombia
[5]

Venezuela
[41]

Perú
[42]

Spain
[43]

Portugal
[22]

UAE
[44]

USA
[45]

Kazakhstan
[46]

Ghana
[2]

Nigeria
[47]

South
Africa

[48]

Ukraine
[49]

Australia
[50]

Poland
[51]

Iraq
[52]

Iraq
[53]

Pakistan
[54]

Saudi
Arabia

[55]

Egypt
[56]

Mean

Al 8 - - 17 - 375 - - 4 - 57.9 - - 20.1 - 64 - - - - - - 89.7
Ba 1.5 - - - 113 9 297 - <1 2.9 - - - - - - - - - - - - 84.6
B 43 - - - - - - - 3 - - - - - - - - - - - - - 3

Cd 0.4 - 0.1 - - - - - <1 1.7 - - - - - 0.04 - 1 - - - - 0.8
Ca 1988.7 - - 285.3 190 1250 4.5 1805 1667 - 171.9 606.5 - - 1445.7 - - - - - - - 825.1
Cu 13.4 - 9.7 14.3 16 15 29 - 7 36 37.9 21.3 - - 74.1 7 18 4.6 - - - - 22.3
Cr 2.9 - 5 - <1 - - - 4 3.3 18.3 - 1.3 - 52.6 0.2 1.4 1.5 - - - - 8.9
Sn 9.2 - 5 - - - - - <1 - - - - - - - - 1.6 - - - - 2.5
P 910.5 - - 18.4 - 1550 931 739 632 - - - - - 2797.1 485 - - - - - - 1021.8
Fe 40.6 - - - 46 240 205 212 15 - - 89.5 - 21.3 696.4 41 53.5 72 - - - - 153.8
Mg 37.8 - - - 1.5 - 309 - 38 - 436.1 - - - 549.8 24 - 81 - - - - 205.6
Mn 3.2 - - - - - - - 1 - - - 5.3 - 8.8 1 1.8 1.5 - - - - 3.2
Mo 31 - - - - - - - 7 - - - - - 48.15 - 462.9 - - - - - 172.7
Ni 1.8 - 1.4 - - - - 5 <1 1.5 - 2 0.8 - 5.8 0.2 0.4 - - - - - 2
Ag 0.7 - - - - - - - <1 - - - - - - - - - - - - - <1
Pb 39.6 - 15.5 45.4
Si 20.2 - - 2.3 - - - - 11 - - - - - 140 - - - - - - - 51.1

Na 62.7 - - 216.8 43.5 - 118 - 20 - - 9.5 - - - - - - - - - - 73.3
Ti 12 - - - - - - - 2 - - - - - - - - - - - - - 2
V 3.3 - 2 - - - - - <1 - - - - - - - - - - - - - 1.5

Zn 781 - 340 825.5 651 1025 1 1000 780 1152 403 - - - 4361 254 1106.7 1280 - - - - 1013.8
Water
con-
tent

0.2 0.4 10 0.5 0.6 5.1 - - 0.8 - 0.03 - - 11.5 0.2 - - 0.9 1.5 - - 0.3 2.7

Density
at 15
◦C

0.9 - - 0.9 - - - - 0.9 - 0.9 - 0.9 0.9 0.9 - - 0.9 0.9 0.9 0.9 0.9 0.9

Viscosity
index 134.2 122 - - - 115 - 103.1 - - - - - 25.5 110 - - 89.1 - 110.6 80 115.1 96.7

Base
num-
ber

(TBN)
5.7 18.6 - - - - 1.7 - 4.1 - - - - - 3.5 - - 0.1 5.8 4.6 13.5 - 6.5

Flashpoint178.1 90.8 - - 182.2 - 348 - 152 - 190 - 135 125 511 - - 158 178 183 101 128 190.9
Kinematic
viscos-
ity at

100 ◦C
11.8 29.8 55 81.1 - 17 - 7.8 - - 9.5 - - 6.5 13.9 - - 13.5 -12 15.5 14.1 12.93 22.2
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3.4. Analysis of Options for Re-Refining Used Oils in Cuenca

The treatment of used lubricant oils involves three processes: recovery, reprocessing,
and regeneration (or re-refining) [8]. Reprocessing is carried out by the elimination of
contaminants from used oils and may include distillation and chemical treatment, as well
as a combination of methods with those used for recovery. With the re-refining process, the
highest degree of contaminant removal is reached, obtaining the base oil to manufacture
new lubricating oils. Table 6 shows the methods commonly employed for re-refining of
used oils at the laboratory scale and Figure 3 summarizes the sequence of these steps.
Regardless of the re-refining process, it begins with a pretreatment step that depends on
the characteristics of the oil. According to Fong et al. [5], good quality oils can be obtained
from used oils and their production costs are relatively lower than the costs of producing
oils through petroleum refining. A gallon of used oil (3.78 L) provides 2.5 L of lubricating
oil, which, otherwise, should require 42 gallons (>158 L) of crude oil [57]. Besides, the by-
products of re-refining can be converted into valued end products for other manufacturing
processes, such as asphalt. The yields of the products and byproducts can cover the cost of
buying the chemicals needed to keep the operation of the re-refining plant and, therefore,
to make the process profitable [5]. An oil of higher quality than the corresponding original
oil cannot be obtained using these processes. For this reason, for cost-effective recycling
of used oil, it is important to separate the different types of oils in the places used oils
are generated because, from the mixture of high-quality and low-quality used oils, only
low-quality oils are obtained [8]. Speight and Exall [58] (cited by [35]) indicated that, in the
re-refinement process, solid particles and water are separated from the used oil by physical
treatments to obtain an oil comparable to the original, but the contaminant metals could
not be completely removed.

Table 6. Steps for re-refining used oils and the technologies employed at the laboratory scale.

Technology Country and Reference

Pre-Treatment

Filtration, centrifugation,
decantation, and

sedimentation
South Africa [48], Egypt [59]

Distillation

Filtration Egypt [56]

Sedimentation, magnetization,
heating, and agitation Nigeria [60]

Technology Country and Reference

Sedimentation UAE [44]

Regeneration

Acid treatment Romania [61], Iran [62], Nigeria [47],
Colombia [5]

Caustic treatment Ghana [2]

Activated carbon/clay
treatment

South Africa [48]
Distillation/clay

Acid clay treatment

Irradiation and ultrasonic
adsorption Kazakhstan [46]

Solvent extraction
Egypt [56], Iraq [53], Portugal [22],
Egypt [59], Nigeria [60], Spain [43],

UAE [44]
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Table 6. Cont.

Fractionation of the
Bases

Vacuum distillation Ukraine [49], Egypt [56], Iraq [53],
Ghana [2], UAE [44]

Atmospheric and vacuum
distillations. Spain [43]

Finishing

Adsorption, neutralization,
sedimentation, and filtration. Romania [61], Nigeria [47]

Filtration and heating South Africa [48]

Filtration Colombia [5]

Adsorption Kazakhstan [46], Egypt [56], Iraq [53],
Nigeria [60], Iran [62], UAE [44]
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Re-refining consists of four stages: pre-treatment (i.e., removal of water and solid
particles), regeneration (i.e., elimination of degradation products), fractionation of the bases
(i.e., separation of light hydrocarbons), and finishing (i.e., improvement of color and smell
of the treated oil) [35,59,63]. Some of these processes still have some disadvantages, such
as the poor performance of oil regeneration or the generation of other environmentally
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hazardous contaminants [35]. Following the logic of the circular economy, the ideal
regeneration method for used lubricating oils should guarantee the function the product
had at the beginning, as many times as possible after a treatment is conducted.

For the finishing step, excellent results have been obtained with the use of
bentonite [44,50,60,61]. This is the process that appears most suitable for used oil treatment
in Cuenca, due to the large amounts of bentonite available in the province of Napo [64],
located ~400 km from Cuenca. Bentonite can be used as bleaching land to clarify and
reduce (by adsorption purification) the intense color of the oils [65]. It is expected that used
oil generators (e.g., mechanic and car lubricating shops) in the city will play a vital role
in the collection system as they are responsible for the handling, separating, and storing
operations for different types of used oils before delivering them to authorized collectors
to ensure proper treatment [22].

In Ecuador, in the city of Quito, the re-refining of used lubricating oils is carried out,
in this process methods such as filtration, extraction by solvents, and vacuum distillation
are applied, while in the city of Cuenca only filtration, decantation, and sedimentation is
performed; in Figure 3 these processes are marked in red.

At an industrial scale, the main technologies employed for re-refining used oils are
(a) the acid/clay process; (b) activated clay process; (c) thin-film evaporation (TFE), based
in vacuum distillation; (d) solvent extraction process; and (e) hydro-treatment process
(hydrogen extraction) [58,65,66]. The steps for each re-refining technology and the yields
that can be recovered from the process are presented in Figure 4.

Recycling 2021, 6, x FOR PEER REVIEW 14 of 23 
 

Used lubricating oil

Storage (mixed oil)

Pre-treatment
 Filtration
 Centrifugation
 Magnetization
 Decanting
 Sedimentation
 Heating

Regeneration
 Acid treatment
 Caustic treatment
 Actived carbon / clay treatment
 Acid clay treatment
 Irradiation and ultrasonic 

adsorption
 Solvent extraction

Base fractionation
 Vacuum distillation
 Consecutive vacuum and 

atmospheric distillation

Finish
 Adsorption
 Neutralization
 Decanting
 Filtration

Re-refined 
base oil

+ Additive

New Lube oils

Additive metals

Sludge (heavy metals, 
chlorinated hydrocarbons, 

and polyaromatic 
compouunds)

Solvent recovered

Solid waste and water

 
Figure 3. Main stages of conventional technologies for the re-refining of used oils. Adapted from 
[35]. 

 

Figure 4. Summary of the technologies employed at the industrial level for re-refining used lubri-
cant oil. Adapted from [66,67]. 

Acid clay dehydration vacuum 
 distillation 

  
acid wash adsorption  

with clay filtration Recovery 
(63%) 

  

filtration 
Recovery 

(63%) 
  

Acid-
activated 

clay 
dehydration vacuum 

 distillation 
  

clay filter 

Thin/clean 
film 

evaporation 
(TFE) 

  

dehydration thin film  
evaporation 

adsorption  
with clay filtration Recovery 

(72%) 
  

Solvent 
Extraction dehydration solvent  

reaction 
vacuum 

distillation 
adsorption 
with clay 

  
filtration Recovery 

(74%) 
  

Hydro- 
treatment dehydration vacuum  

distillation 
  

hydro-reaction adsorption  
with clay filtration Recovery 

(85%) 
  

Figure 4. Summary of the technologies employed at the industrial level for re-refining used lubricant oil. Adapted from [66,67].

111



Recycling 2021, 6, 10

Table 7. The main technologies employed at an industrial scale for re-refining used lubricating oils.

Re-Refining Method Process Advantages Disadvantages

Acid–clay
[68,69]

Dehydration: removal of impurities, water, antifreeze,
and solvents by preliminary distillation at low

temperature.
Vacuum distillation.

Sulfuric acid: reverse reaction with oxygen, sulfur, and
nitrogen to form sludge.

Additional refining to eliminate paraffinic and
naphthenic hydrocarbons.

Adsorption with clay to reduce odor and dark color.

Proven technology.
Low production cost.

Simple and straightforward process.
Does not require qualified operators.

Adequate for small capacities.
Low capital investment, profitable for

small-scale plants.
Low energy consumption.

Produces good quality base oils.

Generates polluting waste.
Causes corrosion of equipment.

Low yield due to loss of oil in mud and clay.
Not compatible with pollution control

regulations.
Technology is prohibited in many countries

Activated clay
[68,69]

Dehydration. Vacuum distillation with conventional
vacuum column. Adsorption with activated clay at 120

◦C for 2 h.
Filtered.

No acid is required.
Simple process.

Suitable for small capacity plants.
Produces good quality base oils.

High consumption of clay.
Low performance. Inconsistent quality.

Environmental problems to eliminate large
amounts of spent clay.

Depends on a particular type of clay that may
not be readily available

Thin film evaporation (TFE) [59,68]

Dehydration. Evaporation of thin-film (via vacuum
distillation). Process involves the removal of volatile

materials and the separation of the high boiling
distillate from residues containing heavy metals.

Two options: (a) hydraulic finishing to remove chlorine,
nitrogen, oxygen, and sulfur compounds or (b)

adsorption with clay to remove impurities (e.g., heavy
metals and decomposition products)

Suitable for high capacity plants
The thin-film evaporator is capable of

operating under high vacuum and is usually
used for high value products

It does not cause contamination.
Produces very good quality base oils

Operates at high temperature and high
vacuum.

The plant must have high capacity to be
economically viable.

High energy consumption

Solvent extraction [67,68,70]

Dehydration. Removal of impurities by mixing
solvents that do not include sulfuric acid, the solvent
produces insoluble and suspended substances (e.g.,
asphalt, metal compounds, and resin). The sludge

removed as non-hazardous waste.
Vacuum distillation with conventional vacuum column.

Adsorption with clay to reduce odor and dark color.

The solvent is recyclable.
Does not cause contamination.

Functional recovery of base oils.
Produces good quality base oils.

Propane is used as a solvent to remove
additives, metals, and tar.

It operates at room temperature

Economical only for high plant capacity.
Operates at higher pressure.

Requires operating systems and qualified
personnel.

May involve operating losses of solvent.
Propane can cause fires/explosion.

High energy consumption

Hydro-treatment [66–68]

Dehydration. Vacuum distillation with conventional
vacuum column.

The oil treated with hydrogen in the presence of a
catalyst removing sulfur, nitrogen, and oxygen. The
combination of this process with solvent extraction
strengthens the oil quality. Adsorption with clay.

Corrects the color and smell of the oil.
The distillation process is commonly used to

remove sulfur, nitrogen, metals, or
unsaturated hydrocarbons

Expensive.
Unsafe.

Not suitable at small scale.
High energy consumption.

Operates at high temperature and pressure.
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Details on each technology and the corresponding advantages and disadvantages are
presented in Table 7. Other new technologies are currently available, especially in Europe
and China, including the combined finishing of TFE and clay, TFE and solvent finishing,
TFE and hydro-treatment, thermal deasphalting (TDA), clay finishing, and TDA and
hydro-treatment. Kupareva et al. [66] presented an exhaustive review of the technologies
employed at the industrial scale for re-refining used oils in Europe and CleanOil in China,
as well as a list of the companies/countries using those technologies (see Table 8). Most of
those commercial plants use the technologies described above, with small modifications in
some cases.

The selection of a specific technology for re-refining used oil at an industrial level
involves several criteria [67,68], including (a) technical and sustainability aspects; (b)
health, safety, and environmental impacts; and (c) economic considerations. The thin-
film evaporation (TFE) technology appears to offer the best results (in terms of product
quality), followed by the solvent extraction, the hydrotreatment, and the activated acid–clay
and acid–clay technologies. However, the TFE technology is economically viable only at
large scales. The minimum capacity needed for a plant with this technology, according
to Kupareva, is around 40,000 t/year (see Table 8), which is several times higher than the
~1534 t/year of used oil collected in Cuenca. Therefore, TFE technology is not currently
viable in Cuenca.

The hydrotreatment and the activated acid–clay and acid–clay technologies, how-
ever, are incapable of producing products with adequate quality while possibly creating
environmental problems [67] (see Table 7). Thus, these technologies are not appropriate
compared to the TFE or the solvent extraction technologies. For these reasons, in this study,
we believe the solvent extraction technology is the best option for re-refining used oils
in Cuenca. The solvent extraction process is more adequate for processing relatively low
volumes of used oils and the quality of the product complies with engine requirements.
The oil recovery rate is relatively high (around 74%) and the process accepts both synthetic
and mineral oils used in vehicles [66]. The solvents can be recovered and reused in the
process. Moreover, this technology is widely used in other countries [66]. Since the physical
properties of the used oils in Cuenca resemble those of countries such as the UAE [44],
Iraq [53], and Egypt [56], which recover oils through solvent extraction, the use of this
technology is justified and currently feasible.
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Table 8. The main re-refining processes currently used in European countries and China (adapted from [66,71]).

Technology Raw Material Investment Costs Product Quality Yield% Waste Plant Capacity (t/year)

Solvent Extraction

MRD process
(Germany, Denmark and

the Netherland)

It can contain up to 5%
vegetable oils, complete
preservation of synthetic

oils.

Relatively low operating
and capital costs. Base oils of good quality. 91 It can use as fuel. 120,000

Interline
(Spain and United

Kingdom)

Motor mineral oil and
industrial oils.

Relatively low operating
and capital costs.

Low quality of base oil
(API I). 79 Asphalt Modifier Production Spain: 36,000, United

Kingdom: 50,000

Vacuum distillation/TFE + hydro-treatment, solvent extraction finishing or chemical treatment

Vaxon
(Denmark and Spain)

Mineral motor and
industrial oils and some
stable synthetics in the

presence of a strong base.

Financially attractive. The average quality of
the oil produced. 65–70

Asphalt extender, thermal
energy production, or as a
bitumen mix component.

Denmark: 40,000, Spain:
42,000

EcoHuile (Sotulub)
(France)

Mineral oils and some stable
synthetics in the presence of

alkaline additives.

It does not require a final
step; this decreases the
investment cost of the

process.

A base oil of poor
quality. 82–92 125,000

Hydrotreatment

Hylube
(Germany)

Accept used oil from
different sources.

The capital investment and
operational costs of the

process are minimizing by
eliminating superfluous

equipment.

Pretty high oil quality
(API II). 85 Stable and acceptable for

asphalt mixing.

TFE + hydro-treatment

CEP process
(Finland)

It accepts used oil from
different sources: industrial

and motor, mineral and
synthetic oils.

High operating and capital
costs.

High quality base oils
(API II). 70 60,000

TDA+ hydro-treatment

Revivoil
(Italy, Poland and Spain) Use motor oil types. Operation and capital costs

higher.

Products of comparable
quality to virgin base oils
meet the requirements of

API II.

72

Asphalt and bituminous
membrane extender.

Hydro-treatment catalyst
regenerated and reused in

the process.

Italy: 130,000, Poland:
80,000, Spain: 59,000
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Table 8. Cont.

Technology Raw Material Investment Costs Product Quality Yield% Waste Plant Capacity (t/year)

Solvent extraction + hydro-treatment

Snamprogetti
(Italy) Use motor oil types.

Relatively expensive due to
PDA (propane deasphalting)

and hydro-treatment.
High quality base oils. 74–80 Asphalt production. 84,000

Cyclon process
(Greece) Use motor oil types. Operation and capital costs

higher. High-quality base oils. 72 Light hydrocarbon fuel used
in boiler oil heaters. 40,000

CleanOil ORT (China) Use motor oil types.

Relatively expensive due to
PDA (propane

deasphalting), vacuum
distillation and

hydro-treatment.

High quality Group II/II
+ base oils, exceed

performance standards
(API)

90 Asphalt flux 20,000
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The pretreatment of used oil that ETAPA currently carries out (water and sludge
removal through sedimentation, centrifugation, and filtration) is similar to that used in the
UAE [44] and Egypt [56]. Thus, the preliminary steps required for the solvent extraction
process are already being performed. In the re-refining process through solvent extraction,
a 1:3 oil-to-solvent ratio is proposed (where the solvents are blends of butanol + toluene
+ methanol or butanol + KOH), following the processes used in the two aforementioned
countries [44,56]. The solvent extraction process is followed by a vacuum distillation step
for the recovery of solvents that will be reused in the process to remove metals (especially
Pb and Fe) [44]. For the finishing step, different adsorbents can be used. However,
better results are obtained with alumina, bentonite, and activated bentonite. The use
of almond and palm kernel powders can also be effective [44]. At the moment, ETAPA’s
Used Oil Collection Program sends the filtered and ceded oil sludge to the ECOTECNO
Foundation attached to HOLCIM, where a thermal destruction of the waste is carried
out with the endorsement of the local and regional Environmental Control Entity. The
waste generated by the re-refining plants in Europe and China are used as a component
in asphalt preparation and as fuel in boilers [66]. These could be an option for re-using
the wastes of the re-refining processes since the city has a small asphalt production plant
that could process all this by-product. The development of a re-refining plant with a
capacity to process higher amounts of used oils than that currently collected in the city is
suggested. Our estimates indicate that there could be up to 7330 t/year of used oil to be
processed in the proposed plant (which is around 10% of the total lubricant oil consumed
in Ecuador; see Section 1). This amount would result from (a) a complete recovery of
used oil in Cuenca; and (b) the contribution of neighboring cities in the South of Ecuador
(e.g., Loja, Azogues, Machala, and other smaller cities) that are located at distances less
than 220 km from Cuenca (Figure 5). According to [72], the added total number of cars in
these cities is approximately double that in Cuenca. However, further work is necessary
to better define the collection, transport, and storage logistics of used oil in those cities to
comply with the requirements of a re-refining plant and Law 042. The benefit for Ecuador
is enormous since the import of up to 7330 t/year of lubricant could be avoided in these
conditions. In addition to environmental and social benefits, the country could save around
US$ 30 million/year, according to data from the Central Bank of Ecuador [73], due to
avoiding the import of lubricant oils.
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(especially Pb and Fe) [44]. For the finishing step, different adsorbents can be used. How-
ever, better results are obtained with alumina, bentonite, and activated bentonite. The use 
of almond and palm kernel powders can also be effective [44]. At the moment, ETAPA’s 
Used Oil Collection Program sends the filtered and ceded oil sludge to the ECOTECNO 
Foundation attached to HOLCIM, where a thermal destruction of the waste is carried out 
with the endorsement of the local and regional Environmental Control Entity. The waste 
generated by the re-refining plants in Europe and China are used as a component in as-
phalt preparation and as fuel in boilers [66]. These could be an option for re-using the 
wastes of the re-refining processes since the city has a small asphalt production plant that 
could process all this by-product. The development of a re-refining plant with a capacity 
to process higher amounts of used oils than that currently collected in the city is sug-
gested. Our estimates indicate that there could be up to 7330 t/year of used oil to be pro-
cessed in the proposed plant (which is around 10% of the total lubricant oil consumed in 
Ecuador; see Section 1). This amount would result from (a) a complete recovery of used 
oil in Cuenca; and (b) the contribution of neighboring cities in the South of Ecuador (e.g., 
Loja, Azogues, Machala, and other smaller cities) that are located at distances less than 
220 km from Cuenca (Figure 5). According to [72], the added total number of cars in these 
cities is approximately double that in Cuenca. However, further work is necessary to bet-
ter define the collection, transport, and storage logistics of used oil in those cities to com-
ply with the requirements of a re-refining plant and Law 042. The benefit for Ecuador is 
enormous since the import of up to 7330 t/year of lubricant could be avoided in these 
conditions. In addition to environmental and social benefits, the country could save 
around US$ 30 million/year, according to data from the Central Bank of Ecuador [73], due 
to avoiding the import of lubricant oils. 

 

Figure 5. Map of Ecuador showing Cuenca and some neighboring cities that could supply used
lubricant oils for the operation of a re-refining plant.
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4. Conclusions

Disposing of used lubricating oils by direct incineration causes damage to the environ-
ment while losing a non-renewable resource. A circular economy requires the reuse of used
lubricating oils to reduce waste and environmental damage while promoting social benefits.
While the current used oil collection system in Cuenca is primarily focused on avoiding
spills and the collection of used oils, strategies to re-refine and therefore add value to these
materials are important steps to consider. The work has found that the storage conditions
of the used oil in the generators’ premises do not significantly affect its properties. This
result shows that the system currently used by used oil generators in Cuenca can be used
for further processing and no changes to the system or logistics are required. The charac-
terization of used oils in the city has shown that most of the properties are comparable
to those of used oils in other countries (for example, the United Arab Emirates, Iraq, and
Egypt). Some critical properties, such as the water content, are below those reported in
the literature, which helps the re-refining process. Consequently, technologies to recover
and add value to used oils in Cuenca must consider the experiences of other nations in the
processing of similar used oils. European industries show great progress on the subject, as
well as good recovery rates and quality of the regenerated product. The union of several
methods improves the final product even more, but the economic investment increases.
However, small- and medium-sized cities such as Cuenca do not generate large amounts of
used oil in order to have plants with the same capacities as those in Europe. Therefore, the
selection of treatment technology must also consider aspects such as the available market,
operating costs, transportation, energy, and the quality of oil to be obtained. Due to the
conditions in Cuenca, a good option is the solvent extraction process since it can be adapted
by small-scale plants, providing adequate quality and performance of the products, as
well as reducing negative environmental impacts. For the finish (improvement of color
and odor), bentonite, a material that is available near the city, can be used. Furthermore,
in Cuenca the initial step is already being carried out; that is, the filtration/dehydration
and sedimentation process. Re-refining used oils in Cuenca and other medium-sized cities,
whether in Latin America or elsewhere, is necessary to comply with the principles of a
circular economy, taking advantage of non-renewable resources and contributing to the
economy, society, and environment.
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Abstract: Considering sustainable mining, the use of seawater in mineral processing to replace
conventional water is an attractive alternative, especially in cases where this resource is limited.
However, the use of this aqueous medium generates a series of challenges; specifically, in the
seawater flotation process, it is necessary to adapt traditional reagents to the aqueous medium or
to propose new reagents that achieve better performance and are environmentally friendly. In this
research, the technical feasibility of using recycled vegetable oil (RVO) as a collector of copper sulfide
minerals in the flotation process using seawater was studied. The study considered the analysis
of the metallurgical indexes when different concentrations of collector and foaming reagent were
used, considering as collectors the RVO, potassium amyl xanthate (PAX) and mixtures of these, in
addition to the methyl isobutyl carbinol (MIBC) as foaming agent. In addition, it was evidenced
that the best metallurgical indexes were achieved using 40 g/t of RVO and 15 g/t of MIBC, which
corresponded to an enrichment ratio of 6.29, a concentration ratio of 7.01, a copper recovery of 90.06%
and a selectivity index with respect to pyrite of 4.03 and with respect to silica of 12.89. Finally, in
relation to the study of the RVO and PAX collector mixtures, it was found that a mixture of 60 g/t of
RVO and 40 g/t of PAX in the absence of foaming agent presented the best results in terms of copper
recovery (98.66%) and the selectivity index with respect to pyrite (2.88) and silica (14.65), improving
PAX selectivity and recovery compared to the use of RVO as the only collector. According to these
results, it is possible to conclude that the addition of RVO improved the selectivity in the rougher
flotation for copper sulfides in seawater. This could be an interesting opportunity for the industry to
minimize the costs of the flotation process and generate a lower environmental impact.

Keywords: flotation; seawater; collectors; vegetable oil; recycled vegetable oil

1. Introduction

Froth flotation is one of the most widely used physicochemical methods of concen-
trating minerals in the mining industry today because of the high capacity and efficiency
it offers in the process of obtaining metals [1]. Separation of minerals by froth flotation
techniques depends primarily on the differences in the wettability of particles. The most
important reagents used are the collectors, which selectively adsorb onto the surface of
the mineral particles, making them hydrophobic and facilitating their adhesion to gas
bubbles injected into the process that rise through the slurry to form a concentrate rich in
the mineral of interest [2].

Among the different collectors currently available in the copper mining industry, the
xanthates are widely used in the flotation of minerals such as common sulfides (Cu, Mo, Pb,
Zn, Co and Ni) and native metals (Cu, Ag, Au, etc.). The xanthates are ionic collectors and
contain a hydrophilic polar group (affinity with water) attached to a chain of hydrocarbons
that turns out to be the hydrophobic part. Due to their strong ionic powers, xanthates
have negative effects to the biota and health hazards to human and animals [3–5], and they
become a major problem at the time of handling and disposal of the waste generated by
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the flotation [6]. It was estimated that a total of 52,000 tons of xanthates were consumed
annually by the mining industry worldwide [7]. Most of the mining industry across the
globe use xanthate. The efforts to reduce the harmful effects of these are focused on the
search to develop a “green” collector, or environmentally friendly, that reduces or inhibits
the generation of toxic substances.

On the other hand, because of the water scarcity in some mining areas around the
world, some projects consider the use of seawater to process coper ores by flotation in
countries such as Chile, Australia and Indonesia [8]. In Chile, Las Luces plant has been
using sweater for their operations since 1994 [9], and more recently Esperanza mine from
Antofagasta Minerals [10]. However, even though the use of seawater in mineral process
can be seen as interesting alternative to solve the scarcity problems, its use in mineral
processing leads to significant challenges such as corrosion in different equipment such
as pipes, mills and flotation cells; and the reduction of the performance in the concen-
tration process [11]. Within this framework, as possible solutions to these problems, it
has been proposed to use some coatings of materials with high chemical and mechanical
resistance [12], to use alloys of materials that better resist the corrosion phenomenon [13]
and to study new operating conditions in the different processes associate, in order to
achieve metallurgical recoveries and grades of copper without affecting the efficiency of
by-products (Mo and Au) [14].

Specifically, when seawater is used to carry out this concentration process, a series
of problems is generated due to the high concentration of ions that it possesses (Na+, K+,
Mg2+, Ca2+, SO4

2− and Cl−). Mainly, there is the pH adjustment as seawater acts as a
buffer solution, which generates a significant increase in lime consumption to achieve
the pH values required in the process to depress pyrite [15]. Additionally, seawater
generates a depressant effect on minerals such as molybdenite at pH values above 9.5.
This is mainly due to the presence of calcium and magnesium cations in solution, which
generates colloidal precipitates at pH levels above this value, preventing the recovery of
this mineral [16]. It is because of these reasons that, new reagents are needed, in order
to recover copper minerals (Chalcopyrite) in seawater, without affecting the recovery of
secondary minerals, such as molybdenite. In addition, these new reagents must be able to
depress pyrite to the pH of seawater.

In this sense, the use of vegetable oils could be an interesting alternative to replace
and/or reduce the use of xanthates in copper sulfide ore flotation. There exists evidence
that shows that the collecting properties of these oils can be competitive compared to the
commercial collectors used in the sulfides flotation and native minerals [17–21]. Owusu
et al. studied the use of commercial edible oils (canola, derived from rapeseed, and
palm oil) as potential flotation reagents to add to the existing array of xanthates normally
deployed for the selective flotation of copper sulfide minerals [18]. In addition, Bauer
et al. [20] and Greene et al. [21] patented the use of various oils as collectors for the
recovery of chalcopyrite and molybdenite from an ore containing 0.579% Cu and 0.010%
Mo. Furthermore, Benn et al. [22] proposed the use of rapeseed oil as a selective collector
for galena (PbS) recovery against pyrite. A laboratory flotation test using a complex sulfide
ore containing Pb, Zn, Cu and Fe sulfides using 240 g/t of rapeseed oil as collector gave
a higher recovery of lead, copper and zinc minerals than when typical, conventional
collectors (xanthate, dithiophosphate, mercaptan, etc.) were used. Pyrite recovery in this
study was similar to that obtained using the conventional collectors.

Taking into account these considerations, this research proposes to study a recycled
vegetable oil as a collector of copper sulfide minerals in the flotation process in seawater
in order to contribute to reduce the toxic collector used in minerals processing and to
find a different type of application of this waste This study considered the analysis of the
metallurgical indexes when different concentrations of collector and foaming reagent were
used, considering as collectors the RVO, potassium amyl xanthate (PAX) and mixtures of
these, in addition to the methyl isobutyl carbinol (MIBC) as foaming agent.
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2. Material and Methods

2.1. Mineral Sample

The mineral sample used in this investigation was supplied by Minera Paicaví S.A.
from the Chépica mine, located in the town of Pencahue, Chile. For the purposes of this
work, each sample of 600 g of ore were crushed, ground in a ball mill and sieved to a P80
size of 212 µm, which corresponds to an appropriate size for rougher flotation.

Tables 1 and 2 present the results of the XRF and XRD analysis performed on the
mineral sample. In the first one, it can be observed that, according to XRF analysis, the
copper content was 2.20% and iron was 12.97%, while, regarding its mineralogy, in the
second table, it is observed that the content of these elements are mainly associated to
chalcopyrite and pyrite and that gangue minerals are mainly quartz and phyllosilicates
such as muscovite and chlorite.

Table 1. Results of the XRF analysis of the mineral sample.

Element Symbol %

Silicon Si 41.00
Sulfur S 23.60

Potassium K 1.140
Titanium Ti 0.031

Vanadium V 0.011
Chrome Cr 0.017

Magnesium Mg 0.033
Iron Fe 12.97

Copper Cu 2.196
Zinc Zn 0.307

Arsenic As 0.008
Silver Ag 0.003

Platinum Pt 0.003
Lead Pb 0.112

Molybdenum Mo 0.002

Table 2. Results of the XRD analysis of the mineral sample.

Mineral Phase Molecular Formula %

Quartz SiO2 73.9
Muscovite KAl2(Si3AlO10)(OH)2 5.5

Chlorite (Mg,Fe++)5Al(Si3Al)O10(OH)8 1.9
Pyrite FeS2 13.0

Chalcopyrite CuFeS2 5.7

2.2. Chemical Reagents and Aqueous Media

The collector reagents used in this research were potassium amyl xanthate (PAX)
supplied by SOLVAY Chile and purified according the methodology described by Montalti
et al. [23]. Sunflower recycled RVO was collected by Universidad de Talca and was
previously filtered and was introduced in the flotation cell as supplied. The foaming agent
used was methyl isobutyl carbonyl (MIBC Aerofroth 70 supplied by SOLVAY, Antofagasta,
Chile). The only modifier considered in this project was lime (CaO) to adjust the pH to 8.
MIBC was made down to 1 mL/L, by weighing 1 g into a clean 100 mL volumetric flask
and making up to the mark with distilled water.

The supply of seawater used in this research was from the coast of the Maule region
in Chile, specifically from the town of Iloca, highlighting that the water was extracted at
a point far from the shore so that its chemical composition was not affected or physically
contaminated. The collected seawater had a pH of 7.6 and salinity of 35 g/L. During the
flotation stage, all experiments were done at room temperature of 20 ◦C.
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2.3. Experimental Procedure

2.3.1. Reduction of Mineral Sample Size

The first comminution process was performed in the jaw crusher in order to obtain a
P80 size of 2000 µm. Then, a wet milling process was performed, for which 67% of solids
by weight (using 600 g of ore sample and 300 g of water) ore slurry was prepared. A first
addition of reagents was made during this stage, specifically of lime (0.7 g) to regulate
the pH to the desired value (pH 8). In addition, to determine the optimum grinding time,
kinetic tests were carried out beforehand, allowing the grinding time to be set at 50 min.

2.3.2. Flotation Test

The flotation process was carried out in a Edemet cell of 1.5 L by adding a pulp con-
taining 600 g of mineral and 1200 g of water, forming 33% of solids by weight, maintaining
a pH 8, adding wash water after each palletization and dosing the collecting and foaming
reagents according to the test to be carried out for the investigation. The reagents were
added at the same time during conditioning stage, which lasted 5 min and was done at an
agitation speed of 1100 rpm. At this stage, the pH value was also adjusted to the desired
value by the addition of lime. Once this was achieved, the flotation stage took place, which
lasted 16 min and was carried out at a stirring speed of 1000 rpm, injecting an airflow of
5 L/min maintaining a manual palletization every 10 s. All tests were done in duplicate
with an average standard error of 5%.

Finally, once each flotation test was completed, both the concentrate and the process
tail were dried. First, an Edemet pressure filter was used to remove the excess water and
then the samples obtained were dried inside the drying oven for approximately 24 h at a
temperature of 100 ◦C. Subsequently, the corresponding analyses were carried out using
XRF to determine the content of Cu, Fe, S and Si in each sample and finally to calculate the
metallurgical indexes for each test.

Rougher flotation tests were performed by evaluating the dosages of RVO or PAX
collector to 20, 40, 60, 80 and 100 g/t. After that, mixtures of RVO/PAX at 80/20, 60/40,
40/60 and 20/80 g/t, respectively, were evaluated. Finally, to evaluate the effect of MIBC
frother in the presence of RVO, the best dosages of collectors (PAX or RVO) or mixtures of
them were kept constant, according to the metallurgical results, to evaluate the dosages of
MIBC at concentration levels between 0 and 20 g/t.

2.3.3. Calculations and Methods of Analysis Used

• Metallurgical Indexes

The most important metallurgical indexes studied were the grade and the recovery
of Cu and Fe in the concentrate, since these data provide an indication of the efficiency
of the flotation. Similarly, enrichment ratio, selectivity indexes, concentration ratio and
concentration yield were studied. Table 3 shows the formulas used to calculate these
indexes.

Table 3. Formulas to calculate metallurgical performance [24].

Metallurgical Performance Formula Nomenclature

Recovery, % R = Cc
Aa

(1)
C and A are the masses of concentrate and feed, respectively.

c and a are the grades of the species of interest in the
concentrate and in the feed, respectively.

Enrichment Ratio Re = c
a (2) c and a are the grades of the species of interest in the

concentrate and in the feed, respectively.

Selectivity IS =
√

M∗n
m∗N

(3)

M and m are the grades of the species of interest in the
concentrate and in the tailings, respectively.

N and n are the grades of the gangue in the concentrate and in
the tailings, respectively.

Concentration Ratio Rc =
A
C

(4) C and A are the masses of concentrate and feed, respectively.

Concentration Efficiency V = C
A = 1

Rc
(5) C and A are the masses of concentrate and feed, respectively.
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• Applied Assumptions

To analyze the amount of chalcopyrite and pyrite present in the concentrates, the
following mathematical relations were made based on the stoichiometric composition of
chalcopyrite and pyrite, after having obtained the percentage of copper and iron in the
concentrate by means of XRF.

This application is based on the assumption that all the copper present is associated
with the chalcopyrite ore using a certain amount of iron. On the other hand, the remaining
iron content is related to pyrite [18].

Equation (6) is used to estimate the percentage of chalcopyrite present in the concentrate.

%Cpy = %Cu

(

183.3
63.5

)

(6)

Equation (7) refers to the percentage of iron present as pyrite as estimated above.

%Fe∗ = %Fe − %Cu
(55.8

63.5
)

(7)

Finally, Equation (8) represents the percentage of pyrite present in the concentrate.

%Py = %Fe∗
(

119.8
55.8

)

(8)

3. Results and Discussion

3.1. Results of Collective Flotation Tests as a Function of PAX and RVO Concentration

Figure 1a,b shows the results obtained from the recovery and grade of copper and iron,
as a function of PAX (Figure 1a) and RVO (Figure 1b) concentration. Figure 1a clearly shows
that, in the absence of PAX, the lowest recovery and highest copper grade is obtained, which
was to be expected due to the fact that under these conditions only the most hydrophobic
particles of the ore, such as copper sulfides, should float. Subsequently, the addition
of 20 g/t of PAX collector produces an increase in recovery because this reagent gives
hydrophobic characteristics to the ore particles, achieving at 40 g/t the highest recovery
and copper grade. Finally, at higher concentrations of this reagent, it can be seen that
recovery and copper grade decrease considerably, suggesting an overdose of collecting
reagent Accordingly, it should be noted that a 40 g/t concentration of PAX collector allows
for the best copper recoveries and grades in seawater, under the operating conditions
set forth above. On the other hand, in relation to the recovery and iron grades obtained
at different PAX concentrations, a similar trend can be observed in the curves obtained
with copper, suggesting that the iron present in the concentrate is mainly associated to
chalcopyrite and pyrite minerals.

Figure 1b shows the results obtained for recovery and grade of copper and iron, as
a function of the different studied RVO collector concentrations. In the figure, it can be
seen that, in the case of copper, the recovery curve shows a significant increase when RVO
is added to the process, regardless of its concentration, going from having a recovery of
58.8% in the absence of collector reagent to achieving an average recovery of close to 90%
at the different RVO concentrations studied. Similarly, when analyzing the copper grade,
it is observed that, at concentrations between 20 and 80 g/t of RVO collector, the highest
copper grades are achieved, which is close to 9%, while, in the absence of collector and at
a maximum concentration of 100 g/t, this grade decreases to values of 6.84% and 5.77%,
respectively. On the other hand, with respect to the recovery and grade of iron, it is possible
to note that, at 80 g/t, the highest recovery and grade was achieved with 65.7% and 29.42%,
respectively.
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(a) 

(b) 

Figure 1. Recovery and grade of copper and iron obtained based on the PAX (a) and RVO (b)
concentration, using 15 g/t of MIBC and seawater.

It is important to point out that, within the interval between 20 and 80 g/t of RVO,
we have both the highest grades and the highest copper recoveries obtained with this
collector, considerably improving the results obtained in its absence, which indicates that
this reagent has a positive effect on the process and a great potential to be considered as a
collector reagent in the flotation of copper sulfides with seawater.

Figure 2a,b shows the recovery and grade of both minerals (Cpy and Py) obtained
as a function of the PAX and RVO concentration, respectively. In the figures, it can be
seen that, for both minerals and collectors studied, there is a similar trend to the grades
and recoveries obtained from each element, with the highest recoveries and grades of
chalcopyrite at a concentration of 40 g/t. However, when comparing the results obtained
in the presence of 40 g/t of PAX and RVO separately (Figure 2a,b), it is noteworthy that
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the chalcopyrite grades in the presence of RVO (28.2%) are significantly higher than those
obtained with PAX (19.4%). On the other hand, it is also shown that pyrite grades remain
between 40% and 45% and the increase in the concentration of the RVO collector does not
significantly affect the grade of this mineral. On the basis of the above, it can be stated
that the same amount of pyrite is concentrated in the presence of RVO as with PAX, but
there is a considerable increase in the percentage of chalcopyrite. The above indicates that
RVO adsorbs preferentially on copper particles and that in seawater this reagent delivers
favorable results in terms of both recovery and copper grades.

(a) 

(b) 

Figure 2. Recovery and grade of chalcopyrite and pyrite obtained based on the PAX (a) and RVO (b)
concentration, using 15 g/t of MIBC and seawater.

Tables 4 and 5 show the metallurgical indexes calculated for the PAX and RVO col-
lectors in flotation tests. Within these indexes, we find the recovery; grade; enrichment
ratio; selectivity index with respect to copper–silica and chalcopyrite–pyrite, because these
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species are the main gangue that are required to be removed during the flotation process;
and the concentration ratio and yield.

Table 4. Metallurgical indexes obtained based on the PAX concentration, using 15 g/t of MIBC and
seawater.

PAX Dosage
(g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

0 58.78 6.84 4.69 6.27 1.95 8.02 0.12
20 95.41 4.41 2.99 14.92 2.06 3.15 0.32
40 96.85 6.70 1.93 7.62 1.98 1.99 0.50
60 82.32 2.85 1.93 3.42 1.36 2.36 0.42
80 56.40 2.45 1.47 1.65 1.05 2.63 0.38

100 54.05 2.29 1.34 1.47 1.10 2.48 0.40

Table 5. Metallurgical indexes obtained based on the RVO concentration, using 15 g/t of MIBC and
seawater.

RVO
Dosage (g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

0 58.78 6.84 4.69 6.27 1.95 8.02 0.12
20 86.50 8.91 5.62 11.14 3.09 6.53 0.16
40 90.06 9.74 6.29 12.89 4.03 7.01 0.14
60 89.75 9.10 5.87 11.05 3.78 6.56 0.15
80 91.74 9.55 3.17 8.19 2.78 3.46 0.29

100 88.80 5.77 3.77 6.59 3.08 4.26 0.24

From the results presented in Table 4, it can be seen that the best metallurgical indexes
with respect to copper were achieved at 20 and 40 g/t of PAX collector, being 20 g/t the
case in which the highest enrichment ratio, concentration ratio and selectivity of copper
with respect to the main gangue, silica and pyrite and 40 g/t the case in which the highest
recovery and grade of copper is achieved. With regard to the capacity indexes obtained
at these conditions, it is noted that the highest concentration ratio occurs at 20 g/t and,
consequently, the highest concentration yield at 40 g/t. On the other hand, in relation to the
RVO collector from the results presented in Table 5, it can be seen that the best metallurgical
indexes with respect to copper were achieved at 40 and 80 g/t of RVO collector, being 40 g/t
the case in which the highest grade, enrichment ratio, concentration ratio and selectivity of
copper with respect to the main gangue, silica and pyrite and 80 g/t the case in which the
highest copper recovery is achieved.

Comparing the results obtained in the presence of PAX and RVO, it is possible to
establish that, at 40 g/t of RVO collector, the flotation process achieves better metallurgical
indexes than those obtained with PAX, in which it can be clearly indicated that the copper
grade, the enrichment ratio, the selectivity indexes and the concentration ratio are better
when using RVO than PAX, being the copper recovery the only index favored in the
presence of PAX.

3.2. Results of Collective Flotation Tests Using Mixtures of RVO/PAX Collectors in Different
Proportions

Tests were performed by mixing both collector reagents with the aim of studying
possible configurations of the collectors that would have favorable effects on metallurgical
indexes.

Figure 3 shows, in the same way as the previous cases, the recovery curves and copper
and iron grades obtained as a function of the different RVO/PAX mixtures studied. In the
figure, it can be seen that, in the case of copper, the recovery obtained for the 80/20, 60/40,
40/60 and 20/80 reagent mixtures is approximately constant, reaching a recovery close
to 98%. Meanwhile, in cases where separate reagents were used, it can be seen that the
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recovery of copper is lower with 100 g/t of PAX than when using the same concentration
of RVO, with 88.80% and 54.05%, respectively. By analyzing the copper grade, it can be
seen that the highest grades are obtained in the 80/20 and 60/40 RVO/PAX blends, which
corresponded to 5.51% and 7.40%.

 
Figure 3. Recovery and grade of copper and iron obtained based on the RVO/PAX concentration,
using 15 g/t of MIBC and seawater.

On the other hand, with respect to the recovery and iron grades obtained as a function
of the RVO/PAX mixtures, it can be seen that the curves show a behavior similar to that of
copper, reaching a recovery for the 80/20, 60/40, 40/60 and 20/80 cases of approximately
90%, and, with respect to the iron grade, it can be seen that the highest grades of this
element are obtained in the 80/20 and 60/40 RVO/PAX mixtures, which were close to 30%.

When comparing the results of the recoveries and grades obtained in the mixtures
with those obtained only with RVO (Figure 1b), it can be seen that, in the mixture, the
presence of PAX favors the recovery of copper obtained with RVO but affects the copper
grade obtained in the concentrate.

With respect to the mineralogy associated with the process, Figure 4 shows the re-
covery and grade of chalcopyrite and pyrite obtained for each mixture according to the
assumptions indicated above. In the figure, it can be seen that the highest recovery and
chalcopyrite grade was obtained with an RVO/PAX mix of 60/40, obtaining 98.6% and
21.4%, respectively.

Comparing the results obtained with the mixtures against those obtained only with
RVO (Figures 2 and 4), it can be observed that the presence of PAX generates a slight
increase in the recovery of chalcopyrite but a decrease in the grade of this mineral and, in
the same way, significantly increases the presence of pyrite in the concentrates, being the
mixture RVO/PAX 60/40 the one that presents the best results.

Table 6 presents the metallurgical indexes calculated for the flotation test set performed.
It shows that, in general, the best metallurgical indexes with respect to copper were
achieved with the RVO/PAX 60/40 mixture, especially in terms of process selectivity.
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Figure 4. Recovery and grade of chalcopyrite and pyrite obtained based on the RVO/PAX concentra-
tion, using 15 g/t of MIBC and seawater.

Table 6. Metallurgical indexes obtained based on the RVO/PAX concentration, using 15 g/t of MIBC
and seawater.

RVO/PAX
Dosage (g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

100/0 88.80 5.77 3.77 6.59 3.08 4.26 0.24
80/20 96.94 5.51 3.22 13.80 2.24 3.33 0.30
60/40 98.24 7.40 2.25 13.78 2.53 2.29 0.44
40/60 98.41 4.56 2.36 13.38 2.37 2.41 0.42
20/80 98.75 4.00 2.11 12.91 2.53 2.14 0.47
0/100 54.05 2.29 1.34 1.47 1.10 2.48 0.40

When comparing the results under this condition (Table 6) with the best results
obtained with the separate action of each collector (Tables 4 and 5), it can be established
that the use of reagent mixtures improves the copper recovery compared to that obtained
with both collectors separately, while the grade and the enrichment ratio were improved
when compared with PAX alone. On the other hand, compared to the selectivity indexes
with respect to the main gangue, it can be seen that the selectivity of copper, with respect to
silica, increased when using mixtures, while, with respect to pyrite, it was only increased
when comparing it with PAX. Finally, in. relation to the concentration ratio, the use of
mixtures increased this index with respect to the value obtained with PAX, but, when
compared with those obtained with RVO alone, these values are significantly higher,
generating the concentrates with the lowest amount of mass in the presence of RVO.

In general, the reagent mixtures generated a positive effect, achieving 98.24% and
7.40% maximum copper recovery and grade, respectively, when using an RVO/PAX 60/40
mixture. Although it is true that the grade is higher than that obtained with PAX and lower
compared with the cases of RVO, the results obtained with this mixture with respect to the
other metallurgical indexes are attractive considering that the studied process corresponds
to a stage of collective flotation.
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3.3. Seawater Flotation Results as a Function of MIBC Concentration

3.3.1. Results of Collective Flotation Tests as a Function of MIBC Concentration in Presence
of 40 g/t PAX and RVO, Separately

Figure 5 presents the results of copper and iron recovery and grade obtained as a
function of MIBC concentration. In the figure, it is possible to observe that the recovery
curves for both elements showed a similar trend and a constant behavior when varying
the MIBC concentration, while, in the case of copper and iron grades, they increase as
the concentration of the foaming agent increases. A minimum recovery of copper in the
absence of foaming agent is obtained, corresponding to 96.6% and a maximum of 97.8% at
20 g/t MIBC. On the other hand, in relation to the recovery of iron, a behavior similar to
that of copper is obtained, with a minimum recovery of 89.7% in the absence of foaming
agent and a maximum recovery of 90.8% using 10 g/t of MIBC. With respect to the grades,
in the case of copper, the lowest value was 5.43% and occurs at 5 g/t MIBC, from which it
begins to increase progressively and slightly depending on the concentration of foaming
agent, reaching the maximum value of 7.23% at 20 g/t. On the other hand, when analyzing
the iron grade obtained in the concentrate, it is emphasized that there is a similar behavior
to the previous one, where the lowest grade obtained for iron was 23% at 5 g/t MIBC, while
the highest was 28.7% at 20 g/t foaming agent. In this way, and according to the previous
evidence, it can be established that for this test with 40 g/t of PAX collector, the best results
in terms of grade and copper recovery are obtained with 20 g/t of MIBC foaming agent.

Figure 5. Recovery and grade of copper and iron obtained based on the MIBC concentration, using
40 g/t PAX and seawater.

Figure 6 shows the recovery and grade curves of copper and iron obtained at the different
concentrations of foaming agent for a 40 g/t RVO concentration. In the figure, it is possible
to emphasize that the recovery of copper has a stable behavior that oscillates between 87%
and 90% in the interval that goes from 0 to 15 g/t, presenting the minor recovery at 20 g/t,
which was of 84.7%. On the other hand, in relation to the recovery of iron, it can be seen
that the curve obtained showed a behavior similar to that of copper, i.e., recovery remains
stable at around 56%, while at 15 g/t, unlike the case of copper which slightly increased its
recovery, for iron it decreases markedly to around 44% approximately. In relation to the grades
obtained as a function of the MIBC concentration, in the case of copper, it can be observed
that in the absence of foaming agent a grade of 9.74% is achieved, which then, by adding low
concentrations of foaming agents, corresponding to 5 and 10 g/t, decreases to values of 8.33%
and 7.92%, respectively. However, at higher concentrations, corresponding to 15 and 20 g/t,
a considerable increase is achieved, reaching values of 9.74% and 9.51%, respectively. With
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respect to the iron grade, a similar behavior can be seen to that obtained in the case of copper,
which at 0 g/t has a value of 28.37%; at concentrations of 5 and 10 g/t decreases to 27.79%
and 27.26%, respectively; and at higher concentrations the grade is reversed, obtaining the
highest value at 15 g/t of MIBC, corresponding to 28.79%.

Figure 6. Recovery and grade of copper and iron obtained based on the MIBC concentration, using
40 g/t RVO and seawater.

On the other hand, Figure 7a,b shows the percentages of chalcopyrite and pyrite
obtained as a function of the concentration of foaming agent. It shows a similar behavior
to that obtained with copper and iron grades, where, as the concentration of foaming agent
increases, the grades of both minerals increase, the highest grades being obtained at a dose
of 20 g/t MIBC, 20.9% for chalcopyrite. With regard to the recovery of these minerals, this
index shows little variation depending on the concentration of the foaming agent, reaching
a maximum value of 98.3% at 20 g/t of MIBC, thus improving the results obtained before
15 g/t.

In addition, Figure 7b shows the recovery and grade of chalcopyrite and pyrite
obtained in the presence of RVO. It can be seen that chalcopyrite is directly related to
copper grade, so at 0 and 15 g/t it has its highest grade with a value of 28.2%. On the other
hand, it is observed that the pyrite grade in the concentrate remains practically constant
between 42% and 43%. With regard to the recoveries of both minerals, it is observed that
they remain practically constant throughout the range of foaming agent concentrations
studied, obtaining the highest recovery of chalcopyrite at 15 g/t MIBC with a value of
98.2%, while the lowest recovery of pyrite is reached at 20 g/t.

Table 7 presents the metallurgical indexes obtained as a function of the concentration
of foaming agent. It shows that, at 20 g/t MIBC, the best metallurgical indexes are indeed
obtained. It should be pointed out that the Cu-Si selectivity index increases considerably in
the presence of this dose of MIBC, reaching 11.99, as well as for the Cpy-Py case, where a
value of 2.43 is obtained. Finally, with respect to the capacity indexes, the concentration ratio
is higher in comparison to the other MIBC concentrations, indicating that the concentrate
obtained in the process has a lower mass quantity, making the process more efficient in both
collective and selective terms. Consequently, the lowest concentration yield is obtained
of all the conditions studied, confirming the fact of having a lower mass quantity in the
concentrate with respect to the process feed. On the other hand, in relation to the RVO
collector from the results presented in Table 8, it is observed that the best indexes are
obtained at a concentration of 15 g/t, highlighting both the enrichment ratio of 6.29, the
selectivity index Cu-Si of 12.89 and Cpy-Py of 4.03, as well as the concentration ratio of
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7.01, indicating a high selective capacity in the process in this condition of operation and
dosage of reagents in the presence of seawater.

(a) 

(b) 

Figure 7. Recovery and grade of chalcopyrite and pyrite obtained based on the MIBC concentration,
using 40 g/t PAX (a) and RVO (b), separately, and seawater.
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Table 7. Metallurgical indexes obtained based on the MIBC concentration, using 40 g/t PAX and
seawater.

MIBC
Dosage (g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

0 96.62 6.74 1.99 7.77 1.99 2.06 0.49
5 90.98 5.42 1.92 5.50 1.48 2.13 0.47

10 97.44 6.42 2.04 9.24 2.16 2.10 0.48
15 96.85 6.70 1.93 7.62 1.98 1.99 0.50
20 97.84 7.23 2.27 11.99 2.43 2.33 0.43

Table 8. Metallurgical indexes obtained based on the MIBC concentration, using 40 g/t RVO and
seawater.

MIBC
Dosage (g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

0 86.76 9.74 3.56 8.06 2.76 8.02 0.12
5 88.61 8.33 3.95 8.59 2.78 4.48 0.22

10 87.10 7.92 4.00 8.10 2.63 4.61 0.22
15 90.06 9.74 6.29 12.89 4.03 7.01 0.14
20 84.70 9.51 3.56 7.11 2.58 4.23 0.24

In the same context, the selectivity index of chalcopyrite on pyrite obtained at 15 g/t
MIBC stands out due to its high value, which was 4. According to the literature, this
represents a good metallurgical result for the flotation process, which, integrated with
the rest of the indexes studied, makes this case a good operating condition in terms of
feasibility for its use in industrial processes. Finally, the concentration yield is highlighted,
which indicates that, of the total mass fed to the flotation, only 14% is transferred to the
concentrate stream, suggesting high selectivity for the process.

3.3.2. Results of Collective Flotation Tests as a Function of MIBC Concentration in Presence
of RVO/PAX 60/40 Mixture

Figure 8 presents the results of copper and iron recovery and grade obtained as a
function of MIBC concentration using a 60/40 g/t RVO/PAX mixture as collector. In
general, it is possible to observe that all the curves obtained have a practically stable
behavior as a function of the MIBC concentration. With regard to copper recovery, it can
be seen that its behavior is homogeneous throughout the whole range of frother agent
concentration, i.e., it remains constant with a value close to 98%. On the other hand, the
recovery of iron also behaves in a stable way, maintaining a recovery that ranges between
90.78% and 92.4%.

With respect to the grades obtained, it can be observed that, with respect to the copper
grade, it remains stable with a value close to 7%, reaching its maximum value in the absence
of MIBC corresponding to 7.58% of copper in the concentrate and a minimum value at 5 g/t
corresponding to 7.05%. On the other hand, analysis of the iron grade may indicate that
it exhibits constant behavior as a function of the MIBC concentration, the maximum and
minimum iron grade being obtained at 15 and 5 g/t, respectively, with values of 29.49%
and 28.80% for each of the aforementioned doses.
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Figure 8. Recovery and grade of copper and iron obtained based on the MIBC concentration, using
RVO/PAX 60/40 and seawater.

Figure 9 shows the grade and recovery of chalcopyrite and pyrite obtained at the
different concentrations of foaming agent studied. It is possible to observe in the figure
that the highest chalcopyrite content, as well as the highest copper grade, is achieved
in the absence of foaming agent and corresponds to 21.9% together with 48.5% pyrite.
Meanwhile, the lowest grade of the latter ore was 47.7% and is reached at a concentration
of 10 g/t MIBC, which coincides with one of the lowest values for iron grade. With regard
to the recovery of these minerals, in general, it is maintained without great alterations
depending on the concentration of the foaming agent; however, the maximum recoveries
of chalcopyrite are reached at 0 and 5 g/t with values of approximately 98.9%, while the
maximum recovery of pyrite occurs at 5 g/t with a value of 92.5%.

Figure 9. Recovery and grade of chalcopyrite and pyrite obtained based on the MIBC concentration,
using RVO/PAX 60/40 and seawater.
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Table 9 presents the metallurgical indexes obtained according to the different con-
centrations of foaming agent. It shows that, with respect to copper recovery and grade,
there is a very slight variation between each test depending on the concentration of the
foaming agent and the highest result is obtained in the absence of MIBC. Compared to the
enrichment ratio, a similar behavior is observed, with the highest enrichment at 15 g/t
MIBC. On the other hand, compared to the selectivity indexes, the Cu-Si selectivity index
presented its highest values at 5 g/t of frother, while for the Cpy-Py case the highest value
was obtained in the absence of MIBC. Finally, in relation to the capacity indexes, it is
observed that the highest concentration ratio was achieved in the absence of foaming agent
along with the best performance.

Table 9. Metallurgical indexes obtained based on the MIBC concentration, using RVO/PAX 60/40
and seawater.

MIBC
Dosage (g/t)

R (%)
Cu Grade

(%)
Re

IS
(Cu-Si)

IS
(Cpy-Py)

Rc V

0 98.66 7.58 2.14 14.65 2.88 4.26 0.24
5 98.67 7.05 2.22 15.06 2.74 2.26 0.44

10 98.40 7.50 2.23 13.75 2.79 2.27 0.44
15 98.24 7.40 2.25 13.78 2.53 2.29 0.44
20 98.43 7.25 2.16 12.85 2.64 2.20 0.45

From the results obtained for the different concentrations of MIBC for the best separate
collectors (Tables 7 and 8) and the mixture of these (Table 9), it can be seen that, except
for recovery, the best metallurgical indexes obtained are obtained when using 40 g/t
of RVO and 15 g/t of MIBC. On the other hand, the use of RVO/PAX mixtures allows
the flotation process to be carried out in the absence of foaming agent, achieving even
better metallurgical indexes than those obtained with conventional PAX collectors. This
phenomenon could be explained by the presence of RVO in the process, which could
play an additional role as frother, given its physical and chemical properties. In this
aspect, it is necessary to emphasize that the use of mixtures achieves a great performance in
collective terms, achieving the highest recovery of all the conditions studied and the highest
selectivity with respect to the Cu-Si case, as well as a mass reduction of approximately four
times of the feed to the concentrate stream.

4. Conclusions

This research proposed to study an RVO as a collector of copper sulfide minerals in
the flotation process in seawater in order to contribute to reducing the toxic collector used
in minerals processing and to find a different type of application of this waste. Based on the
metallurgical analysis, it is possible to note that the RVO collector was more selective for
chalcopyrite than PAX but gives a lower recovery. In addition, by analyzing the mixture of
both collectors, in the absence of frother, the best results in collective terms and selectivity
were obtained. According to these preliminary results, it is possible to conclude that the
addition of RVO improved the selectivity of the conventional collector PAX, which is highly
collective, in the rougher flotation of copper sulfide minerals in seawater. This could be
an interesting opportunity for the industry in order to minimize the costs of the flotation
process and generate a lower environmental impact and significant health advantages since
it could help to reduce the use of toxic xanthates. However, future research is needed in
order to find the best method of addition of the RVO to the process, to study new mixtures
with other collectors and to analyze the frother characteristics. In addition, it could be
important to understand the effect of the presence of RVO in subproducts as molybdenite.
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Abstract: Since the early 1980s, a large number of studies on enzymes from the red king crab
hepatopancreas were conducted. They have been relevant both from a fundamental point of view
in terms of studying the enzymes of marine organisms and in terms of rational natural resource
management aimed to obtain new valuable products from the processing of crab fishing waste.
Most of these works were performed by Russian scientists due to the area and amount of waste of
red king crab processing in Russia (or the Soviet Union). However, the close phylogenetic kinship
and the similar ecological niches of commercial crab species and the production scale of the catch
provide the bases for the successful transfer of experience in the processing of the red king crab
hepatopancreas to other commercial crab species caught worldwide. This review describes the value
of recycled commercial crab species, discusses processing problems, and suggests possible solutions
for these issues. The main emphasis is made on hepatopancreatic enzymes as the most salubrious
products of red king crab waste processing.

Keywords: commercial crab species; red king crab; waste processing; hepatopancreas; proteases;
hyaluronidase

1. Introduction

The global growth in consumer demand for food products based on commercial
species of marine organisms (fish, crab, squid, etc.) has stimulated fishers to increase
production. However, the inability to increase the catch volume endlessly and related
waste recycling problems have put forward the consideration of advanced processing
of secondary raw materials to obtain new commercially valuable products. Crabs are a
favorite catch of fishers worldwide due to the high price of their meat. The main northern
commercial species of crab include the following: Red king crab (Paralithodes camtschati-
cus), Blue king crab (Paralithodes platypus), Spiny brown king crab (Paralithodes brevipes),
Golden king crab (Lithodes aequispinu), Opilio snow crab (Chionoecetes opilio), Tanner snow
crab (Chionoecetes bairdi), Triangle tanner crab (Chionoecetes angulatus), Red snow crab (Chio-
noecetes japonicus), Chinese mitten crab (Eriocheir sinensis), Hair crab (Erimacrus isenbeckii) [1].
The first four species belong to the infraorder of half-tailed or false crabs (Anomura) of the
suborder Pleocyemata, order Decapoda. The rest of them belongs to the infraorder of true
crabs (Brachyura) (Figure 1) [2].
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class
Malacos-

traca

order
Decapoda

suborder
Pleocyemata

infraorder
Anomura
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ica, P. platypus,

P. brevipes,
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aequispinu

infraorder
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family Majidae
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family
Portunidae Scylla olivacea

suborder Den-
drobranchiata

Litopenaeus vannamei

order
Isopoda

Armadillidium vulgare, Armadillidium nasatum

Figure 1. Phylogeny of some members of the class Malacostraca. Species with known primary
structures of hyaluronidases are underlined (see Section 3.4.3).

All crabs have a massive cephalothorax covered with carapace from above, a flat
abdomen, and are bent under the cephalothorax. Brachyura representatives move with the
help of four pairs of pectoral legs, and the fifth pair of limbs are claws. A specific feature of
the Anomura is the asymmetric structure of the body (the right claw is larger than the left)
and the presence of only three pairs of walking legs (one of the five pairs is hidden under
the carapace and is used for the regular cleaning of gills) [1,3–5].

Red king crab, or Kamchatka crab, is famous around the world. In recent decades,
the catch of this crab by Russian fishers has reached 15,000–20,000 tonnes per year. The orig-
inal habitat of red king crab ranges from Karaginsky Island (Russia) off the east coast of
Kamchatka and Shelikhov Bay (Russia) in the Sea of Okhotsk to Hokkaido Island (Japan)
and the Korea Strait (between Korea and Japan). The crab is also found on the west coast of
North America from Cape Barrow to the Queen Charlotte Archipelago in the south [1,6].

Red king crab was successfully introduced to the Barents Sea in the 1960s and 1970s.
Optimal temperature conditions, the absence of natural predators, and sufficient amount
of food led to the spread of acclimatized red king crab from the coast of the Kola Peninsula
to Norway and north to Svalbard (Figure 2). Individuals of this king crab population are
larger, grow faster, and mature earlier than individuals of the far-eastern population [7].
The rapid growth of the northern king crab population is an environmental problem [7,8].
The growth rate of the resource potential of this population made it possible to open
commercial fishing in Norway in 2002 and in Russia in 2004.
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Figure 2. Red king crab native and invasive distribution.

In Russia, the crab catch is often processed immediately on board. One of the methods
for processing the crab on a ship is as follows: the just-caught crab is placed on a hook;
the limbs are additionally cleaned, boiled, and frozen; and the broken carapace with
entrails is dumped immediately into the sea as a waste product. On average, this waste
can account for 50% of the catch mass [9,10]. The mass fraction of carapace from these
wastes is approximately 60%; the rest comprises the entrails (including the digestive organ,
the hepatopancreas) [6]. In terms of protein content, these wastes are identical to crab meat,
and even superior in terms of the content of minerals, lipids, and carbohydrates. Crab flour
used as animal feed can be obtained from crab processing waste. In addition, the crab shell
is an excellent source of raw materials for the production of chitin and chitosan, which can
be used to meet the demands of the food industry and medicine [10]. Chitin, chitosan, and
their derivatives represent promising matrices for the development of novel biomaterials
with antioxidant, bactericidal, hypotensive, antiallergic, antiinflammatory and antitumor
activities [11]. Recently, crab shell has also been used for the production of α-glucosidase
inhibitors and anticancer agent prodigiosin via microbial fermentation [12,13]. Due to their
peculiar properties such as nontoxicity, biocompatibility, and biodegradability, chitin and
chitosan are used as potential excipients and as biological active agents in cosmetology [14].

The main focus of the review is on the research and use of the crab hepatopancreas
enzyme complex due to the strong industry interest in this enzyme source. Russia is the
leader in the catch of this fishing object. This is reflected in the number of studies on the
processing of this waste by Russian scientists. Most of these works were published only in
Russian, which significantly limited the availability of information on that research results
and development for the world community. The goal of this review is to solve this problem.

2. Materials and Methods

The review has been systematically approached based on electronic databases includ-
ing Scopus, Web of Science, Google Scholar. Most of the resources are the articles of highly
specialized journals without translation and abstracts of regional symposia and conferences
specialized in the water resources of Russia (Soviet Union), which are not available in
electronic form.
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Figure “Red king crab native and invasive distribution” was generously provided
by GRID-Arendal (nonprofit environmental communications centre based in Norway).
This graphic item may be reproduced in any form for educational or nonprofit purposes
without special permission from GRID-Arendal, provided acknowledgement of the source
is made [15,16].

The chapter “Technologies for processing hepatopancreas” presents patented tech-
nologies for processing waste from red king crab and other closely related commercial
crabs. This information corresponds to the study of the technical level of patent research
on this topic.

Experimental data from research articles were used to compile tables. Among other
things, the molecular masses of the proteins under study and the methods used in these
works are indicated. The table shows the scatter of these data from different works in order
to demonstrate the measurement by different researchers. The correct molecular weight
should be estimated by the results of mass spectrometry and interpretation of the results of
calculations for the amino acid sequence of proteins.

3. Results

3.1. Crab Hepatopancreas

The hepatopancreas is an organ of the digestive system that functions as both the
liver and pancreas [17]. In red king crab, the hepatopancreas makes up about 90% of the
intestines of the carapace and 5–10% of the total weight of the animal [18]. The Decapoda
hepatopancreas secretes a wide variety of highly active enzymes.

Under the action of the digestive enzymes of the hepatopancreas, food is broken down
into easily digestible substances. The hepatopancreas of crabs of the family Lithodidae
(infraorder Anomura, for example, red king crab) consists of brown mass of fragile liver
tubules filling the main part of the body cavity. The integrity of these tubules is easily
destroyed, even by a slight mechanical action, and the enzymes enter the body cavity,
where they start the process of autolysis. The hepatopancreas of true crabs (Brachyura,
for example, opilio crab) is shapeless orange-brown mass [1].

3.2. Use of Red King Crab Hepatopancreatic Enzymes

The hepatopancreas of the digestive system of commercial crabs is a valuable source of
a complex of enzymes with various activities: collagenase, protease, hyaluronidase, lipase,
nuclease, etc. The complex of proteolytic enzymes of the red king crab hepatopancreas is of
interest in various industries. For example, the prospect of using hepatopancreas enzyme
preparation in the hydrolysis of soy protein was recently highlighted [19]. A red king
crab hepatopancreas enzyme preparation was successfully used to separate roe from the
connective tissue of ovaries of commercial fish [20], to hydrolyze minced fish meat to obtain
a dietary food ingredient [21], to hydrolyze crustacean processing waste products to obtain
components for microbiological nutrient media [22], and to isolate chondroitin sulfate from
marine wastes, namely from tissues of marine organisms [23]. Based on collagenolytic
proteinases, wound healing and wound cleansing preparations [24–26], including wound
dressings [27,28], have been designed.

3.3. Hepatopancreas Recycling Technologies

Many technologies are used to process the hepatopancreas of commercial crab species
to obtain enzymatic preparations. Most technologies were developed for the hepatopan-
creas of red king crab, but some were transferred to the processing of the hepatopancreas
from other commercial species (for example, snow crab and blue crab) [29,30]. Most of-
ten, the initial raw material is the hepatopancreas (Figure 3), which is homogenized
in salt buffers or by osmotic shock under hypotonic conditions (excess distilled water).
The integrity of the hepatopancreas tissue is easily destroyed during the freezing/thawing
process; therefore, no considerable effort is required for mechanical homogenization. How-
ever, in some cases, a colloid mill can be used [31]. Sometimes, triton X-100 or sodium
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dodecyl sulfate (SDS) is added to the homogenization buffer [29,32]. The homogenate
is incubated at room temperature for several hours. Under such conditions, cell autoly-
sis occurs, which increases the level of protein extraction; however, this can lead to the
inactivation of target enzymes. A significant problem in further processing is caused by
lipids. Ballast substances and lipids are removed from the homogenate by centrifugation
or flocculation followed by chitosan filtration [30–34] or immediately by filtration through
the hollow fiber [35,36]. The filtrate is concentrated by ultrafiltration through hollow fibers
with a pore size of 15–30 kDa and then dried by freeze-drying or spray-drying. The choice
of hollow fibers with a specific pore size (considering the variation in real pore sizes)
should be based on the known molecular weights of the target enzymes. To obtain more
purified preparations before drying, proteins are precipitated with ammonium sulfate
and/or tert-butanol, and then ion exchange, hydrophobic, or affinity chromatography is
performed [37–40]. In the simplest case, after homogenization, proteins are precipitated
with an excess of cooled acetone (“acetone powder”) [41]. This method is not suitable for
upscaling, since the use of a large volume of acetone is unsafe for both humans and the
environment. Most of the developed technologies have been successfully tested on tens
and hundreds of kilograms of hepatopancreas as raw materials [29–31,33–36]. The yield of
dry final substance in such protocols varies from 0.6 to 1.3% based on the feedstock [33–36],
and the collagenolytic activity is 500–3000 units Mandl/mg (the substrate is collagen type
I, at 37 ◦C) [35,36], even reaching 11,000 Mandl/mg (the substrate is collagen type III,
at 42 ◦C) [29], whereas the amount of protein in dry matter is 80–98% [29,33,35,36].

The basic conditions for enzymes obtained with the mentioned technologies include
the maintenance of neutral pH of the enzyme solution; at pH values below 5.5 and above
9.5, the activity of the proteolytic complex and its individual components decreases dra-
matically. At pH values below 3 and above 10.5, parts of the enzymes are irreversibly inacti-
vated [33,42].

Figure 3. Concept of hepatopancreas processing.
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3.4. Enzymes of the Red King Crab Hepatopancreas

3.4.1. Proteolytic Enzymes

Currently, 10 proteolytic enzymes of hepatopancreas—collagenolytic serine proteinase
PC (PC—Paralithodes camtschaticus), collagenolytic serine proteinase PC 2, trypsin-like
proteinase A, chymotrypsin-like proteinase C, aminopeptidase PC, carboxypeptidase PC,
trypsin PC, elastase, cathepsin L, and metalloproteinase—were described in the literature
in detail (Table 1). Most of these are small proteins up to 30 kDa (based on the denaturing
gel electrophoresis data) with an isoelectric point (pI) of 2.5–4.4. The optimal operating
conditions for these enzymes include neutral pH and temperature range from 25 to 55 ◦C.
The collagenolytic serine proteinases are of particular interest due to their ability to degrade
native collagen of types I–III. Most likely, these two enzymes are the basis of the active sub-
stance in existing wound healing and wound cleaning preparations. Collagenolytic activity
has also been assigned to other hepatopancreas proteinases. However, the temperature of
the reaction mixture in these studies was often 42 ◦C, at which native collagen partially
denatures [43]; therefore, the measured activity may refer not to true collagenase but to
gelatinase activity. Despite the large number of scientific works devoted to hepatopancreas
enzymes, the complete nucleotide sequence of mRNA is known only for collagenolytic
serine proteinase PC, trypsin PC, cathepsin L, and metalloproteinase (Table 1).

Table 1. Hepatopancreas proteolytic enzymes. 1 expected molecular weight based on the mRNA nucleotide sequence,
2 mass spectrometry data. PC—Paralithodes camtschaticus.

Proteinase
kDa (Based on
Electrophoresis)

Opt.
pH

Opt.
◦C

pI Substrate Specificity and Other

Collagenolytic serine
proteinase PC [44]

29
23.5 1 [45] 7.5 47–55 3

Preferably hydrolyzes peptide
bonds, the carbonyl formed by Arg,
Lys, and hydrophobic amino acids.
Hydrolyzes native collagen type I
even at 4 ◦C [46]. The mRNA
nucleotide sequence was
determined [45], European
Molecular Biology Laboratory
(EMBL) Nucleotide Sequence
Database: AF461035.

Collagenolytic serine
proteinase PC 2 [47] 25 8.5 38–40 ?

Preferably hydrolyzes peptide
bonds, carbonyl formed by
positively charged amino acids.
Hydrolyzes native collagen
types I–III.

Trypsin-like
proteinase A [48]

27
30 [49] 7.9 55 [49] 2.5

Preferably hydrolyzes peptide
bonds, the carbonyl formed by Arg
and Lys. Proteolytic activity is not
inhibited by
ethylenediaminetetraacetic acid
(EDTA), and partially inhibited by
soybean trypsin inhibitor.

Chymotrypsin
-like proteinase C [50] 24 9 55 [49] 2.9 [49]

Preferably hydrolyzes peptide
bonds, carbonyl formed by
hydrophobic amino acids (Phe, Val,
and Leu). Not inhibited by
Tos-Phe-CH2Cl
(chymotrypsin inhibitor).

Aminopeptidase PC [51] 110 6 36–40 4.1

Effectively cleaves N-terminal
amino acids: Arg, Lys, Leu, Phe,
and Met. Most likely it is a
homodimeric,
Zn-containing enzyme.
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Table 1. Cont.

Proteinase
kDa (Based on
Electrophoresis)

Opt.
pH

Opt.
◦C

pI Substrate Specificity and Other

Carboxypeptidase PC [52] 34 6.5 55 3.1

Effectively cleaves C-terminal
amino acids: Arg, Lys, Phe, Tyr, Leu,
and Ile. The enzyme is inhibited by
0.5 mM Ag+, Zn2+, Cd2+ and 1
mM EDTA, whereas it is activated
by Co2+ and Ca2+.

Trypsin PC [53]

29
23 [54]
24.8 1 [45]
24.8 2 [54]

7.5–8 55 <2.5

Preferably hydrolyzes peptide
bonds, carbonyl formed by Arg and
Lys. The mRNA nucleotide
sequence was determined [45],
EMBL: AF461036.

Elastase [55,56] 28.5 8–8.5 50 [57] 4.5

Hydrolyzes native elastin (inhibited
by elastinal). NaCl, MnCl2, CdCl2 at
a concentration of 1–100 mM
stimulate elastase activity, whereas
it is inhibited by HgCl2 (100 mM).

Cathepsin L [58]
29
24 1 8 25 ?

Enzyme has cathepsin activity,
hydrolyzes Z-Phe-Arg-pNA
substrate. Hydrolyzes collagen
types X and VI.
HgCl2, E64, and leupeptin inhibit
cathepsin activity; soybean trypsin
inhibitor practically does not
suppress activity. The mRNA
nucleotide sequence was
determined, EMBL: HQ437281

Metalloproteinase [59] 22.2 1 8–8.5 45 4.43

Destroys peptide bonds formed by
both acidic and hydrophobic amino
acids. Hydrolyzes azocollagen.
Proteolytic activity is maintained at
1–3 M NaCl and is inhibited by
isopropanol, o-phenanthroline,
and EDTA. Zn-containing enzyme.
The mRNA nucleotide sequence
was determined, EMBL: AF492483

3.4.2. Nucleases and Other Enzymes of Hepatopancreas

The red king crab hepatopancreas is a source of enzymes such as nucleases (Table 2).
Ca2+- and Mg2+-dependent DNase, which is characterized by high thermal stability,
has been studied in detail: the enzyme remains absolutely active after 3 h of incubation
at 60 ◦C, whereas incubation for 30 min at 100 ◦C resulted in only 7% loss of activity [60].
Based on the circular dichroism (CD) spectrum, the protein appears to be a compact
globule and consists mainly of β-layers (75%) [61]. The pI value is 4 and the optimal
reaction temperature range is 50–60 ◦C [62].

This DNase has a pronounced specificity for the secondary structure of DNA and pre-
dominantly cleaves double-stranded substrates (DNA and RNA–DNA duplexes, while the
RNA remains intact). The minimum duplex size for cleavage by DNase is 9 bp; the enzyme
does not hydrolyze RNA [62]. The DNase cleaves phosphodiester bonds with the forma-
tion of 5′-phosphate and 3′-OH terminal groups. Ca2+ and Mg2+ together have a positive
synergistic effect on the rate of the hydrolysis reaction. The unique properties of DNase
enable it to be used effectively for the rapid analysis of single nucleotide polymorphisms
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and the normalization of nucleic acid libraries [63–66]. In the hepatopancreas of red king
crab, other nucleases (RNases) and phosphoesterases were found (Table 2).

Table 2. Nucleases and other enzymes of hepatopancreas. 1 denaturing gel chromatography data, 2 denaturing electrophore-
sis, 3 expected molecular weight based on the mRNA nucleotide sequence.

Enzymes
kDa (Based on
Gel-Chromatography)

Opt. pH Known Properties

Ca2+- and Mg2+-dependent
DNase [60]

53
47 1

42 2

41.5 3 [62]

7–8
6.6 [62]

The primary structure was
determined. There are two
sequences in UniProtKB, Q8I9M9
(2003) and B6ZLK3 (2009), differing
by two amino acids.

Alkaline RNase (AlkR) [67] 19 7.2–7.5

Broad specificity. Poorly hydrolyzes
poly(AUC). MgCl2 at a
concentration of 10–50 mM
stimulates the activity of enzyme.
0.1 M NaCl inhibits the enzyme
activity by 50%.

Acid RNase (AcR and
AcR’) [67] 33 and 70 5.5

Does not hydrolyze poly(C) and
poly(AUC). MgCl2 inhibits its
activity, 0.25 M NaCl inhibits its
activity by 50%. Most probably,
these are monomeric and dimeric
forms of the same protein.

Two acidic
phosphomonoesterases [68] 80 and 82 5.5

Do not hydrolyze (3′,5′)cAMP
(cyclic adenosine monophosphate);
1.5 M NaCl inhibits the enzyme
activity by 20% (protein 80 kDa);
1.1M NaCl inhibits the enzyme
activity by 50% (protein 82 kDa)

Alkaline
phosphomonoesterase [68] 80 7.2–7.5

Does not hydrolyze (3′,5′)cAMP. 0.4
M NaCl inhibits the enzyme activity
by 50%.

Acidic
phosphodiesterase [68] 57 4.8–5 50% inhibition at 1.4 M NaCl.

Alkaline
phosphodiesterase [68] 51 7.2–7.5 No inhibition up to 1.4 M NaCl

is observed.

The enzyme preparation from the hepatopancreas contains several other enzymatic
activities, which allows this enzyme complex to be used for the depolymerization of β-
glycosidic bonds in chitosan [69–71]. Lipase activity has also been observed [33]; however,
other activities of hepatopancreas enzymes have not been sufficiently studied in comparison
with proteolytic and nuclease activities.

3.4.3. Hyaluronidase Activity of Hepatopancreas Homogenate

Currently, the structure of hyaluronidases of the Malacostraca class has not been
studied in sufficient detail. In the open database of UniProt protein sequences, there are
only four representatives of this class for which amino acid sequences of hyaluronidases
are available: two representative of Decapods, including Whiteleg shrimp (Litopenaeus
vannamei, UniProt A0A423SH46) and orange mud crab (Scylla olivacea, two UniProt proteins
A0A0P4VVV1 and A0A0N7ZAX3), and two representative of Isopoda, which are pill-bug
Armadillidium vulgare (only one of two proteins is characterized as UniProt A0A444ST78)
and Armadillidium nasatum (UniProt A0A5N5TJL6) (Figure 1). Earlier, hyaluronidase
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activity was found in the complex of enzymes of the red king crab hepatopancreas ho-
mogenate [72].

In our previous work, the kinetics of the hydrolysis of hyaluronic acid in cosmetic
fillers with the red king crab hepatopancreas homogenate was studied for the first time [73].
Using the methods of turbidimetric analysis, atomic force microscopy, and nuclear mag-
netic resonance spectroscopy, the kinetics of hydrolysis and the structural transformation of
hyaluronic acid under the action of homogenate enzymes were investigated. We found that
the obtained homogenate has activity comparable to commercially available hyaluronidase
preparations. In this work, we demonstrated the possibility of using an enzymatic prepa-
ration based on hepatopancreas homogenate for the treatment of complications after the
injection of fillers based on hyaluronic acid. Further studies of the effectiveness and safety
of hyaluronidase from hepatopancreas on model animals will enable us to develop new
drugs for the treatment of complications of filler injections in the near future.

3.5. Other Valuable Non-Protein Components of the Red King Crab Hepatopancreas

The crab hepatopancreas is a source of enzymes and other valuable products. For ex-
ample, a preparation with the properties of an inhibitor of serine proteinases was obtained
and characterized from the hepatopancreas, and its effect on the process of human blood
plasma coagulation was studied [74]. The tested inhibitor showed an anticoagulant effect
that was more pronounced when combined with heparin. Procedures hwere developed to
obtain an inhibitor both from the raw material [75] and in the recombinant form [76].

The hepatopancreas contains a large amount of fat, which varies from 10 to 26% [18,77,78].
In the study of the fractional composition of crab fat, it was found to contain triglycerides
at a rate of up to 55%, as well as polyunsaturated fatty acids, including ω-3 (14–24% of the
total of all fatty acids). Hepatopancreas fat does not contain toxic substances and can be
used as a food supplement or as an ingredient for cosmetic products.

4. Discussion

4.1. Prospects of Processing Waste from Other Commercial Crab Species

The commercial species of crabs include representatives of the false (Anomura) and
true crabs (Brachyura) of Pleocyemata. Brachyura includes opilio crab (Chionoecetes opilio),
which is also a commercially important catch for marine fisheries. Crabs of this suborder
have similar enzymatic activity in their digestive system. For example, the proteolytic
activities of enzyme preparations from the hepatopancreas of red king crab and opilio crab
are practically the same [21]. The zymogram showed that the hepatopancreas of opilio crab
contains at least 10 proteolytic enzymes.

The activity of the proteolytic complex was comparable to the commercially available
collagenase of the gas bacillus Clostridium histolyticum [79,80]. In these works, proteolytic
enzymes of the hepatopancreas of opilio crab, but not red king crab, were isolated and bio-
chemically characterized, and the N-terminal amino acid sequences of proteolytic enzymes
were obtained. The authors noted their mistake in their next work [42]. Unfortunately,
these incorrect data were published in the UniProt database. For example, the amino
acid sequence UniProtKB-P20734 (COGC_PARCM) actually belongs not to Paralithodes
camtschaticus, but to Chionoecetes opilio. The sequence of UniProtKB-P34153 (COG1_CHIOP)
and UniProtKB-P34156 (COG4_CHIOP) is not derived from the hepatopancreas proteins of
Chionoecetes opilio, but from Paralithodes camtschaticus. The rest of the N-terminal sequences
of proteolytic enzymes of these two crabs in [79,80] completely coincide in the UniProt
database, which once again confirms the biochemical similarity of the digestive systems of
the representative of Pleocyemata.

The close phylogenetic kinship and similar ecological niches of the commercial crab
species, as well as the industrial scale of the catch, provide grounds for the successful trans-
fer of the experience of the processing of the king crab hepatopancreas to other crab species
to obtain new valuable products. For example, the enzymatic complex of hepatopancreas
of opilio crab was successfully used in the production of protein hydrolysates from cod
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waste processing, as well as to improve the consistency and juiciness of cod fillets at the
stage of the salting of the semi-finished product [21,30,81].

Russia is a leader in terms of the catch level of red king crab, and this catch is increasing
every year (Figure 4a). Most of this catch comes from fishers in the Russian Far East, how-
ever, the total catch of Russia and Norway in the Barents and Norwegian Seas is expected in
the near future to equal and even exceed the catch level in the Russian Far East [82]. In the
United States (Alaska), red king crab is also caught, but to a lesser extent. Fishers in Alaska
have caught 200–400 tonnes per year from 2013 to 2020 [83]. However, at the same time,
the United States catches about 5000–10,000 tonnes of crabs that are collectively known as
king crabs [82]. Other commercial species of crabs are also promising species for advanced
processing. For example, Food and Agriculture Organization (FAO) data indicate that the
global catch of opilio crab is more than 100,000 tonnes [84] (Figure 4b). We confidently state
that high catch levels of large commercially significant crabs, and therefore vast amount of
waste, provide an opportunity to develop waste processing technologies and include them
in the industrial process. The most promising direction of processing should be considered
the processing of the hepatopancreas as a source of new high-margin products.
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Figure 4. Crab catch: (a) red king crab in the Barents Sea (Russia and Norway) and the Russian Far East (Russia) and (b) the
global catch of opilio crab.

4.2. Development Strategy for Waste Processing

Crab is processed using different approaches. If the caught crab is not boiled, complex
waste processing can be used to maximize the yield of new valuable products. After limb
separation, the rest of the body can be completely processed: the carapace can be used for
chitosan production, the hepatopancreas for the production of multicomponent enzymatic
complexes and specific purified enzymes, the fat from the hepatopancreas for dietary nutri-
tion or biofuel production, and the gills and other internal organs as a feed supplement for
birds, fish, and other animals. This approach adopts the principle of non-waste recycling.

The methods of processing the crab hepatopancreas to obtain enzyme preparations
can be divided into two strategies: obtaining complexes of various enzymes or further
purification of specific enzymes (or class of enzymes) from this complex. The enzyme
complex is appropriate for the treatment of multicomponent substrates where the simul-
taneous degradation of proteins, nucleic acids, and other polymers into monomers is
required, for example, in the production of easily digestible food products from animal
and plant tissues. The activity of the enzyme complex in the preparations will differ for
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the hepatopancreas from sample to sample. In this regard, the technology for using such
enzymatic preparations should allow for fluctuations in the activities in different batches
of the preparation. The second strategy, based on the isolation of one enzyme from the
complex, has advantages, since the final product can be used to produce a high-margin
product (for example, a pharmaceutical product or a reagent for scientific research). For this
purpose, it is important to have a simple and scalable method for the purification of a
specific enzyme. Notably, all the currently existing technologies for processing the crab
hepatopancreas do not meet the specified requirements. The main vector of development
in this field could be an approach including several stages of tangential flow filtration and
affinity chromatography using a cheap carrier.

All these works discussed in this review consider the processing of a specific type
of waste (carapace/hepatopancreas/fat). However, the waste is most often a mixture,
which is difficult to sort. To implement the principle of non-waste recycling, it is necessary
to develop new approaches to recycling this mixture, which will convert the waste into
new valuable products. The relevance of deep processing is provided by the sustainable
continual increase in catches of fisheries. On the one hand, a growth in catch leads to an
increase in waste, which might cause several environmental problems. On the other hand,
insufficient control of the catch will lead to a decrease in the crab population, which will
entail a sharp decline in the economic performance of the industry in the coming years.
Thus, all types of processing could reduce the environmental burden, as well as help satisfy
the financial appetites of the industry by selling new valuable products.

The main problem with the complex processing of wastes from commercial marine
species is the complexity of their collection and storage under sailing conditions on board
a trawler and delivery to coast or further processing. The solution of this problem could
be, for example, the creation of a maximally automated integrated waste processing unit
immediately on a catching vessel, which could eliminate the problem of the time spent
by fishers on the manual removal of an organ, as well as its storage and transportation.
Another method of solving this problem is to establish an adequate cost of the hepatopan-
creas for fishers, allowing a stable supply of raw materials onshore on an industrial scale.
The task could be simplified if the non-waste processing of live crabs is organized onshore.
Further studies of the hepatopancreas of commercial crab species in fundamental scientific
terms considering its potential applications will increase the value of crab processing waste,
possibly leading to a time when this will equal or even exceed the cost of crab meat.

5. Outlook

Despite a long period of scientific research, deep processing of crab has not been
launched yet. The main reason for this is laboratory protocols being not adapted to catch
conditions. Also these technologies should provide deep recycling based on the principle of
waste-free recycling taking into account financial benefits. It also requires financial support
for R&D projects to develop technologies for creating a new high-value products for an
industrial scale. The solution to the problem lies in close collaboration between scientists,
developers, and fishers. In our review, we discuss all these parties and hope that we touch
upon the interests of all the listed stakeholders in order to unite their efforts in the deep
processing of wastes from commercial crab species.
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Abstract: Batik has become more desirable in the current fashion mode within the global market,
but the environmental damage induced by this fabric’s synthetic dye practices is a matter of concern.
This study aimed to discuss the application of organic materials as natural dyes in the clean production
of textiles to maintain the environment. The research was a case study from the community services
program in Kampung Malon, Gunungpati, Semarang City, Indonesia, focused on the batik home
industry of the Zie Batik fabric. Furthermore, natural pigments from various plant organs (stem, leaves,
wood, bark, and fruit) of diverse species, including Caesalpinia sappan, Ceriops candolleana, Maclura

cochinchinensis, Indigofera tinctorial, I. arrecta, Rhizopora spp., Strobilantes cusia, and Terminalia bellirica

were used for this type of material. These pigments are more biodegradable, relatively safe, and easily
obtained with zero liquid waste compared to the synthetic variants. The leftover wastewater from the
coloring stages was further utilized for other processes. Subsequently, the remaining organic waste
from the whole procedure was employed as compost and/or timber for batik production, although a
large amount of the wastewater containing sodium carbonate (Na2CO3), alum (KAl(SO4)2·12H2O),
and fixatives (Ca(OH)2 and FeSO4) were discharged into the environment during the process of
mordanting and fixating, with the requirement of additional treatment.

Keywords: batik; clean production; natural; organic materials; Semarang City

1. Introduction

The Indonesian traditional batik is recognized as a masterpiece within the oral and intangible
heritage of humanity by UNESCO [1,2]. This material’s uniqueness is seen from the pattern and variety
of motifs illustrating nature, diversity of fauna and flora, folktales, as well as weapons [1–4]. The fabric
global market was dominated by this material in 2017, with its export value reaching USD 58.46 million,
where the main destinations included Japan, the United States, and European countries. Furthermore,
issues of synthetic dye practices have generated a decline in the selling demand of this fabric in several
destination countries. This is because the usage of manmade variants of synthetic dyes potentially
generate serious problems for animal and human health [5], including cancer [6,7], as well as polluting
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water sources [8] and disturbing organisms and ecosystem balance [9,10]. Furthermore, various studies
have shown an extremely high content of dangerous heavy metals, including Cd, Cr [11], Cu, and Pb,
around areas of the batik industry [12,13].

The poor awareness of batik makers on environmental sustainability is the reason synthetic
dyes are massively used without the regulation of standardized waste management [14]. In some
cases, including the synthetic batik industry in Pekalongan [8,9] and Surakarta [15], wastewater was
produced with dangerous amounts of heavy metals above the environmentally permitted standard.

The momentum of the Indonesian batik export growth is simultaneously a challenge and an
opportunity. Furthermore, global consumer demand for environmentally friendly (eco-friendly)
products emerged as a response to the green lifestyle and environmental awareness movement. The use
of these types of materials is a universal consumption trend, adopted as an effort to create a harmonious
life between nature (green lifestyle) and the batik industry [16,17]. This sector has a great opportunity
to manufacture eco-friendly products through the application of organic materials in batik dyes, which
would be a cleaner production method.

Zie Batik is a small and medium-scale enterprise (SME) actively producing fabrics with natural
dyes. This company is located in Gunungpati Subdistrict, Semarang City, with total revenue of IDR
30–40 million or USD 2100.00–2800.00/month, and is the iconic landmark of this region. Furthermore,
production commenced by developing authentic batik motifs in 2006. The Zie Batik is also the first
SME developing and introducing organic dyes in Semarang City, and the pioneer for standardized
batik in Indonesia. Capturing the information from Zie Batik’s production process is essential for
disseminating proper eco-friendly batik business.

It cannot be denied that many have researched natural dyes in fabric, but their application in
several places should be invented to gain a comprehensive understanding of batik dye based on
the local potential. Then, even though small to medium-scale enterprises (SMEs) are well known as
profit-oriented businesses, we explain this new perspective of the batik natural dye industry related
to cleaner production in SMEs, especially for Semarang City as an industrial and metropolitan city.
The process commences with organic pigment application and waste treatments. This form of dye
prevents and integrates environmental management strategies without ignoring aspects of economic
and cultural development as a sustainable development approach. The aim of this study was to
comprehensively describe the clean production application of natural dyes produced from local
value chain organic material as an alternative solution in this sector to maintain the environment.
We also propose and depict how the SME in this study developed a batik industry with a sustainable
development approach.

2. Results

2.1. The Batik Motif and Organic Material for Natural Dye

Zie Batik developed more than 10 authentic motifs or characters for their batik signature from
Semarang City, with the famous one being the Javanese Puppet batik, which tells Ramayana’s story.
The city’s iconic landmarks, portraying the historical buildings, including Tugu Muda, Lawang Sewu,
Pagoda, and Warak Ngendog—the city mascot—was developed by Zie Batik to introduce natural,
high-quality batik using clean production, widely used in the batik home industry in Semarang City
(Figure 1). The growing demand for natural fabrics as well as the intense competition has led Zie
Batik to develop other motifs illustrating fauna, flora, and the legend of the Javanese Puppet stories,
as depicted in Figure 1B.
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Figure 1. The most popular motifs of the Zie Batik products by themes. The iconic landmark of
Semarang City or more popular with Semarangan motifs (A) and the legend of the Javanese Puppet
stories (B). In the Semarangan motifs, the natural dye batik is fully decorated with the iconic buildings
of Semarang City, such as Tugu Muda (TM), Lawang Sewu (LS), and Gereja Blendug (GB), as well as
the city mascot Warak Ngendok (WN), a well-known mythological animal in Semarang City.

Furthermore, various parts of the plant used as natural dyes, including the bark, stems, leaves, roots,
seeds, fruits, flowers, and plant sap, to make the colors as in Figure 1. Table 1 shows most of the natural dye
sources in Zie Batik are derived from several plant species, including Rhizophora spp., Indigofera tinctoria,
Maclura cochinchinensis, Pelthophorum ferruginum, Terminalia belerica, and Ceriops condolleana.

Table 1. Dye plant resources for natural batik in the Zie Batik home industry.

Natural Dyes Plant Vern Name Colour Plant Part Used Product

Caesalpinia sappan Secang Red Wood Dried wood
Ceriops candolleana Tingi Brown Fruit skin Boiled *
Maclura cochinchinensis Tegeran Yellow Bark Dried bark
Pelthophorum ferruginum Soga Jambal Brown Bark Dried bark
Indigofera tinctoria Tarum/Indigo Blue indigo Leaves, stem Paste **
Indigofera arrecta Indigo Blue indigo Leaves, stem Paste **
Rhizopora spp. Bakau Brown Fruit skin Boiled *
Strobilantes cusia Indigo Blue indigo Leaves Paste **
Terminalia bellirica Jelawe Yellow Bark Dried bark

Note: The star mark (*) shows application of processing techniques for natural dye used before: * heat processing
only; and ** representing microbial fermentation and emulsion processes.

Figure 2 depicts the various organic compounds of the natural dyes with different colors applied
to the fabric. The complexity of the coloring technique depends on the design and amount of pigments
used to produce the batik.

Zie Batik also continues to develop innovations in natural dye application through their direct
(short processing) and indirect usage (long processing). The direct usage was practiced on several
dried dye plants, including C. sappan wood used to produce a red color, C. candolleana fruits in
the manufacturing of brown, and the dried bark of M cochinchinensis directly produced a yellow.
Furthermore, leaves of I. tinctorial, I. arrecta, and or S. cusia were employed after a 3–5-day fermentation
and emulsification process to generate an indigo paste; therefore, dissolution in a water ratio of 1:1
(m:v) before usage in the coloring stage is required. The propagule of Rhizopora spp. is another material
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used that must be boiled for over two hours before utilizing as a brown-light tint. In addition to the
single-use, Zie Batik is created by mixing natural dyes to obtain new shades. The combination of these
pigments, including P. ferruginum and I. tinctorial, was employed in the manufacturing of black while
C. sappan and C. candolleana are used for brick-red. This organic pigment mixing relies on basic colors,
including red, blue (indigo), and yellow. The addition of these paints produce a dark tone and is used
to adjust the brightness level [18].

Figure 2. Various natural batik of the Zie Batik products by organic material-based natural dyes: (A) batik
mina (fish motif), one natural dye; (B) caladium leaves and butterfly motifs, three natural dyes; (C) parang
mangrove motif, three natural dyes; and (D) Warak Ngendhog motif, four natural dyes. In each batik,
the main colors were indigo (In), green (Gr), red (Rd), black (Bl), and brown (Br).

Furthermore, Zie Batik has established a collaboration work with local farmers to build independent
crop cultivations because of the natural dye demand to reduce the dependency on coloring plants
from other places. This is a system of value chain utilization to reduce production costs from the
energy-use sector. The simplification of the business line increases production efficiency and community
involvement in actively contributing to the environment’s protection [19–21].

2.2. Clean Production Management Scheme

The SME developed by Zie Batik is an ideal example of a suitable production implementation
during natural dye provision for the batik coloring process. Figure 3 displays the natural dye
supply stage performed by the treatment of the required organic materials through drying, boiling,
fermentation, and emulsification into ready-to-use coloring materials.

Generally, the waste produced from the process was managed simply, through natural
decomposition; also, the timber acquired from the hard wood natural dyer was employed as the fuel,
and the resultant ash was used as a fertilizer for the indigo plant (Table 2).

However, the products were not polluted by these methods but by other processes, e.g.,
the utilization of a mordant followed by fixation produced the bulk of the wastewater, subsequently
composed of sodium carbonate (Na2CO3) and alum (KAl(SO4)2·12H2O). This challenge is possibly
managed through repeated use, while home-scale water waste management systems (WMS) was used
for purification, as seen in Figure 4.
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Figure 3. Natural dye-producing process and waste management during the coloring stages of the
cleaner batik production method implemented by the Zie Batik SME.

Table 2. Dye plant sources and waste management.

Natural Dyes Plant Sources Cultivation
By-Product

Waste
Waste

Management

Caesalpinia sappan Semarang, Central Java
Wide distributed
but does not
cultivated

Wood shavings Decomposed or
firewood

Ceriops candolleana/
C. tagal

Coastal area of
Semarang City - No waste -

Maclura cochinchinensis

Surakarta, Central Java,
originally from
Sumatra and
Kalimantan

- Wood pulp Decomposed

Pelthophorum
ferruginum * Surakarta, Central Java - - -

Indigofera tinctoria - Local farmers No waste -
Indigofera arecta - Local farmers No waste -

Rhizopora spp. Coastal area of
Semarang City - No waste -

Strobilantes cusia

Japan (was introduced
in 2016 for dye plant
diversification in
Malon)

Local farmers No waste -

Terminalia bellirica Semarang - Wood shavings Decomposed or
timber

Note: The star mark (*) indicates a rare material that is difficult to get.
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Figure 4. Natural dye batik-producing process in Zie Batik. The boxes with dotted lines represent a
biodegradable component, and the grey boxes represent a water waste by-product. WMS: water waste
management systems.

2.3. Clean Production Improvement Strategy

The application of proper maintenance to facilitate clean production is useful as an alternative
strategy to surmount inefficiencies. The draining and retention procedures performed at each stage of
mordant use, fixation, and desiccation are approaches to reduce environmental pollution and water
contamination (Table 3).
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Table 3. Existing waste management in Zie Batik.

Step Problems Existing Waste Management
Alternative Housekeeping
and Waste Management

Mordanting

Wastewater contain
Na2CO3 and
KAl(SO4)2·12H2O
and material of fabric

Reused and deposited in the
waste container

Precipitation process to
separate solid waste
(microfiber) and water
purification using a
phytoremediation technique

Patterning - - -

Dyeing 1 and 2 Natural dye waste

Wood-based dye, the residual
product was composted in
open areasPaste-based dye
was reused until no remaining
compound was left

Composting process for
wood in a closed and
localized place

Fixating 1 and 2 Wastewater contain
CaCO3 and FeSO4

Almost 75% was drained to
the environment, and the
remaining waste was
deposited in the
anaerobe-waste container

Streamlining the existing
wastewater management
installation by increasing the
capacity and maintaining the
installation

Pattern
Blocking/waxing

Scattered and
evaporated wax Collected and reused -

Lorodan/Wax
removing

Wastewater contain
wax

Removing process to collect
the wax on the surface, and
reused for next pattern
blocking/waxing

Draining the remaining
wastewater to the
wastewater management
installation

Washing and
Drying

Water drop on the
floor

Discharged into the
environment

Applying a water drain
collector

Source: Field observation.

Another problem encountered by Zie Batik in the implementation of clean production was the
unreliable production frequency of the natural batik supply. Despite the ease of environmental damage
estimation through fixed production agendas, a large magnitude of manufacturing regularity remains
dependent on consumer orders. This had the potential of affecting the continuity and availability of the
natural batik products in the market. Manufacturing schedules were therefore presented as a solution
to preserve the longevity and sustainability of the industry. Furthermore, the execution of planning
and appropriate storage and control systems for the dye materials are useful to curb fluctuations and
irregular product demands.

3. Discussion

The creation of batik with natural dyes is more expensive than with synthetic compounds, as a
longer time and advanced skills are required [22]. In addition, the natural dye color is dependent on
many factors as a result of the biological origin of the materials. Therefore, batik textiles prepared
from organic substances possess different color patterns, bestowing an exclusivity and uniqueness in
comparison with artificial materials.

A heightened awareness towards environmental harm has encouraged Zie Batik to implement
modifications on products from merely being profit-oriented to performing eco-friendly production
activities. The use of organic materials as natural dyes was propelled by concerns of the owner
regarding ecological destruction caused by synthetic dye practices. The innovations were executed
on the fabric motifs, as well as the types of coloring ingredients used. Initially, organic dyes were
exclusively developed from propagules (mangrove fruits) to replace synthetic brown and other dark
tones. However, the textile vendor explored dye plants in Semarang and other cities to discover
potential sources useful in batik production, although the majority of the necessary organic components
are supplied from other districts or provinces in Java Island.
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The colorants are essential items in the batik industry and of high quality; neatly executed and
attractive motifs executed on comfortable fabrics are expected by clients. [23]. Therefore, the use
of eco-friendly organic dye chemicals is currently preferred internationally. These compounds are
obtainable from microorganisms including fungi [24], as well as plants, insects, and minerals either
directly used or through extraction processes [22]. The natural pigments produced from organic
matter are distinctive, as different hues are capable of being generated from a single source [25,26].
However, the use of these starting materials are not devoid of drawbacks and these include difficulty
in acquisition due to market unavailability, rapid discoloration, limited color choices [27], minimal
stability, pallid appearance, and greater costs in contrast with synthetic dyes [28].

The use of organic materials as an approach to ideal production operations is expected to increase
the environmental consciousness of the manufacturer, reduce energy and resource consumption,
improve raw material and waste management, and therefore decrease pollution [29]. Moreover,
the materials employed in the dry state, including tree barks and woody parts, were dried under
sunlight for 5–7 days, and then boiled to extract the concentrated pigments before use. These steps assist
the achievement of dye compounds from organic materials, and activate the colors simultaneously,
promoting the ease and durability of the dye attachment onto cloth fibers [30,31]. The dehydration of
the bark, wood, and fruit is capable of depleting over 70% of the water content, and also increases
the length of storage [32]. Meanwhile, during indigo fermentation, an approximately equivalent
weight of sucrose was added to generate a denser tint. Sucrose represented the carbon source required
for the yeast and bacteria fermentation in the indigo paste preparation process [33]. The organisms
involved were fungi from the Saccharomyces, Aspergillus, Penicillium, Pleurotus, and Trametes genera, [34],
as well as several bacteria from the Alcaligenes, Alkalibacterium, Amphibacillus, Bacillus, Corynebacterium,
Halomonas, and Tissierella genera [33,35,36].

The manufacturing process utilized produced organic waste comprising leaves and stems from
the indigo plants. The solid waste had the capacity of being developed into several by-products,
including fertilizers and animal feed. Currently, the waste management installation constructed in
the Zie Batik industry areas handles solely liquid waste, while the solid remnants are discharged into
open areas to facilitate natural decomposition. The composted waste increases the soil nutrient content
essential for plant growth [37], and these practices reveal natural dye use as a portion of pollution
control requiring zero waste management [38,39].

Mordanting involves the boiling of textiles with chemicals to increase penetration and strengthen
the natural dyes’ adhesion to the fabric fibers. The use of this solution can sharpens several colors from
natural dyes [40–42]. This equally increases the attractiveness of the natural dyes to textile materials
and is also useful for producing good color sharpness. Furthermore, swelling increases the affinity of
dye, produces a broader color spectrum, and also has better fastness [40]. However, the boiling process
in the mordanting stage is useful to remove residual impurities from the weaving process and improve
fabric quality. The next stage is fixating, characterized by use of chemical compounds, especially the
limestone fixation process (CaCO3) and/or ferrous sulfates (FeSO4). This also has a greater chance of
causing environmental pollution, about 75.67% of waste are discharged into the environment and were
drained into a management system, as shown in Figure 4.

Furthermore, based on observations, one batch of natural batik in Zie Batik production causes
liquid waste worth 95.18 kg per 10 textiles or about 9.518 kg/sheet of batik fabric on average. The amount
of pollutants from this industry is higher than the synthetic batik craftsmen’s production of water waste
in Bogor City [43]. This is probably caused by the inefficient implementation of the clean production
process. Meanwhile, based on the concept of clean production, Zie Batik is believed to be inefficient in
water usage, while it serves as a main resource in the batik manufacturing process. This outcome is in
line with the research of Handayani et al., [44] emphasizing considerable water inefficiency during
production of natural dye batik. These colorants are used only once a day, therefore limiting the chances
of storage [22]. This is due to the fact that storage of these dyes fades the color and also produces
unclear highlighting. In addition, natural dyes are basically organic materials easily degraded either
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by temperature, oxidation or bacterial activity [45]. Meanwhile, environment conditions and microbial
activities affect the transformation of organic material, and therefore are more environmentally friendly
than synthetic dyes.

This study, however, answered the hesitation question of SMEs’ ability to develop a core business
based on environmental sustainability without ignoring economic and social aspects. However,
this hesitation arose because most practitioners assume nature and business aspects conflict when
sustainable developments are established. Furthermore, Zie Batik successfully proved to increase
the ability of SMEs to act as a driving force in integrating sustainable development aspects through
application of clean production. These efforts were made by business actors to improve the quality of this
product, and equally attract buyers with creativity, uniqueness, and quality preference. The adaptation
eco-friendly practices by this industry promotes more positive employee development and also increase
the SMEs’ productivity in addition to long-term profitability [46].

Furthermore, the dyeing process of Zie Batik was carried out 3 to 5 times to get the expected color;
this is, however, different from synthetic dyes done only 1–2 times [47]. This process equally produces
an exothermic reaction, therefore causing the natural dye in the solution to migrate to the fabric to
have a balanced concentration [48]; this also increases the concentration of the dye on the fabric when
done more often. This technique was used by Zie Batik to produce color gradations and produce
more diverse variants in the form of motifs. The rinsing and drying process has not leveled up with
the housekeeping standards. Furthermore, some problems, especially inadequate water reservoirs,
droplets, and spills, have led to increased liquid waste, in addition to the potential danger caused by
slippery floors. The production of this material is not easy to schedule, it being highly dependent
on the weather and availability of the organic and fabric materials, in addition to the motif creation.
Furthermore, several studies have proved natural batik contains pollutants, especially remaining wax,
coloring agents, salts, and fixators; therefore, waste treatment is required before it being discharged
into the rivers or drainages [49,50]. This, therefore, outlines the importance of wastewater treatment to
decrease environmental pollution [51]

Furthermore, low environmental enforcement and high initial capital costs is the main obstacles
towards the implementation of clean production. However, in overcoming these problems, Batik Zie
received support from the relevant stakeholders, including local governments, universities, and the
private sector, in addition to cooperation built between the SME actors. The campaign of this product
through exhibition also continues to serve as promotion by raising the tagline “Batik by natural color”.

4. Materials and Methods

This investigation was carried out as a case study research [52] with a natural observational explanatory
model to describe the clean production process in batik with natural dyes. The data collection method
involves a 3-year (2016–2019) observation as part of batik’s small and medium-sized enterprises (SMEs)
community services programs in Malon Village, Gunungpati, Semarang City, Indonesia. Furthermore,
the locus of this study was in Malon Village, with a focus on the Zie Batik SME, due to the following reasons:
(1) Zie Batik has been developing clean production since 2006; (2) it was the first SME to develop natural
dyes as its core business in Semarang City; (3) it served as the city governments reference for eco-friendly
lessons on natural batik; and (4) it provides resource personnel to act as trainers for eco-friendly process
learning in natural batik production.

The data was collected by directly observing the dye- and batik-producing process and waste
management in Zie Batik’s working space. Furthermore, to confirm the data used in this investigation,
in-depth interviews were held with 15 respondents—dye plant farmers; 3 respondents—the Zie Batik
owners; 5 respondents—the Zie Batik workers; and 15 interim students at Zie Batik. This information
was then arranged through a matching process to get the completeness and reliability. The reliable
information was however reshaped to match an analyzable data format and was then reduced to
eliminate unnecessary data. In addition, the final information was transformed into data and analyzed
through categorizing, labeling, and annotating. The final result was interpreted with a narrative
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analysis technique. Meanwhile, the data obtained include the raw materials used, mass balance of the
batik production process, the produced waste, the obstacles encountered, and the good housekeeping
methods applied.

The clean manufacturing process of this industry was formulated through an analysis of the
natural dyes’ production from organic material. Moreover, the net production of this product includes
organic material resource management of the coloring pastes narrowed down normatively. Based on the
collected information, this research was, however, focused on the alternative management procedure
of water waste in batik production.

5. Conclusions

Zie Batik is a small and medium-scale enterprise known to run an eco-friendly batik production
business. Furthermore, use of this product serves as an alternative to reduce the impact of
environmental pollution caused by synthetic dyes in textile dyeing. This occurs mainly due to
the biodegradability, harmlessness, ease of acquisition, and non-toxic liquid waste characteristics of
natural dyes. In supporting natural batik production, we found that the color is well-extracted from
various plants, especially C. sappan, C. candolleana, M. cochinchinensis, P. ferruginum, I. tinctorial, I. arrecta,

Rhizopora spp., S. cusia, and T. bellirica. Meanwhile, some plant parts, including the bark, stems, leaves,
roots, seeds, and sap, are used as natural coloring agents. Furthermore, Zie Batik’s net production
emphasizes more on the activity of producing dyes and other coloring processes. The remaining natural
dyes are used for coloring activities while the organic waste produced was composted naturally and
used as timber. Even though the consumption of chemical dyes can be avoided, Zie Batik’s use of water
in the natural batik-producing process is still wasteful and not well managed. Several improvements
should be conducted to minimize the wasting of water and reducing liquid waste discharging into the
environment. In addition, regarding Zie Batik’s daily production process, they need to enhance the
water container volume and build the water treatment plant properly.

In addition, the natural dyes involved as part of the clean production strategy by the Zie Batik
SME is capable of manufacturing high-quality, unique, and profitable batik, with a high business value,
thus also supporting the social realms beside that of the environmental aspects. However, the use of
this product is not left without any disadvantages as it is limited by low color stability, homogeneity,
and limited raw material supply compared to synthetic dyes. These limitations affect the continuity of
daily production, circumvented by adjusting the manufacturing to meet the consumer’s demand.
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Abstract: Cocoa beans are found inside an outer husk; 60% of the cocoa fruit is the outer husk,
which is a waste biomass. The husk cannot be used directly as a soil amendment as it promotes the
fungal black pod disease, which reduces crop yield. The pods are segregated from the trees, and their
plant nutrient value is wasted. This is particularly true for the small acreage farmers in West Africa.
Cocoa pod husk is well suited to be used as a biomass source for electricity production. The waste ash
is rich in potassium, which can be converted in various chemical products, most notably, high-purity
potassium carbonate. This study reviews the information known about cocoa and cocoa pod husk,
and considers the socio-economic implications of creating a local economy based on collecting the
cocoa pod husk for electricity production, coupled with the processing of the waste ash into various
products. The study demonstrates that the concept is feasible, and also identifies the local conditions
required to create this sustainable economic process.

Keywords: potassium carbonate; cocoa pod husk; biomass ash

1. Introduction

Cocoa is native to central America, where it normally grows beneath the canopy of taller trees.
The yield of cocoa is lower when cocoa is grown in this fashion. Clearing the shade trees increases the
amount of direct sunlight reaching the cocoa trees, and the yield increases. The increase in yield is
short-lived; the cocoa yield begins to be limited by soil conditions, and in particular, the potassium
content of the soil [1]. A typical practice is to add fertilizers; these include the standard NPK (Nitrogen,
Phosphorus, Potassium) mixtures, as well as calcium and magnesium supplements, depending on the
soil conditions. Typical fertilization rates are in the range of 100–500 kg/annum per ha.

Cocoa beans are rich in inorganic matter; typical analyses are 2.5% K in the dry beans. At a cocoa
production rate of 600 kg dry beans/ha, the potassium lost with the cocoa product is of the order of
15 kg K/ha [2]. When cocoa is harvested, the seeds are taken from the pods; 60% of the mass of the
cocoa pod is the husk. Fresh cocoa pod husk contains ~1.6% K and 0.7% P [3]. The leaves contain a
further ~1.5 wt% K.

In principle, the leaf litter and cocoa pod husk should be spread underneath the trees, in order to
boost the organic content of the soil, as well as to provide K and P, as well as Ca and Mg. Black pod
disease is a fungal rot of the cocoa pod, which reduces the cocoa yield, with yield losses of up to
30% [4]. As with other fungal diseases, affected pods must be segregated from the rest of the farm and
destroyed, so that the spores are not able to infect subsequent crops.
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If cocoa is grown as part of a mixed agricultural system, the soil nutrients could be replaced by
the organic matter from the other trees [5]. Unfortunately, this reduces the acreage available for cocoa.
Most cocoa farms are small, a few acres, and the farmers rely on increased cocoa yields [6].

It has long been known that the ash produced when cocoa pod husks are burned is rich in
potash [7]. The ashes are leached, giving an alkaline solution, rich in potassium hydroxide and
potassium carbonate. This solution has been used as the alkali source for local soap production.

Further, when the cocoa pod husks are burned, the black pod fungus is destroyed, greatly reducing
the likelihood of future black pod outbreaks. It follows that the spoiled cocoa pods as well as the
cocoa husks should be burned because ashing will improve the control of black pod disease, as well as
provide a valuable mineral source.

A sustainable chemical business is presented in which the cocoa pod husks are burned, generating
electricity in the remote farm regions, and the biomass ash is converted in a suite of chemical products
for use. The issue of the potassium balance is considered, and techno-commercial considerations
are presented.

2. Results

2.1. Analyses of the Husk and Ash

The cocoa pod husk had a higher heaving value of 18.1 MJ/kg (dry husk) and a lower heating value
of 17.1 MJ/kg (dry husk), with a 12.7% ash content. The major constituents of the ash were K (320 g/kg),
Ca (65 g/kg), Mg (42 g/kg), and Si (9.1 g/kg). The other elements were reported as S (7100 mg/kg),
P (5600 mg/kg), Al (1100 mg/kg), and Mo (1100 mg/kg), followed by Ba (250 mg/kg), Cd (<3 mg/kg),
Co (< 10 mg/kg), Cr (<10 mg/kg), Cu (150 mg/kg), Fe (940 mg/kg), Ni (33 mg/kg), Pb (<10 mg/kg),
Ti (69 mg/kg), V (<25 mg/kg), and Zn (530 mg/kg).

2.2. The Farmer’s Considerations

For the purpose of this analysis, a small cocoa farm (5 ha) will be considered. Farms of this size are
family run; they tend to have older trees, and also have lower yields linked to the low use of chemical
fertilizer [6]. For this farm, we can consider the balance loss to both the cocoa bean and the cocoa pod.
For this calculation, the ratio of wet pod to dry beans is 10:1; 60% of the wet pod is wet husk, of which
1.6% is K and 0.7% is P.

The 5-ha farm generating 250 kg/ha of dry beans will produce 12.5 tons/annum of wet pod.
After ashing, the farm would have 825 kg/annum of ash. This would be split into 500 kg/annum of
potassium carbonate and 325 kg/annum of calcium/magnesium solid.

The farm would generate roughly 2500 $/annum through the sale of dry beans, at a price of
2000 US$ per ton. There would be an avoided cost of 620 $/annum, based on a fertilizer value of
750 US$/ton. The value of the ash is a significant improvement in the annual income of the farm.

3. Discussion

The ash contains the inorganic elements present in the cocoa husk. The predominant cations
species are potassium, calcium, and magnesium (as well as sodium) and will be present as carbonates
(K2CO3, CaCO3, MgCO3, Na2CO3). The phosphorus will be present as calcium phosphate, Ca3(PO4)2.

Chemical analysis of cocoa pod husks from a variety of countries has been reported (3) and is
consistent with these results. The average ash content was 10.7 wt%. The average potassium content
was 1.63 wt%. This gives a K2CO3 yield of 5.76 wt% of the starting cocoa pod husks. The average
calcium, magnesium, and phosphate contents are 0.33 wt%, 0.93 wt%, and 0.69 wt%. The insoluble
calcium carbonate and magnesium hydroxide contents would be 0.82 wt% and 2.23 wt% of the starting
cocoa pod husk.

The implication is that for every ton of cocoa pod husk, one will create ~60 kg of potassium
carbonate and ~30 kg of a calcium/magnesium solid. The calcium/magnesium solid is best returned
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to the fields. These are necessary nutrients, and working the ash under the cocoa trees is part of an
effective fertilizer program. Indeed, this would replace the import of calcium-based fertilizers.

The raw ash is a mixture of inorganic carbonates, oxides, and phosphates. Given that these
inorganic species originated in the soil, it would seem straightforward to ash the cocoa husk and cocoa
wood, to prevent the spread of black pod and other fungal diseases, and then to spread the ashes under
the trees. Two specific issues prevent the direct application of ashes onto the soil. The first is that the
ashes are dry and powdery and tend to blow away when dry. More importantly, the ash is hydroscopic
(it attracts water); indeed, the oxides react with water, giving a hydroxide, which is strongly alkaline.
It is not pleasant to work with the hydroscopic and strongly alkaline ash powder.

The better approach is to add the ash to water, with agitation. The potassium (and sodium) salts
dissolve readily, giving a solution of potassium carbonate and potassium hydroxide, which is strongly
alkaline. The concentration of the solution depends on the ratio of ash to water, and the amount of
potassium in the ash, limited only by solubility.

The potassium solution is an effective fertilizer that will replace the import of potassium-based
fertilizers. The solution could be evaporated to dryness, giving a crystal product, or the solution
fertilizer could be applied as is. Applying the potassium as solution is the lowest cost option.

The recovery of potassium carbonate from wood ashes has been a long history [8]. Indeed, the first
patent granted in the United States covered an improvement in the process for the recovery of
potassium carbonate from wood ashes [8]. The ash should be near white in color; poor burning leaves
carbonaceous residue in the ash, giving it a red to brown to black color. Darker-colored ashes should
be burned a second time, in order to remove the residual organic matter, followed by dissolution of the
ash in water, giving a calcium/magnesium/phosphate containing solid, and a potassium-rich solution.
The cocoa pod husk is an excellent source of potassium salts.

3.1. Individual Farm Analysis

The data in Table 1 lead to two conclusions. The first is that the sale of cocoa beans and the loss
of the husk from the farms leads to soil depletion of potassium and phosphorus along with other
inorganic minerals, such as calcium and magnesium. The biomass accumulates various inorganic
elements, more of which are present in the husk than in the beans. Farms that have high yields also
have higher losses of inorganic elements from the soil. This leads to depletion of these elements from
the soil, thereby causing a decrease in crop yields over time. The data in the table also represents
the fertilizer requirement (kg/a/ha) just to make up for the losses in the biomass; but, since soluble
potassium and phosphate fertilizers are applied, additional fertilizer is required to make up for the
material that dissolves into the groundwater, and escapes the farm. It is noted that there is a significant
amount of potassium held in the cocoa wood, which is a further source of cocoa biomass.

Table 1. Potassium balance of a 5-ha farm.

Yield (Dried
Bean)

K (kg/a/ha in
Dry Bean)

Wet Cocoa Pod
Husk (kg/a)

K (kg/a/ha in
Wet Husk)

P (kg/a/ha in
Wet Husk)

K Loss
(kg/a/ha)

250 kg/ha 6.25 1500 24 10.5 30.25

500 kg/ha 12.5 3000 48 21 60.5

750 kg/ha 18.75 4500 72 31.5 90.75

The mineral loss values in Table 1 are consistent with those of other reports [8].
Further, the recommended fertilizer additions [9] are significantly higher than the estimated loss of
mineral; the recommended dosage rates are upwards of 350 kg/ha of K, based on a plantation of
1075 trees/ha. The dosage rate considers the K that is lost with the beans, and with the husk, as well as
the potassium that accumulates in the growing wood; further, it recognizes that not all of the granular
inorganic potassium ends up in the cocoa: A portion dissolves and drains into the ground water.
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Finally, we note that it has long been known that wood ashes are rich in potassium; indeed, potash
production was always located where forests were being cleared [7,8]. Cocoa plantations often have
mixtures of other crops, such as coconut and plantain for shade. When these trees are harvested and
burned, the ash will be similar in composition to that derived from the cocoa pod husk [10]. The ash
can be mixed with that from the cocoa pod husk, thereby supplementing the yield of the potassium
solution. Plantain is also rich in potassium, and the peelings and wood can be ashed with the ash being
applied as a soil supplement.

As the farm returns the mineral content to the soil, there will be an increase in the yield of cocoa;
the revenues and the value of the avoided costs both increase. This is especially true for the farm that
does not use fertilizer supplements: The use of the cocoa pod husk ash allows them to increase the
yield, using materials that they have on hand.

Additionally, many of the remote farming villages are not connected to the national electrical grid
as they are too remote. The installation of a biomass to electricity plant will allow for the farming
community to be electrified, leading to many subsequent improvements in living conditions.

3.2. Distribution of Ashing Sites

For the 5-ha farm, producing 250 kg/ha dry beans, the mass of dry pod is ~1875 kg. The 5 ha
covers an area of 0.05 km2. A circular radius of 1 km has 79 ha, or roughly 14 individual farms, and a
dry pod yield of 29.6 ton.

The lower heat of combustion of dry cocoa pod husk is ~17 MJ/kg. The cocoa pod husk would
be collected at harvest, and would partially dry. The heat of combustion of a wet cocoa pod husk is
~14 MJ/kg. A biomass to energy facility producing 1 MWe, and running at a 20% thermal efficiency,
requires 5 MW of heat of combustion, or a supply of 1286 kg/h of wet cocoa pod husk. The annual
requirement is ~8900 tons of dry cocoa pod husk. This requires a farming area of ~240 km2, or a
transportation radius of 17 km.

The implication of the thermodynamics is that the business model is better suited for multiple
small facilities, rather than trying to build one very large production facility. The cocoa bean production
in Cote d’Ivoire is ~2 million ton/annum, with an equivalent amount of dry cocoa pod husk produced.
If it all could be used for electricity generation, the potential production capacity would be 225 MWe,
which is roughly 10% of the current installed electrical capacity (2200 MWe). A small number of local
producing sites will not impact the national electrical grid but will help in electrifying the remote
farming communities that are not connected to the grid.

3.3. Project Scaling Issues

It is important to note that with an annual production of ~3 million ton of dry cocoa beans between
Cote d’Ivoire and Ghana, there is sufficient cocoa pod husk available to saturate the global potassium
carbonate market (~450,000 ton/annum). The difficulty is developing the infrastructure to collect all of
the cocoa pod husks, to convert them into ash, and then to process the ash. The lack of transportation
infrastructure and the low energy density of cocoa pod husk limit the scale of production that can
be achieved.

The potassium carbonate product from the cocoa pod husk can readily displace some of the
imported potassium carbonate. It also can be used to grow the production of palm oil-based soaps.
These soaps are locally produced but not exported due to the requirement to import the alkali.
The lower-cost biomass-derived alkali enables the production of soaps for export.

4. Materials and Methods

Samples of cocoa pod husk were obtained from farms in various growing regions of Cote d’Ivoire.
The husk samples were analyzed using standard methods for % dry matter, % organic matter, and the
elements C, N, P, K, Na, Ca, and Mg, along with higher and lower heating values. The ash produced
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was analyzed for the elements Al, Ba, Ca, Cd, Cl, Co, Cr, Cu, F, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Si,
Ti, V, and Zn.

The information from these analyses was compared with values in the open literature. Material and
energy balance calculations were performed at various scales, using EXCEL as the calculation tool.
Next, the material and energy balance calculations were balanced against a farm-scale consideration,
with the issue being to determine the supply for a local farm community, and the electrical generation
capacity that could be obtained for that community.

The results of the calculations were compared with results of pilot plant data, obtained from a
10s of kg/h pilot plant, operated by Organic Potash Ltd., in Tema, Ghana. The calculations presented
herein discuss the broader socio-economic aspects of the project.

5. Conclusions

The production of potassium carbonate from biomass-derived ash is not a new process. Cocoa has
a high potassium content, and this enables the use of cocoa biomass ash as a raw material for both
fertilizer and for chemical production. Normally, one would compost the biomass as a means of
improving soil quality; this would return the inorganic matter to the soil as well as returning organic
matter. Unfortunately, the prevalence of viral diseases precludes the use of composting as a means of
returning the cocoa biomass to the soil.

The use of cocoa biomass for electricity production allows for a circular and more sustainable
economy to be developed. The remote farming villages become electrified through connection to a
microgrid; the standard of living of the farmers is improved without the need to import fossil fuels.
The areas where the cocoa biomass is currently left to rot are cleared, which expands the fraction
of arable land. The farmers have additional sources of income due to the sale of the cocoa biomass.
Additionally, the filter cake is provided as a low-cost calcium, magnesium, and phosphate fertilizer,
which reduces the need to import calcium-based fertilizers. Further, a small potassium chemical
business will be created; the business would allow for a reduction in the imports of potassium chemicals,
as well as enabling the creation of a lower-cost soap export business. Further, this decentralized
business approach could be applied to some of the cooperatives, the local community organizations
that consolidate the cocoa from individual farmers.
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Abstract: Management of waste streams from abattoirs is a major challenge in developing countries.
Harnessing these wastes as resources for the production of biogas and biofertilizer could contribute
to curbing the environmental menace and to addressing the problems of energy and food deficits
in Nigeria. However, large scale uptake of the technology is faced with techno-socio-economic and
the lack of data required for effective investment decisions. In this study, the potential use of waste
generated in the north central region of Nigerian abattoirs, representing approximately 12% of the
land and 6% of the population, were evaluated for suitability for biogas and biofertilizer production.
Data acquired from the study sites were used for computational estimation and integrated into
strengths, weaknesses, opportunities, and threats (SWOT) analysis to give a detailed overview of the
prospects and the limiting factors. The study revealed that high investment costs and public subsidies
for fossil fuels are the key limiting factors while the prospects of tapping into the unexploited carbon
markets and multiple socio-economic and environmental benefits favors investment. Public supports
in the form of national policy reforms leading to intervention programs are required for progress.

Keywords: abattoir wastes; biogas; biofertilizer; anaerobic digestion; environmental pollution

1. Introduction

Due to increasing population and standards of living, energy production in Nigeria and CO2

emission increased from 146.3 million tons of oil equivalent (Mtoe) and 28.06 Mt of CO2 in 1990 to
239.77 Mtoe and 85.09 Mt of CO2 in 2016 respectively [1], Figure 1. The greatest part of the primary
energy mix is from biomass and wastes contributing 82.2% while oil, natural gas and hydropower
contributes meager values of 10.6%, 6.8% and 0.4% respectively [2]. On the other hand, land use
and forestry contributed the most CO2 emission (38.2%) followed by energy (32.6%) with wastes,
agriculture and industrial processes contributing 14%, 13% and 2.1% respectively [3]. Like other
African countries, where only about 36% of the population has access to electricity [4], electricity deficit
is a challenge in Nigeria. Although the total installed capacity for electricity generation from power
plants is 12,067 MW, actual generation was only 3941 MW in 2015 [3]. Some of the challenges facing the
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electricity supply sector that leads to this under-delivery include shortage of gas, poor maintenance,
inadequate regulations or inability to enforce them and vandalization of energy infrastructure [3].
In the absence of electricity and high cost of fossil fuels like cooking gas (LNG) and kerosene, most
people turn to wood fuel and agricultural residues as energy sources for cooking. Additionally, the
level of food insecurity in Nigeria has steadily increased since the 1980s, rising from 18% in 1986
to about 41% in 2004 [5]. Sub-optimal supply of agricultural inputs, especially fertilizers, is one of
the key challenges leading to persisting food insecurity [6]. Unfortunately, the current major source
of fertilizers in Nigeria is fossil based. Application of synthetic fertilizers contributes significantly
to greenhouse gas (GHG) emissions [7,8]. Wastes from abattoirs contribute significantly to possible
foodborne disease hazards and have adverse effects on air quality, agriculture, potable water, and
aquatic life [9]. Uncontrolled disposal of the wastes results in methane (CH4) emissions from the
manure, untreated organic wastes and wastewater. The current waste disposal practices in most
abattoirs in Nigeria is to dump rumen content and other solid wastes at nearby designated sites while
the liquid phase resulting from washings are allowed to flow into the drains [9–12]. However, animal
by-products from slaughterhouses could be processed by anaerobic digestion (AD) to simultaneously
produce methane for energy and nutrient rich effluent as biofertilizer [13], which may be a way of
curbing the menace of such wastes in many cities in Nigeria [14]. Biogas and biofertilizer production
from abattoir waste streams could contribute to lowering fossil fuel and inorganic fertilizer applications.
This will also provide an efficient waste recycling method, thereby lowering GHG emissions from open
manure storage [15]. Biogas is a valuable source of energy with varying applications such as electricity
generation, lighting, cooking, and transportation [16]. The spent substrate is a very useful biofertilizer
and can be used to offset the financial as well as the environmental costs associated with the use of
mineral fertilizers [15,16]. Sustainable and efficient biogas and biofertilizer production from such
waste recycling is a promising method towards attaining a circular economy. These facts support the
need to invest in efficient recycling method like AD, to process wastes streams generated in abattoirs
as a means to curb the environmental hazards as well as provide valuable materials from renewable
resources to contribute in meeting energy and food needs.
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Figure 1. Energy production and CO2 emissions between 1990 to 2016 in Nigeria (source: [1]).

Several experiments have demonstrated success in converting abattoir wastes by AD into biogas
and biofertilizer [17,18], as well as its potency in reducing environmental pollution problems associated
with abattoir waste disposal. The GHG emission reduction potential could be determined using
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mathematical computation given by the Intergovernmental Panel on Climate Change (IPCC) [19],
Joint Global Change Research Institute (JGCRI) [20], and Tolera and Alemu [21]. The AD process
could also be improved by applying enzymes to produce animal feed from fibrous agricultural wastes
like sugarcane bagasse and wheat straw for improved bio-utilization of nutrient contents and the
biodegradation of fibrous feeds [22]. In a study by Klintenberg et al. [23] in Namibia, an AD process
using a combination of manure, blood, and stomach contents similar to the proportions in abattoir
waste generated the highest biogas cumulative output compared to other sampled combinations.
Ware and Power [24] demonstrated in Ireland that mixed waste streams from cattle slaughterhouses,
consisting of 28.4%, 41.0%, and 27.3% fats, carbohydrates, and proteins, respectively are viable for
producing high levels of CH4. Other studies in Nigeria revealed that abattoir substrates have a low
concentration of toxic substances, which would inhibit the process, ultimately resulting in high CH4

output, suggesting that the substrates are suitable for biogas production [25,26].
The idea of converting abattoir wastes to produce biogas and biofertilizer has long been pursued

and is increasingly relevant in sustainability. For example, TekniskaVerken in Linkoping, Sweden has
long term experience in handling large volume of slaughterhouse wastes for biogas production [27].
Through sustained efforts on research and development by this company, several improvements
have been recorded including better odor control, higher organic wastes loading rate, higher biogas
quality and yields [27]. Svensk Biogas AB (SvB) operates a co-digestion plant for slaughterhouse waste
for biogas production in which the input from slaughterhouse waste ranges from 35% to 75% [27].
The plant which began in 1996 increased from annual capacity of 55,000 tons to 100,000 tons in
2010. Underpinning the success of this company is the continuing research on biogas production by
the company in association with Linkoping University and the Swedish University of Agricultural
Science [28]. Despite the several benefits and demonstrated experiences for biogas and biofertilizer
production from abattoir wastes, large-scale development of the technology in Nigeria is still at a
nascent stage [29]. The reasons for the present lack of uptake of this technology have not been analyzed,
and therefore, require investigation. The question around using “slaughterhouse waste for biogas
and biofertilizer production” is a multi-dimensional one and requires a methodology that allows
systematic investigation of such multi-dimensional issues. The issues include questions regarding the
local situation on energy access, resource depletion, climate change mitigation, feedstock availability
and terms of accessibility, current use of feedstock that may compete with the proposed biogas plant
and space to accommodate biogas plant in close proximity to the source of wastes. Further to these, is
the economic demand side for the products (fertilizer and electricity) All these need to be investigated.
In addition, socio-economic and environmental considerations are critical in understanding the barriers
against uptake of the technology. Thus, the research questions this study attempts to address are:

i. What is the potential for biogas and biofertilizer production using abattoir wastes in Nigeria?
ii. What are the socio-economic and environmental merits and demerits of adopting

this technology?
iii. Why the very low level of the development and adoption of the technology in Nigeria?

Consequently, the objective of this study was, therefore, to evaluate the possibility of biogas and
biofertilizer production from waste streams in Nigerian abattoirs. The adoption of this technology
could be limited by economic, environmental, social, and ethical constraints. Due to complexities in
implementing biogas projects, wide range of factors related to biogas system analysis, site-specific
properties and the local community situations must be considered to provide workable information
for decision-making in specific localities. Suitable tools are required to ensure a well-thoughtout
analysis of the factors that affect biogas systems, to ensure informed decision-making. Several tools
have been used for such analyses. For instance, the Political, Economic, Social, Technological, Legal
and Environmental (PESTLE); the Technique for Order of Preference by Similarity to Ideal Situations
(TOPSIS); the Analytic Hierarchy Process (AHP); and the Strengths, Weaknesses, Opportunities and
Threats (SWOT). Among these, SWOT has the advantage of combining some elements of the other
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methods, making it more comprehensive. Therefore, in this study, strengths, weaknesses, opportunities,
and threats (SWOT) analysis was selected as the tool for initial assessment of the techno-socio-economic
benefits and risks of biogas production from abattoirs in Nigeria. The analysis is targeted at identifying
internal strengths and weaknesses as well as the external opportunities and threats that can endanger
biogas production from abattoirs in the selected case study in Nigeria. To avoid the limitations of
SWOT, which only provides qualitative descriptions [30,31], we incorporated tangible and measurable
data from the selected case study sites to provide a comprehensive view of the possibility of biogas
and biofertilizer production from abattoirs in Nigeria. The case study sites were the abattoirs in the
Federal Capital Territory (FCT)-Abuja, and Niger and Nassarawa States.

2. Materials and Methods

2.1. Study Location, Data Collection Method and Quantifications

Description of study sites: The study sites were in the north central region of Nigeria. The
selected sites included Karu abattoir in the FCT-Abuja, Minna and Suleja abattoirs in Niger State, and
Lafia abattoir in Nassarawa State (Figure 2). The total land area of the study location is 110,795 km2,
which represents 12% of Nigeria’s land area. The population in 2015, projected from the 2006 census,
was 11 million, thus representing 6% of Nigeria’s population. The region produces livestock (cattle,
sheep, and goats), and is among the leading Nigerian producers of some crops such as cassava, rice,
yam, melon, plantain, and banana.

 

Figure 2. Map of the study region showing the location of the sites (blue rectangle).
Source—Google maps.

Data collection/collation approach: We initially developed and distributed a questionnaire to
identify the types and number of animals slaughtered per day. We then visited each study site to gain
information on their production and administration. In addition, the local situation such as current
energy sources, current use of the wastes, available facilities for waste disposal, waste disposal methods
and effects on the environment were assessed for each study site. The volume of wastes generated and,
hence, other parameters were calculated from the data of the number of animal slaughter acquired
from the survey. Generally, the mathematical computations used in this study were in accordance with
acceptable standard coefficients and measurements.
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Feedstock generation potential/estimation methods: Based on the primary data of the average
daily slaughters acquired from the respective study sites, the annual slaughters, total wastes and
potentials were determined. For estimating the quantity of waste from abattoir which could be utilized
for AD, a coefficient of 35% of the body weight of the animal slaughtered has been used by the World
Bank 1998 and Akinbomi et al. 2014 [32]. The waste generated by each animal was therefore taken as
35% of its body weight; for cattle, the average body mass used was 353 kg, while the corresponding
numbers for sheep and goat were 33 and 23 kg, respectively [32]. Waren and Power (2016) used
193.37 kg/head of cattle [24], a value higher than 35% of 353 kg used for cattle in this study. The value
35% of the body weight was deliberately used in this study to avoid overestimation. In this study,
the data obtained for sheep and goats were combined values, as the number of sheep and goats were
not segregated, therefore, an average of 28 kg was used in the estimates for sheep and goats.

Biogas Production Potential and Energy Potential Estimation Methods: Some coefficients used in
estimating biogas and electricity generation potential include: dry matter (DM) which was taken as
15% of total wastes [33], volatile solid (VS) as 96.7% of DM [24], and the biomethane potential (BMP)
was 700 m3/t VS [34]. Provision was made for downtime, to cover the possibilities for maintenance,
unforeseen stoppages, and incubation time before biogas generation began. Based on this, 75% of the
BMP was applied to obtain the overall electricity potential. The electricity potential was based on
3.73 kWh/m3 CH4 [32], using the adjusted BMP.

Bio-Fertilizers Yield Potential Estimation Method: For the biofertilizer potential, only about 60%
VS is converted to biogas [35]. Similarly, VS reductions to a range of 40% to 46% after about 80 days of
AD of some organic substrates were observed by Schirmer et al. [36]. We therefore applied 40% of
VS as the dry matter remaining after the AD process. Thus, potential biofertilizer yield (dry) was by
Equation (1) [29].

PBF (dry) = (DM − VS) + (40%VS) (1)

where: DM = dry mass, VS = volatile solids, i.e., portion of DM that is potentially converted to biogas.
The optimal total solid of the digester was 15% which was used to estimate the bulk density by

applying Equation (2), proposed by Chen [37], from which the volume of the slurry was obtained.

̺ = 998/(1 − 0.00345TS) (2)

where: ̺ = bulk density (kg/m3), TS = total solids (%); TS ranges from 0–16%. Taking TS = 15%, ̺ =
1052 kg/m3 was obtained and applied.

Estimation of Possible Reduction of Green House Gas (GHG) Emissions: The decrease in GHGs
by the production of biogas from abattoir waste was calculated using the mathematical computational
method developed by IPCC and applied by Tolera and Alemu [21], expressed as GHG reduction
potential of AD equal to the estimate of GHG emissions from dumping sites minus the estimate of
GHG emissions from AD:

GHG Emission =
⌊

((Q×DOC×DOCF× F1× 1.336) − R) × (1−OX) × 25
⌋

(3)

Estimation of cutback of GHGs using AD for biogas production:

GHGr =
⌊

((Q×DOC×DOCF× F1× 1.336) −R) × (1−OX) × 25⌋ −
∑

(Qj× EFj) (4)

whereby ([(Q × DOC × DOCF × F1 × 1.336) – R] × (1 − OX) × 25) is the GHG emission potential of the
dumping sites and

∑

(Qj × EFj) is the GHG emission potential of the abattoir waste AD production
plants for biogas factoring in the CH4 global warming potential used to convert the quantity of methane
emitted to the carbon (iv) oxide in equivalence (CO2 eq) from the quantity of abattoir waste produced.
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The variables are defined as follows:

Q = the quantity of slaughterhouse waste from waste records (t/kg);
DOC = the degradable organic carbon expressed as a proportion of abattoir waste with default value
(DV) = 0.12;
DOCF = the fraction of degradable organic carbon dissimilated for the abattoir waste whose DV = 0.7;
F1 = the fraction of methane produced from dumping sites, DV = 0.50;
The value 1.336 is the rate that carbon is being converted to methane;
R = annual recovery of methane, quantified in tons (here no recovered methane);
OX = the oxidation factor, DV = 0.1 for well-managed and DV = 0 for unmanaged);
The value 25 is the CH4 global warming potential;
Qj = the amount of the given type of waste j (here is only abattoir waste);
EFj = the biogas emission factor of the given waste type j, DV = 0.02 kg CO2 eq.

Estimation of Biogas Equivalence of Fossil Fuels: Amigun and Blottnitz [18] and B-Sustain’s [38]
provided a comparative energy value estimation which showed that 1 m3 of biogas is equivalent to
coefficient factor of 0.45 kg liquefied petroleum gas (LPG), 0.6 kg kerosene (K), 0.4 kg furnace oil (FO),
0.7 kg petrol (P), 0.5 kg diesel (D), or 3.50 kg firewood(FW) in the same activities.

Biogas Equivalent of a given

Fossil Fuel =
∑

CFF × BV

where CFF is coefficient factor of any fuel as given above; BV is the biogas volume produced.

2.2. SWOT Analysis

Due to complexities in implementing biogas projects, various assessment methodologies have
been applied [39]. In view of the wide range of factors related to biogas system analysis, site-specific
properties and the local community situations must be considered to provide workable information
for decision-making in specific localities. Suitable tools are required to ensure a thorough analysis of
the factors that affect biogas systems for informed decision-making. Several tools have been used for
such analyses. For instance, the Political, Economic, Social, Technological, Legal and Environmental
(PESTLE) tool is widely used to analyze the prospects and potential risks and screen the external
marketing environment of an investment or a company [40]; the Technique for Order of Preference by
Similarity to Ideal Situations (TOPSIS) grades the alternatives with respect to their geometric distance
from the positive and negative ideal solutions [41]; the Analytic Hierarchy Process (AHP) applies
mathematics and psychology to organize and analyze complex decisions [42]; and the Strengths,
Weaknesses, Opportunities and Threats (SWOT) is a tool for auditing a system and its internal and
external environment by building on the strengths and opportunities, correcting the weaknesses and
protecting the threats [43]. Among these, SWOT seems to be the most popular, with its advantage
of combining some elements of the other methods. For example, several aspects of PESTLE are well
captured in SWOT. SWOT is a strategic planning tool, which originated from business management,
and is applied to detect and assess the strengths (S), weaknesses (W), opportunities (O) and threats (T)
of a project or product that is being evaluated. The structure of the SWOT matrix (Figure 3) defines the
strengths and weaknesses of the assessed system as internal characteristics, while the opportunities
and threats are external factors that influence the success or failure of the system [44].
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∑

 

Figure 3. SWOT matrix structure: [44].

2.3. SWOT Matrix Development and Identification of Factors

Based on the SWOT matrix framework in Figure 3 and results of the initial site surveys, the various
SWOT factors were identified (Table 1). The steps were as follows:

- Identification of all internal aspects of biogas and biofertilizer production from the abattoirs,
which might influence the project, followed by classification of favorable factors as strengths and
unfavorable ones as weaknesses.

- Identification of external factors that may influence the project, looking at the global and
local scenarios in Nigeria, and classifying the negative factors as threats and the positive ones
as opportunities.

Table 1. Identified SWOT factors for biogas and biofertilizer production using abattoir wastes in Nigeria.

Positive Negative

Internal
Environment

Strengths

• Feedstock availability
• Suitable climate
• Provision of clean energy and

biofertilizer alternative
• Kills pathogenic organisms
• Solves waste disposal problems
• Reduction of GHG emission and

useful for closing carbon cycle
• Existing market for products
• Flexibility for small, medium and

large plant

Weaknesses

• High investment cost
• Lack of continuity in developing

technical proficiency
• Relative novelty, adoption may

face resistance,
sensitization needed

• Lack of access to water
• High protein in abattoir wastes
• Pathogens from

contaminated materials
• Oversimplification of the

biogas system

External
Environment

Opportunities

• Energy deficits and rural settings,
favors decentralization

• Food insecurity and calls for
diversifying Nigeria’s economy

• Improved public health
• Job opportunities
• Increased economic activities
• Synergizes global goals of

climate mitigation
• Public Logistic support

Threats

• Competitive product
undercuts prices

• Low level of understanding of
environmental problems
among citizens

• Too expensive and high
lending rate

• Public subsidies for fossil-based
energy and fertilizer
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3. Results

3.1. State of the Abattoirs Assessed—Quantitative and Qualitative Assessment

A total of four abattoirs, namely, Minna, Suleja, Karu, and Lafia, were evaluated. Based on the
survey, Table 2 shows the raw data of daily slaughter and types of animal slaughtered from which
annual feedstock values were calculated and further analyses were conducted to obtain the electricity
and biofertilizer potentials. Animals slaughtered included cattle, sheep, and goats. However, at Minna
abattoir, occasionally, a few camels were also slaughtered. Suleja had the highest number of cattle
slaughtered followed by Karu, while Karu had the highest number of sheep and goats slaughtered
followed by Minna.

Table 2. Average daily number of animal slaughters from the study sites.

Abattoir Assessed Suleja Minna Lafia Karu

Location/State Niger Niger Nassarawa FCT
Slaughter (Cattle) 180 60 45 135

Slaughter (Sheep and Goats) 19 95 61 650

In each abattoir, there was an animal holding area to keep a few animals for some time, either to
fatten them before they were slaughtered or to house them when the number of available animals
exceeded the number slated for slaughter for the day. Therefore, some animal dung was generated in
the animal holding area during the night. Additionally, fruit and vegetable markets adjoin the abattoirs
at Suleja and Karu, and a cattle market is located near the Lafia abattoir. On the other hand, the Minna
abattoir is strictly isolated for abattoir operations. Thus, besides the wastes generated in the abattoirs,
additional wastes were obtainable from fruit and vegetable markets and the animal holding areas near
the abattoirs.

None of the abattoirs had automated systems for meat and waste processing. The rumen contents
were conveyed using wheelbarrows to the designated dumping sites (Figure 4). There were obvious
stinking smells in the areas. Two of the rumen dump sites were close to streams near the Karu and
Suleja abattoirs. These show a more pronounced danger of surface water pollution, resulting in possible
public health and environmental hazards, especially to the users of water residing downstream.

  
(a) (b) 

Figure 4. Waste from Suleja abattoir dumped at a nearby stream. (a) Waste dumped at nearby stream;
(b) Dumping of waste.

In all the study sites, wastes streams are currently not put into use, the wastes could therefore
be made available for AD plants following appropriate discussions and agreements. The authorities
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concerned in supervising the activities of the abattoirs in all the sites expressed similar interest on
the idea of AD plant as means for wastes management and efficient resource utilization. While the
abattoirs in Minna, Suleja and Lafia have abundant land area that could accommodate AD plants near
the slaughterhouses, Karu abattoir has limited land area for this project in the current site. The current
energy source for cooking in the communities in the study sites is not any different to most part of
Nigeria. These are fossil fuel and more often wood fuel that is hauled without replenishing, thereby
leading to deforestation, erosion and degradation of soil quality.

3.2. Estimate of Waste Generated, Biomethane, Electricity, Biofertilizer and Methane Emission Mitigation
Potentials

The raw data obtained from each abattoir were used to estimate the biogas, electricity,
and biofertilizer potentials, and the values are presented in Table 3. In general, as expected, potentials
derivable corresponds to the wastes generated which depends on the type and number of animals
slaughtered per day. As can be seen in the data, wastes contributed by sheep and goats were each less
than 12% at Suleja, Minna and Lafia abattoirs. Only Karu site had a relatively higher contribution from
sheep and goats valued at 28% of the total wastes. Estimate of the total solids and volatile materials
were based on contributions from cattle wastes being the dominant sources, as well as those from
sheep and goats.

Table 3. Estimates of total wastes generated, biomethane, electricity and mitigated methane emission
potentials from the primary data.

Item/Abattoir Suleja Minna Lafia Karu Total

Total no. of annual slaughter (Cattle) 65,700 21,900 16,425 49,275 153,300
Total no. of annual slaughter (Sheep and Goats) 6935 34,675 22,265 237,250 301,125
32TBW—353 kg/animal (103 t/y) (Cattle) 23.19 7.73 5.80 17.39
32TBW—28 kg/animal (103 t/y) (Sheep and Goats) 0.19 0.97 0.62 6.64
32Waste—35% TBW (103 t/y) (Cattle) 8.12 2.71 2.03 6.09
32Waste—35% TBW (103 t/y) (Sheep and Goats) 0.07 0.34 0.22 2.33
Total waste (103 t/y) 8.19 3.05 2.25 8.41 21.89
33DM, 15% of total waste (103 t/y) 1.23 0.46 0.34 1.26 3.28
24VS, 96.7% of DM (103 t/y) 1.19 0.44 0.33 1.22 3.18
34BMP @ 700 m3/t vs. (103 m3) 831.08 309.23 228.20 854.21
75% factor BMP (103 m3) 623.31 231.92 171.15 640.66 1667
32PE @ 3.73 kWh/m3CH4 (kW) 265.23 98.69 72.83 272.61 709.36
Spent slurry in (103 m3) 117 44 33 122
PBF dry, (103 t/y) 0.515 0.192 0.142 0.530 1.378
Vol. of slurry added daily (m3) 320 121 89 334
26Digester Capacity, 14 days HRT (m3) 4500 1700 1250 4700

TBW total body weight, TS total solids vs. volatile solids, BMP biomethane potential, PE potential electricity based
on 75% BMP, PBF DM potential biofertilizer dry matter. 32Akinbomi et al. 2014, 24Ware and Power 2016, 33Deublein
and Steinhauser 2008, 34Schnurer and Jarvis 2010), 26Rabah et al. 2011.

Suleja and Karu that are near Abuja had higher number of slaughtered animals which is likely
to be attributed to higher human populations given the influx of people to Abuja. Therefore, it is
expected that big cities like Lagos, Onitsha, Kano and Port-Harcourt would have very high number of
animals slaughtered. Although detailed estimates of wastes generated in the proximity of the study
sites are beyond the scope of this study, the idea of combining other biodegradable wastes with the
wastes from the abattoirs may prove useful. Besides increasing the volume of materials for processing
for the benefits of economy of scale, using a variety of substrates is known to increase biogas yields
and profitability [45].

Estimation of Possible Reduction of GHG Emissions: A model for computation proposed by the
IPCC with default values for the various coefficients and used by Tolera and Alemu [21] was applied
to estimate the values of GHG reduction potential in terms of t CO2 eq, Figure 5. The aggregate GHG
reduction potential by installation of AD plants at the 4 sites is 30.71 t CO2 eq.
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Figure 5. Annual reduction of GHGs (t CO2 eq) using anaerobic digester (AD).

Estimation of Biogas Equivalence of Fossil Fuels: The computation shows that the
1.667 × 106 m3/year of biogas estimated is equivalent to 667 t of furnace oil, 750 t of liquefied petroleum
gas, 834 t of diesel, 1000 t of kerosene, 1167 t of petrol, and 5835 t of charcoal/firewood per year in the
same functions as presented in the Table 4.

Table 4. Estimation of equivalence of biogas potentials with some fossil fuels in the same function.

Abattoir Waste BMP FO 0.4 kg LPG 0.45 kg D 0.5 kg K 0.6 kg P 0.7 kg FW 3.5 kg

(103 t/y) (103 m3) t

Suleja 8.19 623 249 280 312 374 436 2182
Minna 3.05 232 93 104 116 139 162 812
Lafia 2.25 171 69 77 86 103 120 599
Karu 8.41 640 256 288 320 384 448 2242

Aggregate 21.89 1667 667 750 834 1000 1167 5835

BMB is biomethane potentials, FO is furnace oil, LPG is liquefied petroleum gas, D is diesel, K is kerosene, P is
petrol, and FW is firewood.

3.3. SWOT Assessment and Analyses

In general, the quantitative data and qualitative description of the state of the abattoirs evaluated
as presented in Sections 3.1 and 3.2 supports the SWOT factors. A concise presentation of findings
from assessment and analyses of the identified SWOT factors are given below (Tables 5–8) and further
discussed in the Section 4 using the results of our findings and relevant literatures.

Table 5. SWOT factors—Strengths.

Identified Factor Assessment/Finding

Feedstock availability

Karu abattoir had the highest feedstock value (8400 t/y), followed closely by
Suleja (8200 t/y), while the abattoirs at Minna and Lafia had lower values
(3000 and 2200 t/y, respectively). The corresponding digester capacities based
on optimal 15% total solids were 4500, 1700, 1250, and 4700 m3. The total
available feedstock which could be used for production of biogas and
biofertilizer for all the study sites amounts to 21,900 t/y.

Suitable climate

The region, i.e., study sites have characteristic optimum climatic condition for
suitable anaerobic digestion processes. Operating temperature for AD range
between 10 and 55 ◦C, with 35 and 55 ◦C being optimal for mesophilic and
thermophilic digestion respectively [46]. Nigeria has a tropical climate with
temperature ranges between 27–40 ◦C, suitable for the optimal performance
of the digester, with no requirements to use the produced gas for heating the
reactor, unlike in Europe [47].
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Table 5. Cont.

Identified Factor Assessment/Finding

Combined provision of
better alternative energy

and biofertilizer

Capable of generating a combined total of 710 kW. The electricity generation
potentials for Karu, Suleja, Minna, and Lafia abattoirs were found to be 273,
265, 99, and 73 kW capacities, respectively. At the current average rate of 13.5
kg fertilizer per hectare in Nigeria, the 4 study sites have a combined potential
to provide fertilizer for about 100 hectares.

Kills pathogenic
organisms

It has been demonstrated that a number of pathogenic organisms like S.
enterica and M. paratuberculosis are reduced and inactivated in anaerobic
environments [48,49].

Contributes in solving
waste disposal problems

In all the abattoirs, the waste streams exist as a nuisance and managing them
is a key challenge. The wastes could therefore be dedicated to AD in a way
that takes care of interest groups. Harnessing these wastes as resources for
production of biogas for energy and biofertilizer for improved soil fertility
could contribute to curbing the environmental menace and addressing the
problems of energy and food deficits in Nigeria.

Reduction of GHG
emission and useful for

closing carbon cycle

Contributes to reducing GHG emissions emanating from direct disposal to the
fields. Installation of ADs at the 4 sites depicts GHG reduction potential of 30
t CO2 eq.

Existing market for
products

Due to massive deforestation, there is limited forest resources and soil
degradation. The traditional direct use of biomass for fuel is not sustainable.
Moreover, there is increasing interest in more modern options such as cooking
gas.

Flexibility for small,
medium and large plant

The possibility and capability to set up and run a biogas generating plant in
small, medium, and large scales in particular Karu and Suleja abattoirs is
advantageous for efficient use of resources in a sustainable and environment
friendly manner. Minna and Lafia sites are more suited for small and medium
plants to avoid the challenge of feedstock shortage. Yet, there is the benefits of
economy of scale in biogas plant operation where larger capacity plant is
more viable economically [50–52].

Table 6. SWOT factors—Weaknesses.

Identified Factor Assessment/Finding

High investment cost

Chukwuma et al. [51] demonstrated higher value of profitability index for
AD plant with bigger capacity. The cost of investment for AD plant is
relatively high, several millions of Naira [51]. When built as small scales, such
as petite backyard operations, biogas systems tend to be too costly, are hardly
profitable, and rarely make significant contribution to the family or
community [50,52].

Lack of equipment
fabrication facilities for
making the digesters and
accessories

There are no refabricated digesters. For diverse applications ranging from
cooking to electricity generation, there is need to have compatible equipment
and accessories such as gas holder, gas bottles, pressure regulator, water trap,
burner stove and lamp, biogas generating sets and biogas stoves and their
accessories as well as installation materials, user training and after sales
services. Unfortunately, these are lacking in Nigeria.

Lack of continuity in
developing technical
proficiency

No strategic, sustained, and substantial research, development, and training
on building robust technological capacity to set up and run such plants
efficiently. No technical standards and codes for AD installation and
maintenance and no established testing methodologies.
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Table 6. Cont.

Identified Factor Assessment/Finding

Relative novelty,
adoption may face
dislikes, sensitization
needed

Adopting, adapting, and advancing a new technology often requires proper
sensitization, reorientation, and commitment from all stakeholders.
Demonstration of the technology through pilot programs and marketing may
be necessary in case there is the initial reluctance in adopting and adapting to
new techniques and products like these.

Limited of access to water

In all the study sites evaluated, tap water was available only at Karu site but
regular water flow is usually interrupted by incessant power outage. This
inadequate water supply has been noted as one of the challenges grabbled
with by the abattoirs and the neighboring residents.

High protein in abattoir
wastes

The blood and meat trimmings are part of wastes which contribute to high
protein content of the wastes.

Pathogens from
contaminated materials

Pathogens are present in the waste and can also arise from production
processes [53], posing hazards while handling waste inputs to the digester.
Spent substrates such as biofertilizer could also contain pathogens depending
on the incidence of viable pathogenic organisms. in the input and spent
substrates.

Oversimplification of the
biogas system

Considering it simply as a receptacle for wastes and a provider of gas and
fertilizer may likely cause such failures, eventually resulting in deficient
performance, leading to abandonment of the plant.

Table 7. SWOT factors—Opportunities.

Identified Factor Assessment/Finding

Energy deficits and rural
settings, favors
decentralization

Frequent power nationwide and most rural settings do not have access to
electricity and conventional cooking facilities such as LPG (cooking gas),
kerosene, and electricity.

Food insecurity and calls
for diversifying Nigeria’s

economy

Biofertilizer availability could contribute to providing a sustainable solution
to the current food insecurity in Nigeria. Crop yields higher by 11–20%
compared to controls have been reported after the application of spent
digester effluent [54].

Improved public health

Some aerobic organisms are killed by the fermentation process in an anaerobic
environment. Biogas systems could also serve as a better alternative for
management of abattoir waste, which could otherwise be disposed in open
fields forming breeding grounds for pathogenic organisms, therefore
enhancing public health.

Job opportunities
Going by Arnott’s [52] projection, job opportunities for about 790 people
could be generated from AD plants producing a total of 1390 t of dry
biofertilizers at the four study sites.

Increased economic
activities

The time spent for collecting and carrying wood by women and children
could be swapped for education, more productive activities, or simply
recreation and leisure time [55].

Synergizes global goals of
climate mitigation

Estimates by this study shows the aggregate GHG reduction potential by
installation of AD plants at the 4 sites is 30.71 t CO2 eq. Thus, installation of
AD systems could contribute in GHG mitigation by preventing disposal to the
open fields. The use of biogas in place of fossil-based alternatives further
provides avenues for reduction of GHG emissions.

Public logistic support Gaining public support might be easy owing to the socio-economic benefits
associated with AD systems.
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Table 8. SWOT factors—Threats.

Identified Factor Assessment/Finding

High lending/loan rat

Bank lending rates in Nigeria range from 16.91% to 29.26% and include
stringent collateral requirements. This financial predicament may not be
favorable for investing in AD, making it difficult for willing investors to
start such a project despite its prospects.

Public subsidies for
fossil-based energy and

fertilizer

In Nigeria, there are public subsidies for fossil-based energy and chemical
fertilizers. This is a threat to the competitiveness of the AD system.

4. Discussion

4.1. Site Specific Conditions and Effects on Products

For all the sites investigated, wastes from cattle had the largest proportion contributing 99%,
89%, 90%, 72% of the total wastes corresponding to Suleja, Minna, Lafia, and Karu sites respectively.
Although wastes are largely from cattle in all the sites, differences in waste composition due to
contributions from varieties of the animals may influence the chemistry of the digestion processes and
final products. Greater impact due to the differences could be expected from the Karu site which had
the largest contribution from sheep and goats by a value of 28%.

In the following sections, quantitative and qualitative data acquired from the case study are
incorporated into the SWOT analysis to provide insights regarding the possibility of biogas and
biofertilizer production from abattoir wastes in Nigeria.

4.2. Strengths

4.2.1. Feedstock Availability

A vital component of AD is the feedstock, which is readily available in the evaluated abattoirs.
In all the abattoirs, the waste streams exist as a nuisance, and therefore, could be dedicated to AD
following business agreement with the authorities and other interest groups. It is important to secure
official access and also sort out any tax or fees that may be needed to afford uninterrupted access to
the wastes and, as well, gain the logistic support of those concerned. The ministry of agriculture in
each state is the authority in charge. Karu abattoir had the highest feedstock value (8400 t/y), followed
closely by Suleja (8200 t/y), while the abattoirs at Minna and Lafia had lower values (3000 and 2200 t/y,
respectively). The corresponding digester capacities based on optimal 15% total solids were 4500, 1700,
1250, and 4700 m3 corresponding to 265, 99, 73- and 273-kW capacity in terms of electricity potentials
for Suleja, Minna, Lafia and Karu abattoirs, respectively. The specific investment cost per kW or MW
capacity is higher for smaller plants and lower for bigger plants [56], and this favors investment in
Karu and Suleja abattoirs, where higher values of wastes are obtained compared to Lafia and Minna.
Although digester capacities between 20–60 m3 are deemed good enough for small-to-medium scale
business enterprises going by the assertion that a family would consume a minimum of 0.8 m3/d [52,57],
thus, each of the evaluated abattoirs meets the required waste volumes to operate as medium-scale
business enterprises. However, Carlini et al. [50], demonstrated an economy of scale in AD plants
businesses where a larger (1000 kW capacity) plant yielded break-point in 4 years’ time compared to
smaller (100 kW) plant that took 10 years to reach break-point. Similarly, in a study of the economic
viability of AD in 3 selected sites in Anambra state—Nigeria, Chukwuma et al. [51] demonstrated
higher value of profitability index for AD plant with bigger capacity. When built as small backyard
operations, biogas systems tend to be too costly, are hardly profitable, and rarely make significant
contribution to the family or community [52]. The bulk of the abattoir wastes (in slurry form) is water,
with just 15% TS content [24]. In view of this, decentralization of biogas plants to localities generating
the biomass has more advantages than hauling the biomass to a central location [56]. Thus, there is no
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need to transport waste from one abattoir to another. However, in view of the benefit of economy of
scale, possibilities of increasing the economic viability of the system could be explored by sourcing
feedstock from nearby sources, like fruits and vegetable markets, animal holding places, and livestock
farms e.g., poultry, piggery.

4.2.2. Better Alternative Energy Source

Compared to the current biomass, which is inefficiently burnt for cooking by over 81% of Nigerians
dwelling in rural areas, biogas is a better source of energy. At the global level, about three billion
people use biomass for cooking and heating. The biomass is burnt in inefficient cook stoves or used to
fuel open fires [58]. Annually, over 4.3 million premature deaths are caused by illnesses attributable to
household air pollution resulting from this practice [58]. The data of the four study sites indicate that a
total of 1.667 × 106 m3 of CH4 could be generated annually as a clean source of energy. If it’s used
for electricity generation, it will provide a total of 709 kW (6220 MWh/y). A family could consume a
minimum of 0.8 m3/d of biogas for cooking [57], therefore, if the generated CH4 is used as cooking
gas, it could provide for 5709 families at the rate of 0.8 m3/d per family. Thus, there is immense
potential in the use of biogas from abattoir wastes which could contribute to averting the public health
burden attributable to inefficient use of biomass that causes household air pollution. At household
level, the accessories commonly used in places like India and Nepal where biogas is widely utilized
include gas holder, gas bottles, pressure regulator, water trap, burner stove and lamp. However, these
are not available in Nigeria since wide application of the technology is yet to pick-up. With a good
supporting national program, such accessories and pre-fabricated digesters should be part of the tools
for successful dissemination and uptake of the technology.

4.2.3. Ability to Kill Pathogenic Organisms

Improper organic waste disposal could provide breeding grounds for disease-causing organisms
like Salmonella sp., E. coli, and Shigella sp., therefore, proper disposal is advantageous as it improves
public health. Many of these pathogenic organisms are aerobic in nature and are killed by the
fermentation process in an anaerobic environment. It has been demonstrated that a number of
pathogenic organisms like S. enterica and M. paratuberculosis are reduced and inactivated in anaerobic
environments [48,49]. However, AD cannot remove all the pathogens; hence biogas plants in Sweden
that use slaughterhouse waste are required by law to pasteurize their substrate prior to feeding it into
the digester [27]. Although desirable, it is worth noting that pasteurization could increase the cost
of production.

4.2.4. Solution to Waste Disposal Problems

Use of the abattoir wastes for biogas systems provides a sustainable solution to the problem
of waste disposal [59]. Thus, rather than spending money for waste disposal, the waste could be
converted into valuable products (including biogas for energy and biofertilizer for improved soil
fertility). Multiple products harvesting could improve the economy of AD operations. It is worth noting
here, that treatment of digestate from biogas production can also be costly, especially if transported
from far distances. Indeed, several researches have been going on in developing cost-effective processes
for nutrients recovery and components separation from biogas digestate such as nutrient recovery
from digestate and production of tailor-made chemicals, production of organic chemicals by treatment
of effluents, etc. [60]. Separation techniques that have been explored include solid-liquid separation
of digestate, using for example, membrane purification, screw press or centrifuge [60]. Nevertheless,
market leading technology is still to evolve [60].
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4.2.5. Suitability of the Climate

Operating temperature for AD range between 10 and 55 ◦C, with 35 and 55 ◦C being optimal
for mesophilic and thermophilic digestion respectively [46]. Nigeria has a tropical climate with
temperature ranges between 27–40 ◦C, which is perfect for the optimal performance of the digester.
Thus, the extra cost of heating the reactor could be done away with in most parts of Nigeria throughout
the year, unlike temperate regions such as Europe, where 20–30% of gas production is used for
heating [47]. To improve the economy of AD operation, the option of cogeneration or combined heat
and power (CHP) is an appropriate method to be considered. In this method, beside electricity, the heat
generated could be harnessed. This is a well-known technology widely applied in some countries in
the temperate regions like the Sweden, Germany, Italy, etc. where the process heat is converted to meet
household heating needs or provide for the heating needs of some operations/processes like AD. In the
case of a tropical country like Nigeria, the prospects of channeling the heat for industrial drying could
be the future in incorporating the concept of CHP in AD technology development.

4.2.6. Reduction of GHG Emissions and the Use for Closing the Carbon Cycle

AD treatment of wastes to obtain biogas prevents GHG emissions emanating from direct disposal to
the fields, as well, the use of biogas as alternative to fossil-based fuels further contributes in reducing the
release of GHG emissions, thus a climate smart alternative [61]. The additional environmental benefits
in installing ADs are corroborated by the greenhouse gas (GHG) reduction potential, an aggregate value
of 30 ton of CO2 equivalents per year for the study sites. As well, in terms of energy output, the aggregate
value of 1667 × 103 m3 of biomethane potential for the study sites could substitute an average of 750 t
of fossil-based fuels (LPG, kerosene, petrol, diesel) or 5835 t of firewood. The use of digestate can lead
to enhancement of soil carbon content. The biomass used to produce biogas is indirectly derived from
photosynthesis. When burnt, the released CO2 is reabsorbed in subsequent photosynthetic processes.
This presents a closed carbon cycle loop, and thus presents an environment-friendly source of energy.

4.2.7. Existing Market for Products

The increasing population and growing wealth in Nigeria have resulted in a growing demand for
both energy and biofertilizer products. Moreover, there is a deficit with regard to these two products,
and therefore, they are likely to find buyers. In addition to these readily accessible market opportunities,
the feed-in tariff to the national gas grid presents another prospective market outlet. When chemical
fertilizer was introduced in Nigeria some farmers were reluctant in patronizing it, however it became a
sought-after product when positive outcome from initial testers were revealed. Similarly, it is possible
that some farmers may be reluctant to use the digestate, however, positive outcome from initial testers
would likely attract more customers. It is also worth noting that the use of animal dung as source of
biofertilizer is common among farmers in Nigeria especially by mixed farming practitioners, one of
the widely practiced systems in Nigeria. Poultry droppings, cattle, sheep and goats’ dung are already
highly valued fertilizers by many farmers.

4.3. Weaknesses

4.3.1. High Investment Costs

Recently, Chukwuma et al. [51] evaluated the economic viability of biogas plant in 3 selected sites
in Anambra state of Nigeria to be fed using cattle and chicken dung. Based on the estimated volumes of
feedstock to be hauled to central location of each community, plant capacities of 3661.35, 3969.45- and
3546.18-kW electricity for Onitsha North, Njikoka and Dunukofia were projected respectively. The total
cost of investment consisting of fixed cost and variable or annual costs (maintenance, transportation
and operational cost) were 3.895, 4.155 and 3.797 billion Nigerian Naira equivalent to 10.760, 11.478
and 10.488 million USD in that order. In another study of Italian scenario aimed at analyzing the
economic performance of co-digestion plants fed with agro-industrial wastes as a function of installed
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capacity in kW, the study revealed the benefits of economy of scale in biogas plant operation where
larger capacity plant is more viable economically [50]. The study revealed total investment costs of
758,000€, 2.147 million € and 3.217 million € and breakpoints of 10, 5 and 4 years for plant capacities
of 100, 500 and 1000 kW respectively [50]. Although the cost estimate for Nigeria’s scenario by
Chukwuma et al. [51] that indicates 2892 USD/kW for the most viable option seems on the high side,
it is however cheaper compared to Italian scenario by Carlini et al. [50] which gave a value 3667 USD/kW.
From these examples the investment cost for medium-scale biogas systems (which could be operated
profitably), as against a small backyard system (which is hardly profitable), is extremely difficult for
direct investment without some funding facilities to stimulate investment. Unfortunately, investing
in AD does not seem attractive because most people prefer investments with clear financial returns
than the overall environmental and socio-economic benefits. The idea of pro-bono investment is also
unfortunately not common in Nigeria. Thus, the onus lies with stakeholders in the public sector to
develop programs and policies that should stimulate and facilitate investments in this sector. The
public sector should embrace a national biogas program as service offerings of energy provision, water
provision and recycling, waste treatment, and nutrient capture for improved food production which
are valuable inputs to socio-economic development in Nigeria. Leveraging the feed-in tariff policy
in Nigeria, it may be possible to raise the value of AD products so that they could favorably become
competitive with prices of alternative products in the markets.

4.3.2. High Protein in Abattoir Wastes

The blood and meat trimmings in abattoir wastes are high protein content waste products [24,62].
This content could be a source of sulfide formation during the AD process. Accumulation of sulfides
in the digester results in higher concentrations of corrosive hydrogen sulfide (H2S) in the biogas,
ultimately leading to sulfide inhibition of the methanogens [63,64]. In addition to sulfide formation due
to high protein content, ammonia is formed when protein degrades. The presence of ammonia increases
the pH in the digester. If the proportion of wastes from the abattoir is very high, the pH is likely
to increase beyond 8.0 which can be growth-limiting for some volatile fatty acid (VFA)-consuming
methanogens [65]. At such high pH values, the high fermentation rates of proteins and fats are
accompanied by fatty acid accumulation. Additionally, the presence of neutral NH3 in the digester
could be toxic to some beneficial microorganisms as NH3 can easily pass through the cell membranes
of bacteria, disrupting intercellular pH and concentrations of other ions [64]. It is thus desirable
to lower NH3 levels in the high-protein substrate materials during AD. This is an area of active
research for recovery of the NH3 or providing alternative pathways to circumvent the problems [66,67].
Furthermore, at increased pH and temperature, the equilibrium shifts towards toxic NH3 levels, giving
rise to undesired synergistic relationships among the three parameters [68]. Despite these problems,
results have shown that an alternative CH4-producing pathway is activated at elevated levels of
NH3 [69]. Acetate is converted into H2 and CO2 in this pathway by syntrophic acetate oxidizers (SAOs),
followed by the subsequent reduction of CO2 to CH4 by hydrogen-utilizing methanogens. Thus,
through this pathway, methane is produced by selective inhibition of acetate-utilizing methanogens,
as NH3 released during protein degradation [69]. The potentially low C/N ratio of slaughterhouse
waste can be improved by co-digestion with some other feedstock such as manure, sewage sludge,
food waste or straw [34]. Generally, co-digestion with other substrates help by diluting the toxic
components, improving C/N ratio and imparting pH and moisture content adjustments [70,71].

4.3.3. Pathogens from Contaminated Materials

Pathogens are present in the waste and can also arise from production processes [53],
posing hazards while handling waste inputs to the digester. Spent substrates such as biofertilizer could
also contain pathogens depending on the incidence of viable pathogenic organisms in the input and
spent substrates. The survival rate of these organisms in the sludge could determine the need for
additional treatment of the spent substrates. While precautionary measures may be needed in handling
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the wastes, laboratory analysis to test for the presence of pathogenic organisms and ensure process
quality control in the input and output substrates is necessary. Alternative solution to this problem is
to pasteurize the feedstock before AD treatment as done in Sweden and probably some other countries.

4.3.4. Lack of Continuity in Developing Technical Proficiency

Long term success in operating an AD system requires continuity on research and
development—making observations on the go and resolving problems, and policy creation and
implementation regarding hygiene and environmental standards. These are lacking in Nigeria, for
example, there are no technical standards and codes for AD installation and maintenance and no
established testing methodologies. Contributing to these weaknesses is that public institutions and the
legal system are often unable to monitor and enforce the law over the long term [72]. A government
administration that could ensure sanity by enforcing rule of law could support AD to thrive.

4.3.5. Relative Novelty

Adapting to a new technology generally requires sensitization, reorientation, and commitment
from all stakeholders. In some cases, demonstration of the technology through pilot programs and
marketing could solve the initial reluctance in adopting and adapting to new techniques. Such
adaptation necessitates the establishment and implementation of awareness programs, which entail an
additional cost, like releasing a new product in the market. One circumstance that favors adopting and
adapting to AD systems is the decreasing forest resources in which in some cases people travel several
kilometers to hunt for wood fuel. AD system would therefore present an amenable alternative that
could lift off the burden of the hardship faced in scouting for wood fuel plus the negative impacts on
health and environment in its use.

4.3.6. Limited Access to Water

Water availability is one of the conditions that could potentially limit the uptake of AD. In all
the study sites evaluated, tap water was available only at Karu site but regular water flow is usually
interrupted by incessant power outage. This is a depiction of most situations of dilapidated social
amenity infrastructure in Nigeria that need to be addressed to become more investment friendly.
Under normal conditions, the public sector provides such facilities while firms like AD company
only need to pay utility bills. Although each of the study site is situated at municipal areas, with
pipe borne water supply from existing rivers or dams, the water supply is, however, inconsistent.
For example, the nearest dam to Karu is Usman Dam that supply Abuja municipal areas including
Karu. The inconsistency in water supply may be due to power failure, poor maintenance and poor
budget administration of funds allocated for the purpose.

4.3.7. Oversimplification of the Biogas System

A sizable number of AD pilot plants in Nigeria have failed to deliver the desired goals in the past.
The goals of the pilot plant are to demonstrate the process, learn from its working and move to the
stage of application. Oversimplification of the biogas system by considering it simply as a receptacle
for wastes and a provider of gas and fertilizer was likely the cause for such failures, as it eventually
resulted in deficient performance, leading to abandonment of the technology. Most of the biogas
plants established in the past were pilot-scale demonstrations using public funds, lacking the required
follow-up to make it work. For the system to work, there is need for both the contractors (suppliers)
and beneficiaries to work together with a mindset of providing solution. For example, following
instructions, feedback, record keeping, keenly making observations, fixing problems, trying options
etc. are necessary in ensuring that a system works, giving room for further improvement. In case of
any pilot demonstration plants, beneficiaries should be made to have some stakes for better ownership
and commitment. Private sector investment could contribute to resolving this threat.
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4.4. Opportunities

4.4.1. Energy Deficits and Rural Settings Favor Decentralization

About 70% of Nigerians dwell in rural areas, working as peasant farmers. They have limited
access to modern cooking facilities such as LPG (cooking gas), kerosene, and electricity. Moreover,
only about 36% of Nigerians have access to electricity and power outages are common. These factors
favor decentralization of biogas and fertilizer production in communities where feedstocks are more
readily available, as well, the products generated from AD can be used by the community.

4.4.2. Food Insecurity and Calls for Diversifying Nigeria’s Economy

At the current average rate of 13.5 kg fertilizer per hectare in Nigeria, the 4 study sites have
a combined potential to provide fertilizer for about 100 hectares. Biofertilizer availability could
contribute to providing a sustainable solution to the current food insecurity in Nigeria. Crop yields
higher by 11–20% compared to controls have been reported after the application of spent digester
effluent [54]. In the same vein, the application of spent digester effluent has healing effects on
soil structure, countering the detrimental influence of increasing soil acidity, topsoil erosion, and
micro-nutrient depletion due to long-term usage of inorganic fertilizer [73]. On the other hand, despite
the huge agricultural potential, Nigeria’s economy largely depends on oil. Therefore, there have been
several calls for diversification of Nigeria’s economy. Combining these two scenarios presents great
opportunities for the development of biogas systems.

4.4.3. Improved Public Health

Prevention of organic waste disposal in open fields which could otherwise be breeding grounds
for pathogenic organisms such as Salmonella sp., E. coli, and Shigella sp., by employing AD systems
leads to improved public health. Some aerobic organisms are killed by the fermentation process in an
anaerobic environment. Biogas systems could also serve as a better alternative for management of
human excreta, therefore enhancing public health.

4.4.4. Job Opportunities

Biogas plant construction is labor-intensive and could therefore provide many job opportunities
for business and technical managers, construction masons, plant operators for waste loading, etc.
For example, engineers and technicians with skills in design and construction of biogas facilities
and accessories could become actively employed in this sector were it to be functional. In countries
like Germany and Sweden, biogas is an active sector providing employment for several people.
In Nepal, the Biogas Support Program provides opportunities to people by systematically improving
their skills via training and providing employment to at least 9000 people [55]. There are, therefore,
several untapped job opportunities in this sector in Nigeria.

4.4.5. Increased Economic Activity

The generation of both biogas and biofertilizer will have a positive economic impact. Energy is
the driver of economic activities, nearly every product and service require energy inputs. Availability
of biogas as an alternative for cooking would help women and children who typically spend hours
to hunt and collect wood for fuel. The time spent for collecting and carrying wood by women and
children could be swapped for education, more productive activities, or simply leisure time [55].

4.4.6. Synergies with Global Climate Change Mitigation Goals

The dangers posed by climate change point to the urgency of creating and maintaining sustainable
environment. For this reason, international and national leaders have set targets for climate change
mitigation. For example, the Nigerian Government though the Electricity Regulatory Commission
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(NERC) has put in place a Feed in Tariff (FIT) policy aimed at promoting investment in renewable
energy for power generation to achieve 10% of total energy mix [51]. AD system is one of the options
that could contribute to these goals. Installation of AD systems in the various abattoirs in Nigeria
could contribute in CH4 emissions mitigation by preventing disposal to the open fields. In addition to
this, mitigations of other emissions like CO2 and N2O are also possible. The use of biogas in place of
fossil-based alternatives further provides avenues for mitigation of GHG emissions. Significant impact
could be made in mitigating GHG emissions by a national program that could widen the scope to
cover the states of the federation and by sustaining efforts long into the future for cumulative effect.
Investing in this sector is a step in the right direction especially as it synergizes global climate change
mitigation goals.

4.4.7. Logistic Support from the Public

Given the socio-economic benefits associated with AD systems, securing public support is likely.
For example, the top priorities for most government and development agencies include job creation,
improved access to power, food security, and improving the quality of life of the citizens. These goals
fit well with the benefits accruable by adopting AD technology. This could be a powerful tool in
reaching out to citizens who are in desperate need for solutions to improve the quality of life. In most
cases, these are some of the campaign promises that politicians make to get voted into power, therefore
AD system could be a tool to deliver dividends of democracy to the citizens.

4.5. Threats

4.5.1. High Lending Rate

As the investment cost for AD is prohibitive, bank loans could serve as a possible funding facility.
However, in Nigeria bank lending rates range from 16.91 to 29.26% and include stringent collateral
requirements. This financial predicament may not be favorable for investing in AD, making it difficult
for willing investors to start such a project despite its prospects. However, since investment in this
sector shares synergies with the global goals of food and energy security as well as environmental
sustainability, appropriate policy planning could help to resolve this threat in favor of the technology’s
uptake. Higher rates of AD application experienced in China, India, Germany and Nepal are due to
government supporting policies and financial incentives.

4.5.2. Public Subsidies for Fossil-Based Energy and Fertilizers

Public subsidies for fossil-based energy and chemical fertilizers may threaten the competitiveness
of the AD system. The system does not enjoy a large public support currently, and thus, there is no
level playing ground in financial terms for investing in the technology, rendering it a risky venture.
Besides the subsidies, carbon emissions and soil degradation resulting from the use of conventional
fossil energy sources and synthetic fertilizers respectively, are not accounted for. Thus, conventional
technologies appear superior to cleaner energy options in purely financial terms [72]. Attaching a price
to carbon as an incentive in the event of carbon reduction, as is the case in the Clean Development
Mechanism, can help to tackle part of this problem. In a policy brief by Bassi et al. [74], it was pointed
out that the EU should focus on carbon market as a better strategy than subsidies for low-carbon
renewable energy to achieve further reductions in emissions from power sectors. Further, it was stated
that renewable sources of electricity are becoming cost-competitive with fossil fuels and will soon no
longer need subsidies [74]. Indeed, climate policy incentivizes renewable energy technologies growth
more compared to conventional businesses. As of 2011, no African country has placed a price on
carbon and thus there is no truly level playing field in terms of cost and benefits between conventional
and renewable technologies [72]. However, in 2015, there was a dialogue on adopting carbon pricing
in Lagos, Nigeria, during which the stakeholders endorsed the idea and explored essential modalities.
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The key outcome was the formation of the Carbon Pricing Leadership Coalition Nigeria [75]. Therefore,
this threat can be tackled by keying into global carbon markets.

5. Conclusions

In this case study, a multi-criteria approach was used where quantitative data from the study sites
were incorporated into the SWOT analysis to assess the prospects of AD systems for abattoir wastes
management in Nigeria as a cleaner technology approach. The study established more strengths
and opportunities than weaknesses and threats in favor of uptake of AD technology. The wastes
generated in each abattoir in the study sites meets the required volume to operate as small to medium
scale business enterprise. Furthermore, if AD systems are installed in the four study sites, combined
potentials of about 1.66 × 106 m3/y, 1380 t/y, 709 kW and 30.71 t CO2 eq corresponding to biomethane,
dry biofertilizer, electricity and GHG reduction potentials respectively, are attainable. Larger cities,
such as Lagos, Kano, Kaduna, Ibadan, Enugu, Onitsha, and Port Harcourt, which record more animal
slaughters, will have corresponding higher potentials. Moreover, the prospects of sourcing more
feedstock near any proposed plant, such as chicken droppings, cattle dung, pig droppings etc., from
nearby farmers could enable bigger capacity plants which has better economic viability than smaller
plants. Despite these benefits, there are negative factors in the SWOT analysis such as high investment
cost and the relative novelty of the technology (in the internal environment), as well as high lending
rates and public subsidies for fossil-based energy and fertilizer (in the external environment). Thus, to
make these benefits a reality, the negative factors in the SWOT analysis must be adequately addressed
using political instruments and public policies. The high propensities of surmounting these negative
elements are predicated on the positive factors in the SWOT analysis. The positive factors include
provision of clean energy and spent slurry as biofertilizer, destruction of some pathogenic organisms,
solving waste disposal problems, and existing needs for both biogas and biofertilizer (in the internal
environment). Other factors in the external environment that could incentivize uptake of AD systems
include persisting energy deficits and food insecurity in Nigeria, the prospects for improved public
health, job opportunities, and the fact that the AD system shares synergies with global climate change
mitigation goals, like mitigating GHG emissions. In general, although the study revealed much
potential for investment in AD system to harness the wastes generated in Nigerian abattoirs, a lot needs
to be done to tackle the hindering factors. Based on these findings, the study recommends private
sector investment supported by public policies. Public support in form of national programs with the
mandate of providing coordinated research and development, marketing, technical, facilitating access
to climate funding opportunities, financial supports and framework as well as setting out standards,
codes and regulation for the private sector participation, are required for progress.
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Abstract: In this study, waste cooking oil (WCO) was used to successfully manufacture catalyst
cracking biodiesel in the laboratory. This study aims to evaluate and compare the influence of
waste cooking oil synthetic diesel (WCOSD) with that of commercial diesel (CD) fuel on an engine’s
operating characteristics. The second goal of this study is to compare the engine performance
and temperature characteristics of cooling water and lubricant oil under various engine operating
conditions of a test engine fueled by waste cooking oil and CD. The results indicated that the engine
torque of the engine running with WCOSD dropped from 1.9 Nm to 5.4 Nm at all speeds, and its
brake specific fuel consumption (BSFC) dropped at almost every speed. Thus, the thermal brake
efficiency (BTE) of the engine fueled by WCOSD was higher at all engine speeds. Also, the engine
torque of the WCOSD-fueled engine was lower than the engine torque of the CD-fueled engine at all
engine speeds. The engine’s power dropped sequentially through 0.3 kW, 0.4 kW, 0.6 kW, 0.9 kW,
0.8 kW, 0.9 kW, 1.0 kW and 1.9 kW.

Keywords: feedstock; waste cooking oil; engine characteristics; exhaust emissions; specific energy
consumption; fuel consumption

1. Introduction

Compression ignition (CI) engines have been used in the industrial and agricultural sectors, and
in construction, power factories, and transportation, for several decades. This broad use has resulted in
a growing demand for petroleum-based diesel [1–5]. However, global fossil-fuel reserves have become
limited due to rising fuel prices, depleting petroleum reserves and issues related to atmospheric
pollution [4–9]. As a result, many researchers have concentrated on the discovery of renewable,
carbon-neutral, and environmentally-friendly non-petroleum-based diesel in recent years [10–13].
Biodiesel is produced from various feedstocks, such as rapeseed, soybean, cottonseed oil, palm oil, and
jojoba oil, and can be used to fuel internal combustion engines with no significant differences from
petroleum-based fuels [14–17]. Since most biodiesel is manufactured using edible oils, the price of
biodiesel is higher than conventional diesel. This is a significant barrier to the commercialization of
biodiesel [8]. The use of edible feedstocks could also intensify the competition between fuel supply
and food production on agricultural land, increasing the cost of food and oil [14,18–20]. As such,
low-priced, inedible feedstock-based fuels, such as waste cooking oil synthetic diesel (WCOSD), should
be adopted due to their competitive pricing compared to conventional diesel, and to ensure food
security worldwide. The use of feedstock-based fuels can also help to lessen environmental issues by
reducing waste-oil disposal.
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Ahmet Necati Ozsezen et al. performed the experiment on canola oil methyl esters (COME) and
waste palm oil esters (WPOME) [21], and they observed that while maximum engine torque slightly
decreased, brake specific fuel consumption (BSFC) increased when compared to commercial diesel
(CD) fuel. In terms of combustion characteristics, although the peak cylinder gas pressures for COME
and WPOME were respectively 8.33 MPa and 8.34 MPa, at a 6.75◦ crankshaft angle (CA) after top dead
center (ATDC), the peak cylinder gas pressure for CD fuel was 7.89 MPa at a 7◦ CA ATDC. In another
study, K. Muralidharan explored the effects of compression ratio on the combustion characteristics of
a variable compression ratio engine fueled by diesel and methyl esters of waste cooking oil (WCO)
blends [15]. As a consequence, the compression ratios were changed, corresponding to the values of
18:1, 19:1, 20:1, 21:1 and 22:1. At the compression ratio of 21:1, although the BSFC of the B40 blend (a
blend of 40% biodiesel) was 0.259 kg/kWh, the BSFC of the CD was 0.314 kg/kWh. Muralidharan’s
results also revealed that the engine fueled with WCOSD methyl ester had a lower heat release rate, a
lower maximum rate of pressure rise, a longer ignition delay and a higher mass fraction, that was burnt
at a higher compression ratio, than the engine that was fueled with diesel. In summary, fuel blends can
increase nitrogen oxide emissions and decrease the emissions of hydrocarbon and carbon monoxide.
When A. Abu-Jrai et al. [20] tested blends of treated WCOSD and CD on a naturally aspirated diesel
engine, to investigate the engine’s exhaust emission and combustion characteristics, they observed
that the total combustion duration of B50 was longer than the total combustion duration of CD fuel.
They also noted that the combustion was advanced at all engine loads and that the BSFC for B50 was
slightly higher than the BSFC for conventional diesel. In addition, while the concentration of NOx
emissions in the engine fueled by B50 increased by 37%, 29% and 22%, smoke emissions dropped by
42%, 31% and 30%, when compared to the emission reductions of the full load at 25%, 50% and 75%,
respectively, for the engine fueled by conventional diesel.

In H. An et al.’s [22] investigation into the impacts of biodiesel that had been derived from WCO
on emission characteristics, combustion characteristics and the performance of a test engine, they
concluded that the use of biodiesel/blended fuels led to a higher BSFC, particularly at partial load
conditions and low engine speeds. The thermal brake efficiency (BTE) of the engine fueled with
biodiesel was also found to be slightly lower than the BTE of the engine fueled with conventional diesel
at a 25% load. By comparison, the engine’s BTE was higher, with conventional diesel loads of 50% and
100%. In addition, major emissions, such as HC and NOx, were slightly lower for biodiesel than they
were for CD. During the combustion process, the ignition delay was slightly shorter, and the peak heat
release rate was lower for the engine fueled by biodiesel. However, at low engine speeds, these factors
adopted an opposite trend, significantly impacting the engine’s emissions and combustion processes.

In addition to the research projects that have been discussed above, several other studies have
investigated the use of trans-esterification biodiesel fuel, produced from WCOSD, in CI engines.
Regardless, no study has investigated the impacts of synthetic biodiesel on the cooling and lubricant
temperature of the conventional CI engines. As such, this research aims to discuss the technology
that is used to produce biodiesel derived from WCO, and evaluate its characteristics and usability in
conventional CI engines. To achieve these aims, experiments were conducted to produce WCOSD.
In addition, experimental procedures were performed to measure the characteristics of test engines
fueled by either diesel or WCOSD. The results of this research are the foundation for using catalyst
cracking biodiesel that is derived from WCO in diesel vehicles worldwide.

2. Results and Discussions

2.1. Comparison of Engine Performance Characteristics

In the performance test, WCOSD (the researched fuel) and CD (the reference fuel) were
compared at full and partial load conditions, and at engine speeds between 1200 rpm and 2400 rpm.
The performance of an engine is expressed through BTE, BSFC, and engine torque or engine power
output. Before investigating the effects of WCOSD on the engine’s performance characteristics at full
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and partial load conditions, in addition to the effects of WCOSD on the engine’s operating characteristics
at full load conditions, the engine’s experimental operation conditions, which were achieved by cooling
the temperatures of the water and lubricant, needed to be considered. The engine torque at a full load
condition and the engine brake power at a full load condition are shown in Figure 1.

Figure 1. (a) engine torque and (b) engine brake power at full load conditions.

These results reveal that the engine torque with WCOSD was lower at all engine speeds than the
engine torque with CD. The engine torque of the engine fueled with WCOSD was 2.6 Nm, 3.0 Nm,
4.4 Nm, 5.4 Nm, 4.4 Nm, 4.1 Nm, 4.3 Nm, and 1.9 Nm lower than the engine torque of the engine fueled
with CD at engine speeds of 1000 rpm, 1200 rpm, 1400 rpm, 1600 rpm, 1800 rpm, 2000 rpm, 2200 rpm
and 2400 rpm, respectively. Furthermore, engine power dropped sequentially from 0.3 kW to 0.4 kW,
then to 0.6 kW, 0.9 kW, 0.8 kW, 0.9 kW, 1.0 kW, and finally to 1.9 kW. Reductions in engine torque and
brake power were due to WCOSD’s lower heating value than that of CD (Table 1). WCOSD’s density
is also less than CD’s. As a result, WCOSD’s fuel mass supply was lesser than CD’s fuel mass supply
under the same configurations of the fuel supply system. This trend is generally similar to the study
results mentioned in [22], where the thermal brake efficiency of the engine fueled with WCO was also
found to be slightly lower than that of CD at a 25% load.
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Table 1. Specifications of the test engine.

Parameter Characteristic

Type of the engine Single-cylinder, four strokes, direct injection
water-cooled, naturally aspirated.

Number of cylinders 1
Bore x Stroke 97 mm × 96 mm
Displacement 709 cm3

Continuous rated power output 9.2 kW/2400 rpm
Starting system Electric system
Air cleaner type Wet/dry type

Lubricating system Forced lubrication with a pump
Cooling system Radiator

Combustion system Direct injection
Max. torque 49 Nm/1600 rpm

Compression ratio 18.1
Max. output 10.3 kW/2.400 rpm
Dry weight 116 kg

BSFC is one of the most important parameters of an engine and is defined as the fuel consumption
per unit of power in a unit of time. It measures how efficiently an engine uses the fuel that is supplied
to produce work. Figure 2 shows the BSFC of the WCOSD and CD fuels at full load conditions.
The curves illustrate that the BSFC of WCOSD decreased at all engine speeds but 2400 rpm. The BSFC
of the engine running with WCOSD dropped from 1.4 g/kWh to 10.4 g/kWh, then to 14.1 g/kWh,
1.4 g/kWh, 6.5 g/kWh, 10.5 g/kWh and 5.3 g/kWh, or by values of 0.5%, 4.2%, 5.9%, 0.6%, 2.6%, 4.1%
and 2.0%, respectively. In comparison, the CD-fueled engine’s BSFC dropped at speeds of 1000 rpm,
1200 rpm, 1400 rpm, 1600 rpm, 1800 rpm, 2000 rpm, and 2200 rpm. At 2400 rpm, the BSCF of the
engine fueled with WCOSD increased to 4.2 g/kWh, or by 1.6%. This means that the WCOSD-fueled
engine was efficient in its use of the chemical energy that was supplied by the fuel.

Figure 2. The BSFC at full load condition.

BTE evaluates how efficiently an engine can transform the chemical energy of a fuel into useful
work. It is determined by dividing the brake power of an engine by the amount of energy input to the
system. The BTE can be determined by dividing the useful work by the lower heating value of the
fuel. Figure 3 shows the BTEs of the test engines that were fueled with WCOSD and CD. WCOSD
exhibited a higher thermal efficiency than CD at all speeds. The BTEs of the engines fueled with
WCOSD were 0.6%, 1.9%, 2.6%, 0.7%, 1.3%, 1.8% and 1.0% higher than the BTEs of the engine fueled
with CD. The engine speeds of the engine fueled by CD ranged from 1000 rpm to 2200 rpm. While
at lower heating values, the BTEs of the engine fueled with WCOSD were lower than the BTEs of
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the engine fueled with CD, the thermal efficiency of the engine fueled with WCOSD was higher than
the thermal efficiency of the engine fueled with CD. This higher thermal efficiency can be explained
by the reduced BSFC of the engine fueled by WCOSD, as shown in Figure 2. In other words, the
conversion of the fuel’s chemical energy into the engine’s mechanical energy is more efficient when the
engine is fueled by WCOSD, as the density and kinematic viscosity of CD is lower than the density
and kinematic viscosity of WCOSD, reducing the likelihood for evaporation, decreasing the efficiency
of combustion and increasing fuel consumption.

Figure 3. The brake thermal efficiency at full load condition.

2.2. Comparison of Lubricant Temperature and Cooling Water Temperature

2.2.1. Lubricant Temperature and Cooling Water Temperature at Full Load

Figure 4 shows the variations in the lubricant oil temperatures for the two fuels. The lubricant
oil temperature increased as the engine speed increased, reaching a maximum speed of 1800 rpm.
WCOSD’s lubricant oil temperature was lower than CD’s lubricant oil temperature at all speeds.
To clarify, WCOSD’s lubricant oil temperatures were 3.5 ◦C, 3.9 ◦C, 3.1 ◦C, 2.6 ◦C, 2.3 ◦C, 1.5 ◦C and
8.2 ◦C lower than CD’s lubricant oil temperatures at engine speeds of 1000 rpm, 1200 rpm, 1400 rpm,
1600 rpm, 1800 rpm, 2000 rpm and 2400 rpm, respectively. At 2200 rpm, the differences between the
two fuels’ lubricant oil temperatures were insignificant.

Figure 4. Lubricant oil temperature at full load condition.

Cooling water temperature is a parameter that indicates the operating state of the engine.
As showed in Figure 5, The cooling water temperature of the CD-fueled engine was slightly higher than
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the cooling water temperature of the WCOSD-fueled engine. The highest difference in cooling water
temperature was 5.6 ◦C at an engine speed of 1400 rpm. The cooling water temperature differences
at each test point changed from 0.7 ◦C to 5.6 ◦C. The cooling water temperature of the engine fueled
with WCSOD was 3.3 ◦C, 5.6 ◦C, 4.9 ◦C, 4.2 ◦C and 2.5 ◦C lower than the cooling water temperature of
the engine fueled by CD at engine speeds of 1200 rpm, 1400 rpm, 1600 rpm, 1800 rpm and 2000 rpm,
respectively. By comparison, the WCOSD-fueled engine’s cooling water temperature was 1.2 ◦C higher
than the CD-fueled engine’s cooling water temperature at 2200 rpm. At 1000 rpm and 2400 rpm, the
differences in the cooling water temperatures were insignificant for both engines.

(a) (b)

(c) (d)

(e) (f)

Figure 5. Cooling water temperature at the full load condition.

As illustrated above, at a full load, the same speed and when fueled by CD or WCOSD, there
was a less than 5 ◦C difference in the engines’ lubricant and cooling water temperatures, except at the
speed of 2400 rpm. This can be explained by the differences in the heat values of each fuel. Indeed, the
heat value of CD was higher than the heat value of WCOSD (Table 1). As a result, the higher heat
release of CD led to higher cooling water and lubricant temperatures.

2.2.2. Lubricant Temperature, Cooling Water Temperature and Partial Load Conditions

Figure 6 shows the oil lubricant temperature with partial load conditions and at different speeds.
In addition, Figure 6a reveals a variation of the oil lubricant temperature against an engine load of
1200 rpm. The oil lubricant temperatures of the engine fueled with CD were higher than the oil
lubricant temperatures of the engine fueled with WCOSD. At engine speeds of 1400 rpm, 1800 rpm,
2000 rpm and 2200 rpm, this difference was higher at low and high loads, and smaller at medium loads.
When the engine load was low, the CD-fueled engine’s oil lubricant temperature was lower than the
WCOSD-fueled engine’s oil lubricant temperature. However, for high engine loads, this trend shifted
in the opposite direction. At 1600 rpm, the differences in lubricant temperature were higher at low
loads and lower at high loads.

Figure 7 presents the examination of torque and the cooling water temperatures at seven
different engine speeds. According to the experiment results, the cooling water temperatures of the
WCOSD-fueled engines were higher than the cooling water temperatures of the CD-fueled engines at
low and medium load conditions. In contrast, the cooling water temperatures of the WCOSD-fueled
engines were lower than the cooling water temperatures of the CD-fueled engines at high load
conditions. For most test conditions that used the same engine speeds and load conditions, the
differences between the lubricant temperatures and cooling temperatures were inadequate. Further,
when the engines were tested with both fuels, the parameters of each test point were recorded when
the engines reached a steady state. Thus, the parameters for the performances of the engines at the
same speeds and load conditions could be fully compared and analyzed.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Lubricant oil temperatures at partials load and different engine speeds: (a) at 1200 rpm,
(b) 1400 rpm, (c) 1600 rpm, (d) 1800 rpm, (e) 2000 rpm, (f) 2200 rpm.

Figure 7. Cooling water temperatures at partial loads and different engine speeds: (a) at 1200 rpm,
(b) 1400 rpm, (c) 1600 rpm, (d) 1800 rpm, (e) 2000 rpm, (f) 2200 rpm.

In general, when the test engine was at a full load condition, CD’s higher heating value resulted
in higher cooling water and lubricant temperatures. At low load conditions, CD’s higher viscosity
negatively affected the quality of the injection and air-fuel mixture. As a result, CD’s output power
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was lower than WCOSD’s output power. In summary, CD fuel produced lower cooling water and
lubricant temperatures at lower load conditions, due to the lower released heat.

3. Testing Equipment, Experimental Setup and Test Procedure

3.1. Characteristics of Commercial Diesel Fuel and Waste Cooking Oil Synthetic Diesel Fuel

This research compared the characteristics of test engines that were fueled by CD and WCOSD.
The CD fuel was bought at a fuel station in Saraburi and was used as the reference fuel for this study.
The characteristics of CD and WCOSD are listed in Table 2.

Table 2. Chemical and physical properties of tested fuels.

Properties WCOSD CD Method Test

Composition (%)
C 77.14 81.17
H 14.6005 15.285
N 0.077545 0.066545

Density (kg/m3) 820.289 827.485 ASTM D1298
Heating Value (MJ/kg) 44.245 44.864 ASTM 04-5865

Flash Point (◦C) 93.5 81.5 ASTM D92
Viscosity (mm2/s) 2.92 3.74 ASTM D445

Cetan Number 47.7 49.2 ASTM D613

For this research, catalyst cracking biodiesel was successfully manufactured from WCOSD at the
laboratory. The WCOSD was pre-treated to remove solid particles and excessive water and was then
used as the raw material for cracking without further treatment. During the cracking process, the
free fatty acids (FFAs) in the WCOSD were decarboxylated to hydrocarbon and CO2. FFAs cannot
deactivate base catalysts that are in soap form. Therefore, before carrying out the reaction, it is
beneficial to use transesterification on WCOSD by removing the FFAs from the raw material, through
neutralization with an alkaline solution, esterification with glycerine, extraction with solvents and
distillation or removal of the fatty acids with ion-exchange to avoid the form of soaps. Indeed, to
manufacture biodiesel fuel oil, in place of diesel, with a higher stable energy output than that of the
conventional fatty acid methyl esters (FAME) process (60%), the synthesizing process known as the
catalytic cracking method (CCM) was used with a non-food oil at the pilot-scale level. As shown in
Figure 8, this new biodiesel production process was comprised of the simple catalytic cracking of
different kinds of animal fats and vegetable oils. The results showed that the product quality was
similar to, or even higher than, the product quality of CD fuel.

The pathway of the cracking reaction involved the following: (1) the hydrolysis of the triglycerides
to glycerine and free acid, (2) the dehydration of the glycerine to gaseous hydrocarbon, and (3) the
decarboxylation of an FFA, such as carboxylic acid, hydrocarbon and CO2. The fuel was produced
via the pyrolysis system using a schematic diagram, as shown in Figure 9. An internal agitate was
then installed inside the reactor to allow for the continued extraction of the overflow of the reactive
catalysts, their residues and their follow-up. In addition, a back-flow device was installed to control
the outflow of high boiling point elements, and to allow for the selective recovery of kerosene and
diesel through multistage cooling.
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Figure 8. Reaction mechanisms of cracking reaction.
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Figure 9. Schematic diagram of the pyrolysis system during the production of waste cooking oil.

The catalyst was a magnesium oxide catalyst that was supported with activated carbon. The catalyst
advances the Decarboxy-cracking of WCO and other triglycerides, to generate hydrocarbons with a
middle-distillate range. The composition of the catalyst was an 89.20 weight percentage of activated
carbon, and a 9.75 weight percentage of magnesium oxide.

According to the results of the analysis based on the synthesized oil that was yielded from the
pyrolysis system, the fuel performance of the new biodiesel showed levels that were nearly identical to
those of CD. The comparison of major indicators can be summarized as follows: (1) Sulphur—<3 ppm
weight (the same as FAME); (2) Cetane Index—47.7 (lower than FAME but sufficient to meet the
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requirements); and (3) Flow Point—−25 ◦C (higher and better than FAME). The chemical and physical
properties of the WCOSD are given in Table 2.

For the use of non-food oils, such as used cooking oil, Jatropha, and palm oil, in producing biodiesel,
the present research aimed to establish the synthesizing process known as CCM. The new biodiesel
(WCOSD) production process involved the simple catalytic cracking of a variety of vegetable oils and
animal fats (Figure 8). The pathway of the cracking reaction can be summarized as the hydrolysis
of triglycerides to glycerine and free acid; the dehydration of glycerine to gaseous hydrocarbon and
water; the decarboxylation of an FFA, such as carboxylic acid, to hydrocarbon and CO2, using MgO
(Equations (1) and (2)); and the decarbonylation and reaction of hydrocarbon.

MgO + RCOOH → MgCO3+RH (1)

MgCO3 → MgO + CO2 (2)

As shown in Figure 9, the pilot plant was a type of side-on internal agitated reactor with a capacity
of 200 L/day. As a consequence, an internal agitator was installed inside the reactor to allow for the
extraction of the overflow of reactive catalysts and residues. In addition, a back-flow device was
installed to control the outflow of high boiling point elements and to allow for the selective recovery
of kerosene and diesel through multistage cooling. According to the results of the analysis based on
the synthesized oil that was yielded from the pilot plant, the characteristics of the new biodiesel were
nearly identical to those of CD, wherein the sulfur content was less than 3 ppm, the cetane index was
47.7, and the flow point was about −25 ◦C.

3.2. Experimental Apparatus

The engine that this study used was a single-cylinder, four strokes, naturally aspirated and
water-cooled DI CI engine. The engine’s specifications are summarized in Table 1.

The test engine was coupled with a DC regenerative dynamometer—40KW (LKA 4180-AA). The
specifications of the dynamometer are presented in Table 3.

Table 3. Specifications of the 40-kW direct current generator.

Model of Dynamometer LKA-4180

Electric Supply 3 × 380–420 V, 50 Hz
Maximum mechanical speed 4500 min−1

Base speed (min−1) at armature voltage (V) 1420 min−1

Cooling system Air with a flow rate of 1300 m3/h
Power output 62.2 kW

Armature voltage 440 V
Exciter voltage 310 V

Rated armature current 151 A
Exciter current 2.00 A

Torque 398 Nm

3.3. Experimental Procedures

The experimental process in this study proceeded in two main phases as showed in Figure 10.
The purpose of the first phase is to investigate the effects of catalyst cracking biodiesel from waste
cooking oil on the performance of the tested engine. To reach this purpose, the effects of WCOSD on the
emission characteristics and performance of the test engine are compared to those of commercial diesel.
The effects of injection timing on the operation of the engine fueled with WCOSD are investigated in
the second phase. To change injection timing, the camshaft of the engine is changed. The camshafts
include the three following modes: (1) Standard camshaft (STD), with this camshaft both diesel and
WCOSD are tested; (2) Modified camshaft with fuel cam advanced 2◦ CA (STD −2); and (3) Modified
camshaft with fuel cam retarded 2◦ CA (STD +2).
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Figure 10. Experimental processes.

Consequently, the engine is tested with commercial diesel fuel as a reference fuel. Second, the
engine is tested with WCOSD. The engine firstly needs to warm-up to the steady operating conditions.
At each test point, after adjusting to achieve desired speed and torque (or power), we wait until
the engine reaches a stable operating state, then measure all desired parameters. These parameters
include engine speed, power output (or torque), fuel consumption, intake air flow rate, exhaust and
intake gas temperatures, oil temperatures, cooling water temperature, fuel temperature, environmental
conditions and exhaust emission. However, this research is focused on the effect of fuels on the engine
characteristics of performance, lubricant and cooling temperature; thus, we only show the results
relating to these issues at the standard camshaft value.

4. Conclusions

Based on the catalytic cracking method that was used in this research, WCO was used to
successfully manufacture biodiesel. In addition, an experiment was conducted to evaluate the
performance and temperature characteristics of the test engines’ cooling water and lubricant oil after
they were fueled by CD or WCOSD. When compared to the CD-fueled engine at a full load condition,
the WCOSD-fueled engine’s torque dropped from 1.9 Nm to 5.4 Nm at all speeds, and its BSFC dropped
at almost every speed at a full load condition. The BTEs of the WCOSD-fueled engine were higher
than the BTEs of the CD-fueled engine at all engine speeds but 2400 rpm, at a full load. The exhaust
temperatures of the engine running with WCOSD were slightly lower. The lubricant oil temperature
for the WCOSD-engine dropped from 0.5 ◦C to 8.2 ◦C, and the cooling water temperature of that
engine was slightly lower as well. When compared to the BSCF of the CD-fueled engine at a partial
load condition, the BSFC of the engine running with WCOSD was almost always lower. In general,
WCOSD can be used to fuel conventional CI engines, because it allows the engine to work well and to
operate smoothly at all operation conditions, its engine performance at a full load is comparable to the
engine performance of CD, and its engine performance at a partial load is comparable to, or slightly
better than, the engine performance of CD at certain points.

Author Contributions: Experimental design was performed by T.N.V. and H.N.X.; fieldwork was conducted by
H.N.X.; and statistical analyses were performed by T.N.V., K.N.D. and H.N.X.; H.N.X. and V.N.D. contributed
to the writing—review & editing of the paper. All authors have read and agreed to the published version of
the manuscript.
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