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Abstract

The use of aquatic biomass as potential sources for bioenergy production has attracted significant attention worldwide. Pro-
duction of biogas and bioethanol from both marine and freshwater plants using same pre-treatment methods were evaluated
and the results indicate that both processes can be potentially enhanced appropriate methods of pre-treatment. In this study,
the effects of thermochemical and enzymatic pre-treatment of selected seaweeds and freshwater macrophytes for biogas and
bioethanol production were investigated. It was found that methane biogas yield from the anaerobic digestion of selected
aquatic plants was highly dependent on the plant species. For example, biomethane yields of 189, 195, 221, 234 mL/g volatile
solids were obtained following anaerobic digestion of acid and enzymatic pre-treatment of Laminaria digitata, Sargassum
fluitans, Eichhornia crassipies and Pistia stratiotes, respectively. Additionally, alcoholic fermentation by the yeast Saccha-
romyces cerevisiae (distiller’s strain) was carried out on aquatic plant hydrolysates and the highest ethanol yields (of over
4 g/L) were obtained from Eichhornia crassipies and Pistia stratiotes. Poor fermentation yields from Laminaria digitata,
and Sargassum fluitans hydrolysates were attributed to the predominance of un-fermented rhamnose sugars in these plants.
The findings demonstrate the importance of reliance on empirical data for each substrate when designing and operating
anaerobic digestion and alcohol fermentation systems. The results show that the same pre-treatment methods can be used
for both types of bioenergy production, i.e., biogas and bioethanol, from marine and freshwater plants, thereby enhancing
the economic viability of both processes in industry-scale applications.
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Introduction

Apprehension over the continued use of fossils fuels for
transportation and industrial uses poses significant environ-
mental challenges particularly regarding greenhouse emis-
sions, which contribute deleteriously to climate change
(Sharma et al. 2021; Khan et al. 2021). The adverse impact
from the use of fossil fuels has compelled researchers to
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focus on more sustainable energy sources. Biogas and
bioethanol are renewable biomass-based energy sources
that can ameliorate the aforementioned problems. Further-
more, anaerobic digestion technology has been reported to
additionally mitigate poverty and hunger most especially in
developing countries (Barbot et al. 2015).

Commercial biogas and bioethanol production around
the world have been mainly limited to the use of traditional
first and second-generation feedstocks, such as corn, wheat,
sugar beet, sugar cane and energy grasses (Greene et al.
2020). However, competition for land and scarce water
resources raises ethical concerns about the use of food-for-
fuel (Akunna and Hierholtzer 2016).

In view of this, non-traditional (third-generation) feed-
stocks such as seaweeds and freshwater macrophytes are
considered potential biomass sources for the production of
bioethanol and biogas. This is due to the presence of read-
ily hydrolysable sugars present in aquatic plants, with low
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amounts of cellulose and lignin content. Their use, however,
is restricted by several factors including, their continuous
supply for processing, and low biofuel yields (Wilkie and
Evans 2010; Obata et al. 2020).

Improving yields from these feedstocks depends on the
solubilisation of different organic components of aquatic
biomass (Cérdova et al. 2019). The first step in increasing
the rate of hydrolysis is to apply pre-treatments to increase
the biodigestibility by increasing the accessibility of the
biomass constituents to hydrolytic enzymes and ultimately
improving biofuel yield (Carrere et al. 2016).

Several new pre-treatment methods have been utilised on
different lignocellulosic biomass sources such as ammonia
fibre explosion (AFEX), catalysed steam explosion, high
energy radiation (including microwave heating and ultra-
sound). Effective methods must be capable of liberating fer-
mentable sugars from biomass with minimal formation of
inhibitory compounds (Nasidi et al. 2015). The key barriers
to the use of these methods are the scaling up of technolo-
gies to full commercial scale, which pose a serious chal-
lenge in terms of overall process economics. Therefore, the
development of efficient, cost-effective and environmentally
friendly pre-treatment processes is a prerequisite for the sus-
tainability of the bioenergy process (Kostas et al. 2020).

Conventional dilute acid and enzyme pre-treatments have
been employed due to the fact that the dilute acidic method
has the ability to produce minimal inhibitory substances dur-
ing hydrolysis when compared to concentred acid process,
while the enzymatic step is considered environmentally
friendly (Obata et al. 2015; Offei et al. 2018).

Previous research has reported the effects of different
pre-treatment methods on seaweeds mostly from the tem-
perate species (Jard et al. 2013; Barbot et al. 2016; Tedesco
and Stokes 2017). For example, some researchers (17) have
shown that Dilsea carnosa, Ulva lactuca and Laminaria
digitata can produce up 4.7 g/L, 7.8 g/L and 3.2 g/ L of
ethanol, respectively.

However, there is paucity of information on the effects on
thermo-chemical and enzymatic pre-treatment on both tropi-
cal seaweeds and freshwater macrophytes for the production
of both biogas and bioethanol. Hence, this study attempts to
establish appropriate pre-treatment methods for the solubi-
lisation of these aquatic plants and to better understand how
pre-treatment affects process conditions and yields.

This study therefore investigated the effects of dilute acid
treatment on enzyme hydrolysis on bioethanol and biogas
production from selected species of these aquatic plants.
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Materials and methods
Sample collection

Samples of the following brown macroalgal species (sea-
weeds) were collected as follows. Sargassum fluitans was
harvested from Elecko beach at 6 26° 25.1°°N, 3° 50" 49.7*°
E in Lagos, Nigeria. Laminaria digitata was harvested from
the Broughty Ferry beach, Dundee, Scotland 56° 28’ 1.85
N, 2° 52" 11.68”” W, and used as a reference. Freshwater
macrophytes, Eichhornia crassipes (water hyacinth) and
Pistia stratiotes (water lettuce), were sourced from Modire/
Vinikilang Benue river 9° 14’ 22.4°° N, 12° 31' 26.5”” E in
Yola, Adamawa State, Nigeria, and Epe river 6° 35’ 41.5"" N,
3°58'36.2” E in Lagos, Nigeria, respectively. The aquatic
plants were dried, milled and stored in sealed containers at
room temperature before they were used for the pre-treat-
ment experiments decribed below.

Pre-treatment methods
Acid and heat pre-treatment

Powdered freshwater macrophytes and seaweeds (10% w/v)
were weighed into 250 ml Erlenmeyer flasks in triplicate.
100 ml of dilute 1% HNO; acid was added to each of the
samples, then covered and autoclaved at 121 °C for 30 min
and allowed to cool. After cooling, the pH was adjusted to
5.5 using drops of 10 M NaOH solution.

Enzymatic hydrolysis

Powdered acid digests of freshwater macrophytes and sea-
weeds (10% w/v) were pre-treated as described in 2.2.1.
Subsequently, a cocktail of commercial enzymes from
Novozymes (Denmark) biomass kit was used for the enzy-
matic hydrolysis at 50 °C with agitation at 150 rpm for
18 h. Table 1 shows the characteristics of the enzymes as
provided by the manufacturer.

Anaerobic digestion reactor setup

Anaerobic digestions were carried out in 500 mL glass bot-
tles. The glass bottles possessed thick rubber septum as caps
to allow for maintenance during sampling. 50 mL pre-treated
feedstock samples were diluted with 150 mL of the non-
growth media and seeded with 100 mL of anaerobically
digested sludge to make up 300 mL of culture volume. All
culture reactors were incubated at 37 °C for 50 days, after
initially purging the headspace with nitrogen gas for 2 min.
Two sets of controls were adopted: blank samples contain-
ing only the inoculum and medium were set up to discount
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Table 1 Enzyme characteristics used in this study

Enzyme Enzyme Activity Dosage %w/w
classifica- freshwater
tion macrophytes/

seaweed

Hemicellulase NS50014 750 FXU¢ g 0.4

Xylanase NS$50030 500 FXU“g™ 05

Cellulase complex NS50013 700 EGU*g ™! 6.0

Cellulase & f Cellictec 1000 EGU*g ™' 6.0
glucosidase
complex

B- glucosidase NS50010 250 EGUYg ! 0.6

Dose values were calculated based on 10% Freshwater macrophytes/
seaweeds substrate

aEndoglucanase units °p-Glucanase units “Fungal xynalase units. 1
unit of enzyme activity was defined as the amount of the respective
enzyme required for the release of 1 umol of glucose/min

the methane production from the inoculum, and un-treated
samples containing inoculum and raw samples were set-up
in order to determine the effectiveness of the pre-treatment
methods on anaerobic digestion. Anaerobically digested
sewage sludge was used as inoculum.

Ethanol fermentation reactor setup and preparation
of seed culture

The fermentation setup was carried out in 250 Erlenmeyer
flasks after both acid and enzymatic pre-treatments. The
hydrolysates were sterilised by autoclaving and separated
into 100 mL aliquots. Accordingly, aliquot hydrolysate was
inoculated with S. cerevisiae yeast (Distillmax distillers’
strain from Lallemand Biofuels and Distilled Spirits) at a
pitching rate of 107 cell/mL into flasks and plugged with cot-
ton wool. Subsequently, the fermentation was carried out at
30 °C with shaking at 100 rpm. 5 mL samples were collected
every 24 h and centrifuged at 6700 rpm for 15 min, to deter-
mine specific sugars and ethanol concentrations until the end
of the fermentation at 150 h. The yeast strain was cultured on
yeast extract peptone dextrose (YEPD) agar plates consisting
of the following compounds: glucosel0g/L, bacteriologi-
cal peptone 10 g/L, yeast extracts 3 g/L and technical agar
20 g/L.

Single colonies of yeast from a YEPD plate were used
for the preparations of seed cultures. For all the experiments
yeast inocula were prepared in glucose synthetic media con-
sisting of Yeast Nitrogen Base 6.9 g/L, (NH4), SO, 3.4 g/L,
potassium hydrogen phthalate 3.06 g/L, yeast extract 0.4 g/L
and glucose 40 g/L with pH adjusted to 5.5. All experiments
were conducted in 500 ml Erlenmeyer flasks; 300 mL glu-
cose synthetic media was incubated with yeast colonies at
30 °C on a rotary shaker at 100 r.p.m for 48 h. Cells from
the 48-h culture were used for the fermentation experiments.

Analytical methods

The soluble chemical oxygen demand (SCOD) was meas-
ured using the potassium dichromate method, and sam-
ple concentrations determined using cuvette test kits LCK
014 (Hach-Lang, USA) as reported by Hierholtzer et al.
(2013). The extractive protein content was analysed using
the Coomassie Bradford (Bradford 1976), protein assay.
2 g of sample was mixed with 18 ml of 2 M NaOH and
incubated at 65 °C for 1 h. Samples were centrifuged and
the supernatant used for the protein assay. The carbohy-
drate content was analysed using a method adapted from
the National Renewable Energy Laboratory (Washington,
USA), a more detailed procedure can be found from NREL/
TP-570-42,618. The concentration of ammonium nitrogen
was determined using cuvette test kits LCK 304 (Hach-
Lange, USA). Total, volatile solids and ash content were
determined according to the standardised methods by oven-
drying at 105 °C and incinerating at 550 °C as previously
described (APHA 1998). Volatile fatty acids (VFA) concen-
trations of the anaerobic cultures were determined by esteri-
fication method (Montgomery et al. 1962). To quantify the
amount of reducing sugars in the supernatants of seaweeds
and freshwater macrophytes hydrolysates, a method devel-
oped by Miller (1959) was adopted using dinitro salicylic
acid (DNS). The methane content of the biogas was analysed
with GC (Hewlett-Packard 5890 series II). Ultimate methane
yields were determined based on the method of Hansen et al.
(2004). Sugars and ethanol concentration were determined
by High performance Liquid Chromatography (HPLC) with
a 300 mm X 7.8 mm REZEX ROA-Organic Acid column:
Schimadzu® Prominence®.

Results and discussion

Freshwater macrophytes and seaweeds offer alternative to
terrestrial crops to generate energy from. However, their
conversion to different energy sources have been hampered
by low yields and lack of cost-effective treatment methods
to aid their solubilisation. To find cost-effective processes
for harnessing values from these plants, selection of appro-
priate conversion process that could be used in biorefin-
ery has been proposed in this study and shown in Fig 1.
Therefore, this study investigated the effects of various pre-
treatment methods for potential application in biorefinery
(Fig. 1). Table 2 shows the characteristics of the feedstocks
used in the study.

Effects of pre-treatment on SCOD production

According to Akunna (2018), the dissolved or soluble
chemical oxygen demand (SCOD) content of raw materials
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1% (v/v) HNOy

'

PRE-TREATMENT
121° C Autoclave for
30 minutes

Freshwater Macrophytes
and >

Seaweeds

ENZYME HYDROLYSIS
Novozymes Bi Kit
50 * C for 18 hours

Fig.1 Schematic flow diagram proposed and invesigated in this study

S. cerevisiae bioethanol
(Distillers
strain)
L Anaerobic
Digestion at biogas

37°C

Table 2 Characteristics of

T Components L.digitata S. fluitans E. crassipies P. stratiotes
feedstocks used in this study

TS (g/L) 21 23 18 23

VS (% of TS) 79 58 78 67

Total carbohydrate (% of dry wt) 69 46 68.6 50

Protein (% of dry wt) 1.5 2.5 6.4 5.8

Ash (% of TS) 21 42 22 333
Carbon (% W) 26.4 21.7 37.2 21.3
Nitrogen (% W) 2.5 2.0 34 2.0

is a crucial parameter used to evaluate the effectiveness of
pre-treatment processes for anaerobic digestion. Therefore,
in Fig. 2, the influence of dilute acid and enzyme pre-treat-
ment on SCOD solubilisation was evaluated. An enhanced
solubilisation of the aquatic biomass was observed when
both dilute acid and enzyme pre-treatment method were

Fig.2 Variation in feedstocks 14000 -
soluble chemical oxygen
demand (SCOD) after heat
(121 °C) plus dilute 1% HNO; 12000 -
and enzymatic pre-treatment.
Data represent duplicate
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tested. The highest SCOD values were observed in the
acid plus enzymatic treatment for all feedstocks. For exam-
ple, in L. digitata SCOD solubilisation increased from 14
to 22% for dilute acid and acid plus enzyme treatment,
respectively. For S. fluitans 40% and 52%, for P. stratiotes
37% and 57%, for E. crassipes 48% and 67% increases
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Fig. 3 Effects of acid pre-treat- 700 -
ment and enzymatic hydrolysis
on reducing sugar production
from seaweeds and freshwater
macrophytes. Data represents
the mean + mean standard
deviation of triplicate experi-
ments

600
500 -
400 -+

300 -

200 -
0

Reducing sugar Conc. (mg/g dry weight)

S.fluitans

were recorded compared to the untreated samples. A simi-
lar increase in SCOD solubilisation was observed when
Ulva specie was treated with HCL and NaOH (Jung et al.
2016). These results demonstrate that both dilute acid
and enzyme-based pre-treatment methods can effectively
break down these aquatic plants for enhanced bioenergy
production.
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Effects of acid and enzymatic pre-treatment
on the production of reducing sugars

As shown in Fig. 3, dilute 1% HNO; and enzymatic pre-
treatment led to higher reducing sugar production in the
feedstocks. Differences were observed in all the feedstocks
when dilute HNO; pre-treatment is compared to the enzy-
matic hydrolysis. Results show increments in reducing sugar
production of 37%, 36%, 54% and 46% in S. fluitans, L.
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Fig.4 Specific sugar concentration from seaweeds and freshwater macrophytes hydrolysate after heat+ dilute acid and enzyme hydrolysis. a L.
digitata, b S. fluitans, ¢ E. crassipes and d P. stratiotes. Data represents the mean +mean standard deviation of triplicate experiments
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digitata, P. stratiotes and E. crassipes, respectively. These
results seem to suggest that the enzymatic step may be nec-
essary to convert structural carbohydrate polymers to mon-
osaccharides in these substrates. Interestingly, enzymatic
hydrolysis was observed to be more effective in the fresh-
water macrophytes than seaweeds. This result suggests that
acid pre-treatment might have facilitated the release of more
inhibitory substances such as phenols, salts and 5-Hyrox-
ymethylfurfural (HMF). Phenols at 2 g/L, salts at 10 g/L
and 5-Hyroxymethylfurfural at 6 g/L have been reported as
inhibiting to the fermentation processes (Kostas et al. 2020;
Obata et al. 2016; Alzate-Gaviria et al. 2021).

The amount of specific sugars released after the enzy-
matic hydrolysis of the 1% HNOj; pre-treatment is shown
in Fig. 4. There were distinctive differences of sugar types
within the samples, as follows: glucose was the dominant
sugar in the freshwater macrophytes 78% and 67% in E. cras-
sipes and P. stratiotes, respectively; rhamnose was the domi-
nant sugar within the seaweed substrates in L. digitata 65%,
and S. fluitans 56%. These results indicate that for efficient
utilisation of the different dominant sugars in the substrate
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for bioenergy production, selection of appropriate microbes
that can effectively utilise the different sugars is vital.

Effects of thermo-chemical and enzymatic
pre-treatment on biogas and VFA production

To determine the effects of different pre-treatment meth-
ods on the anaerobic biodegradability of each freshwa-
ter macrophytes and seaweed species used in the study,
anaerobic digestion of both un-treated and pre-treatment
samples were carried out over a 50-day period. Results
from Figs. 5 and 6 show higher VFA production in both
acid and acid plus enzyme pre-treated L. digitata and
E. crassipes cultures. This indicates the effectiveness of
the pre-treatment methods for both feedstocks. However,
the VFA concentrations recorded in L. digitata and E.
crassipes cultures for both acid and acid plus enzyme
treated cultures were above the recommended limit of
2000 mg/L (Figs. 5 and 6) which could have affected
methanogenesis (Nkemka and Murto 2010). The pH of
the reactors fell below 6.0 during the experiment and no
methane production was observed in the first 10 days.

P. stratiotes
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Fig.5 Volatile fatty acids production (VFA) and cumulative methane production from heat + acid treated seaweeds and Freshwater macrophytes
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Fig.6 Volatile fatty acids production (VFA) and cumulative methane production from heat+ acid +enzyme treated seaweeds and Freshwater

macrophytes

The pH in the reactors was then corrected to 7.5 with
10 M NaOH. Gradual methane production was recorded
from reactors after pH adjustment. Manns et al. (2016),
in their study, noted that pre-treatment did not increase
the surface area of L. digitata as the macroalgae con-
sisted of flat leaves.

Furthermore, this result clearly shows the inseparable link
between VFA reduction and methane production. A pos-
sible explanation for the high VFA reported in pre-treated
L. digitata and E. crassipes cultures is the high SCOD as
shown in Fig. 2. This provided relatively high quantities
readily biodegradable organic material for microbes to break
down and subsequently led to accelerated acidogenesis stage
that ultimately caused acid accumulation. In S. fluitans and
P. stratiotes reactors for both acid and acid plus enzyme
pre-treated cultures, VFA inhibition was not detected, due
probably to their relatively low production rate of SCOD
as evidenced in Fig 2. The increase in cumulative methane

production was recorded by Day 8 and 5, respectively. Bird
et al. (1990), in their research, concluded that S. fluitans is
a poor feedstock for biogas production with a low yield of
120 mL/g VS, due to fibre like materials in the cell wall of
the seaweed. However, an enhanced methane production was
recorded in this study of 195 mL/g VS. This result clearly
shows that an appropriate pre-treatment step is needed to
increase the solubilisation of this seaweed species.

Generally, methane yields of pre-treated S. fluitans
cultures when compared to those of un-treated cultures
show a percentage increment of + 5% and +40% for heat
plus acid and heat plus acid plus enzymes, respectively.
By comparison, P. stratiotes show a percentage increment
of + 8% and + 18% for heat plus acid and heat plus acid
plus enzymes, respectively.

Overall, results showed enhanced acid production
caused by the pre-treatment of each of the pant spe-
cies used in the study, which could ultimately affect the
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10 1

Ethanol concentration (g/L)

L. digitata E. crassipies P. stratiotes S. fluitans

Fig.7 Comparative of fermentation performance of seaweed and
freshwater macrophytes hydrolysates using S. cerevisiae. Data repre-
sents the mean + mean standard deviation of triplicate experiments

methane yield. Effective methane production may require
longer retention times to ensure sufficient conversion of
VFA. Alternatively, a two/three-stage reactor system is
recommended for substrates with high SCOD in order to
prevent VFA accumulation and subsequent inhibition of
the methanogenic stage in the anaerobic digestion process
(Zhou et al. 2017). This observation necessitates reliance
on empirical data for each specific substrate when design-
ing and operating an anaerobic digestion system.

Effects of thermo-chemical and enzymatic
pre-treatment bioethanol production

S. cerevisiae is the most commonly used yeast strain in alco-
holic fermentation processes (Walker and Stewart 2016). In
Fig. 7, the ability to ferment various sugars produced by
seaweed and freshwater macrophytes was examined. There
were variations in peak ethanol production among differ-
ent aquatic plants. S. cerevisiae showed a high affinity for
the fermentation of glucose, which is predominant in the
hydrolysates of freshwater macrophytes, producing 4.7 g/L.
(0.20 g/g) and 4.1 g/L (0.27 g/g) ethanol in E. crassipes
and P. stratiotes, respectively. However, lower ethanol

yields were recorded in the algal species, with S. fluitans
and L. digitata only producing 1.5 g/L (0.20 g/g) and 3.0 g/L.
(0.10 g/g) ethanol. Due to the nature of the unique sugars
in seaweeds species, S. cerevisiae in unable to utilise these
for fermentation (Obata et al. 2016). Therefore, non-con-
ventional yeast species such as Kluveromyces marxianus
and Schefferomyces stipitis are required to effectively utilise
diverse sugars, as shown in Table 3.

For freshwater macrophytes (Mishima et al. 2008)
reported higher ethanol production for E. crassipes and P.
stratiotes 10.1 g/L and 11.3 g/L, respectively. However,
lower ethanol yields were recorded in relation to this study.
This may be due to different fermentation strategies coupled
with nutrient supplementations.

These findings indicate that the diverse sugars within sea-
weeds and freshwater macrophytes hydrolysates could be
effectively utilised if appropriate yeast species and fermenta-
tion strategies are adopted.

Conclusion

This study has shown that both pre-treatment methods can
enhance hydrolysis and methane production differently in
selected marine plants. For biogas production, pre-treatment
enhanced anaerobic biodegradation as evidenced by accu-
mulation of acids (VFA). This shows that pre-treatment can
accelerate hydrolysis and acidogenesis, which if not appro-
priately taken into account, could lead to accumulation of
VFA and consequently inhibition of methanogenesis. For the
bioethanol production process, low yields were recorded in
some of the plant species used in this study. This is likely
due to the presence of inhibitors within the hydrolysate that
limit maximum utilisation of sugars by yeast in the fer-
mentation process. Therefore, optimisation of fermentation
approaches and conditions by adopting simultaneous sac-
charification and fermentation, nutrient supplementation and
detoxification of hydrolysates will likely maximise ethanol
yields from these plant species.

Table 3 Showing the

. . Macroalgae Fermentation agent Ethanol References
comparisons of bioethanol ield
ields from different macroalgae e
yie (g/lL)
Saccharina Lassima Pichia angophorae 5.1 Adams et al. (2011)

Laminaria digitata

Saccharomyces cerevisiae (NCYC2592) 3.2

Kostas et al. (2020)

Saccharina japonica Saccharomyces cerevisiae (DK401362) 4.9 Walker and Stewart (2016)
Ascophyllum nodosum  Scheffersomyces stipitis 24 Obata et al. (2016)
Laminaria digitata Scheffersomyces stipitis 6.0 Obata et al. (2016)

Dilsea carnosa

Ulva lactuca

Saccharomyces cerevisiae (NCYC2592) 5.4
Saccharomyces cerevisiae (NCYC2592) 7.8

Kostas et al. (2020)
Kostas et al. (2020)

]
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