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Abstract

The valorization of marine macroalgal biomass is among the most promising international programs focusing on the sustain-
able exploitation of marine environment. However, macroalgal biomass remains unexploited in Tunisia, even though it repre-
sents a highly abundant renewable biomass. The excessive proliferation of several algal species causes severe environmental
disorders. The objective of this work is to study the potential use of macroalgae as biofuels feedstock in the Mediterranean
region and particularly in Tunisia. This study focuses on certain macroalgal species collected from Bizerte and Tunis lagoons
(e.g., Chaetomorpha linum, Enteromorpha intestinalis, Gracillaria gracillis, Ulva rigida, Gracillaria verrucosa, Cystoseira
brachycarpa, Laurencia obtusa, Cystoseira sedoides, and Dictyopteris polypodioides). The macroalgae’s biochemical com-
position was determined in a way that maximizes its valorization. To achieve this objective, a process of three steps was
performed. First, the macroalgal biomass was pretreated by dilute sulfuric acid. Then, an enzymatic saccharification was
performed to produce fermentable sugars. Finally, the obtained sugars were converted into bioethanol using Saccharomyces
cerevisiae yeast. In fact, our experiments show that the maximum protein content of 16.22% +0.270 was obtained with G.
verrucosa, whereas the maximum carbohydrates content of 58.46% + 1.52% was obtained with D. polypodoies. This leads us
to believe that macroalgae constitute a potential source of fiber and proteins. After a sulfuric acid pretreatment. The maximum
reducing sugars and bioethanol yields were obtained, respectively, were of 324.6 mg/gDM (dry matter) and 0.24 g/gDM.
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Introduction

The rising of the world population, the increasing massive
energy consumption, the decrease of oil resources, and the
atmospheric pollution by toxic gases from fossil resources
combustion, which in turn causing global warming and cli-
mate change effects, are the main driving factors for devel-
oping renewable energies to strengthen the energy security
(Solarte-Toro and Cardona-Alzate 2021; Tan et al. 2020;
Kraan 2013; Ashokkumar et al. 2014; Sindhu et al. 2016).
In this context, biofuels as biodiesel and bioethanol are con-
sidered as potential alternative biofuel sources due to their
renewable nature, sustainability, and low carbon emissions
(Su et al. 2015; Xu and Li 2016). However, first- and second-
generation bioenergy feedstocks compete with other crops
for land and water. They require large agricultural land and
water reserves for their cultivation, which limits their sus-
tainability (Boro et al. 2022; Noraini et al. 2014). Hence,
to overcome those feedstocks’ limitations, fast-growing
and renewable biomass sources, such as marine algae, have
attracted attention as an alternative for fuels (Markou et al.
2013). In fact, algal biomass and particularly macroalgae
could be a promising source for third-generation biofuels
and additional high added value products such as proteins,
vitamins, or trace elements. Macroalgae are rich in carbo-
hydrates, which compose up to 76% of macroalgae’s dry
weight (Leesing et al. 2022). This high carbohydrate content
is critical for conversion into bio-based products. Some car-
bohydrate components are common among macroalgae and
terrestrial crops. Other carbohydrate components are made
up of monosaccharides found only in specific macroalgae
species (Kraan 2013). Moreover, macroalgae have a wide
spectrum of bioactive compounds (e.g., vitamins, minerals,
pigments, proteins, lipids. and polyphenols), making them
very attractive for feedstock, fermentation, and biorefin-
ery, in general, that can be used in several fields such as
food, cosmetics, or pharmacy industries (Jung et al. 2013).
Besides, some macroalgae can produce energy with higher
efficiency compared with traditional biofuels due to their
high biomass productivity and important prolific growth in
fouled beaches and coastal waterways.

Currently, there are over 10,000 species of macroalgae
reported around the world, with only a dozen species are
being cultivated commercially, while the rest of macroalgae
are exploited from the wild (Ward et al. 2014).

Three main groups of macroalgae are found, namely,
Chlorophyceae (green algae, 1200 species), Phaeophyceae
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(brown algae, 1800 species), and Rhodophyceae (red
algae, 6000 species) (Hebbale et al. 2017; Person 2010).
The majority of pigments of green algae are chlorophylls
a and b. Marine green macroalgae, such as Ulva spp.,
contain between 14% and 40% carbohydrates’ dry weight
(Kazir et al. 2019). These carbohydrates are made of sul-
fated and/or carboxylated polysaccharides and glucans,
as well as floridean starch, such as amylopectin. Green
algae can be grouped into two major categories based on
their uronic acid content (either limited or rich), though
different genera and species may have different amounts
(Synytsya and Copikova et al. 2015). Species in the genera
Codium, Bryopsis, and Caulerpa are in the uronic acid-
limited group and consist primarily of sulfated galactans,
arabinopyranans and mannans (Jonsson et al. 2020). Spe-
cies in the genera Ulva, Gayralia, Acetabularia, and Mon-
ostroma are in the uronic acid-rich group, and their pri-
mary cell wall component is ulvans (Jonsson et al. 2020).

The red macroalgae pigment is r-phycoerythrin, consist-
ing of sulfated galactans (e.g., carrageenan, agar, and por-
phyrin), structural polysaccharides (cellulose, mannans,
and xylans), and storage carbohydrates (floridean starch
and a-1,4-glucan). Carrageenan, the main component of
sulfated galactans, consists of galactose and 3,6-anhydro-
galactose with alternating a-1,3- and p-1,4-linkages (Jons-
son et al. 2020).

Brown macroalgae coloration is due to the predomi-
nance of xanthophyll pigments and especially fucoxan-
thin (Ganzon-Fortes 1991). They are rich in carbohydrates,
and their cell walls are made of cellulose, hemicellulose,
matrix polysaccharides (alginates and fucoidans), and lam-
inarin. After cellulose, alginates are the second most abun-
dant polysaccharide in the world (Leandro et al. 2020).

The use of macroalgae biomass is an interesting sus-
tainable energy and presents several advantages, includ-
ing high biomass production and high photosynthetic
efficiency compared with terrestrial crops (Bruhn et al.
2011). Macroalgal biomass cultivation does not interfere
with agricultural land utilization and does not require fresh
water. It is easily cultivated since it does not require agri-
cultural additives, such as fertilizers and pesticides, and
has a low cost of collection without environmental damage
(Ruiz et al. 2013; Singh et al. 2011). Its chemical composi-
tion characterized by the absence or the very low lignin
content and the high carbohydrates level, which makes
it suitable for bioethanol production (Kumar et al. 2020;
Lage et al. 2018).
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Bioethanol production from macroalgae involves vari-
ous pretreatment steps followed by an enzymatic hydrolysis
to get the monomeric sugars and a microbial fermentation
process by yeast or bacteria (Abomohra et al. 2018; Azhar
et al. 2017). Several fermentation methods may be used to
transform reducing sugar produced from macroalgae into
bioethanol. The processes are denoted as follows: (1) sepa-
rate hydrolysis and fermentation (SHF), (2) simultaneous
saccharification and fermentation (SSF), and (3) simultane-
ous saccharification and cofermentation (SSCF) (Offei et al.
2018).

For the pretreatment step, there are several possible
pretreatment technologies including physical, biological,
physical-chemical [e.g., liquid hot water, steam explosion
ammonia fiber explosion, and instant controlled pressure
drop (Sarip et al. 2011, 2014)], and chemical (acid, alka-
line, wet oxidation, ozonolysis) (Tao et al. 2011). However,
the dilute acid is the most widely used method for material
pretreatment due to its relatively low cost, ease of use (San-
nigrahi et al. 2011), and high efficiency (Sun and Cheng
2005). Indeed, chemical properties have an important role in
the hydrolysis of seaweed’s polysaccharides. The high solu-
bilization of seaweed and the subsequent high concentrations
of reducing sugars have been achieved as a result of using
different chemicals and thermochemical methods (Karray
et al. 2015; Vanegas et al. 2014; Mazumdar et al. 2013).
The chemical pretreatment is thought to hydrolyze cellulose,
hemicellulose, and other storage carbohydrates such as lami-
narin (Vanegas et al. 2014; Schiener et al. 2016). While this
pretreatment has important drawbacks related to the forma-
tion of toxic compounds (e.g., furfural and hydroxymethyl
furfural) issued from sugar degradation, as inhibitors for the
fermentation step. Moreover, the waste streams liberated
from the dilute acid pretreatment process constitute a sig-
nificant environmental hazard (Sun and Cheng 2005). More
concentrated acid solutions are more effective at hydrolyzing
seaweed’s cell walls to release its cell contents (Schiener
et al. 2016). However, using acids has been criticized as a
hazard risk (especially concentrated acid) (Schiener et al.
2016).

Tunisia is committed to international conventions to limit
pollution and increase the share of renewable energies in
its energy mix. However, the promising potential of energy
production from algal biomass available in Tunisia is still
less valued than other algal or lignocellulosic biomasses at
industrial scale due to the lack of collection and absence of
optimal recovery processes. Indeed, according to Shili et al.
(2002), the macroalgae communities observed in the south
lagoon of Tunis are characterized by the predominance of
nitrophilous algae considered as important biomass: Ulva,
Cladophora, and Enteromorpha (Shili et al. 2002).

Our work contributes to the field of renewable energy
and marine biomass valorization. The novelty resides in

highlighting the potential of an abundant, forsaken, and
unexploited renewable natural resources, namely macroal-
gae, as an alternative raw material for bioethanol production
and other value-added products in Tunisia and the Mediter-
ranean region. This work evaluates the energetic potential
of several Mediterranean macroalgae by studying their bio-
chemical compositions and bioethanol yields. This study
can help industries in Tunisia focusing on renewable energy
and biomass valorization to use these studied macroalgae as
alternative source for bioethanol.

Materials and methods
Macroalgae

Different species of macroalgae were collected from the
north of Tunisia. Chaetomorpha linum (C. linum), Entero-
morpha intestinalis (E. intestinalis), and Gracillaria gra-
cillis (G. gracillis) were collected in April 2019 from the
lagoon of Tunis (GPS: 36° 48’ 6.3" N, 10° 12’ 52.9" E);
Ulva rigida in January 2020 and Gracillaria verrucosa (G.
verrucosa) in March 2020 from lagoon of Bizert; and Cys-
toseira brachycarpa (C. brachycarpa), Laurencia obtuse (L.
obtusa), Cystoseira sedoides (C. sedoides), and Dictyopteris
polypodioides (D. polypodioides) in June 2020 from lagoon
of Bizert (GPS: 37° 11’ 48" N, 9° 51’ 23). The samples
were washed to dilute the salts concentration and eliminate
sand and other impurities collected with the seaweed when
removed from the lagoon. Then, they were dried at ambient
temperature under the sun for 2 weeks to remove water that
speeds up algae decay and ensure therefore long-term stor-
age of the biomass. Once dried, algae were finally ground
with a blender to obtain 15 mm length and stored until use.

Cellic CTec2 enzyme (0.43 pNPG U/mL, 61.25 CMC
U/mL) from Novozymes (Denmark) was used for the algal
biomass enzymatic hydrolysis.

A strain of yeast S. cerevisiae was selected as a model
strain for fermentation of simple sugars. Fermentation was
achieved using fresh commercial baker’s yeast S. cerevisiae
(Tunisian Society of yeasts, purchased from local market)
(Bouallagui et al. 2013).

Biomass productivity determination

To estimate the algal biomass productivity, the quadra
sampling method was performed. Three quadrats of
50 cm X 50 cm were taken at random in Tunis lagoon with
maximum of 1 m of depth. The macroalgae samples were
collected, dried in the air, and then weighed (Hernandez and
Koohfkan 2004).
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Diluted acid pretreatment of macroalgae

A total of 10 g of each macroalgae and a mixture of G.
gracillis, C. linum and E. intestinalis, collected from Tunis
lagoon, were suspended in 200 mL of sulfuric acid H,SO,
(1%) at 121 °C for 30 min. The pretreated macroalgae
biomasses were filtered and the solid residue washed three
times by distilled water. Afterwards, the residue was dried
at room temperature and used as substrate for enzymatic
saccharification (Kuglarz et al. 2018).

Enzymatic saccharification

After algal biomass pretreatment with diluted acid, enzy-
matic saccharification was performed for 48 h at 55 °C
and pH 5 adjusted with 5 mM sodium acetate buffer in
presence of a Cellic CTec2 enzymatic preparation (1 mg of
enzyme per gram of dry substrate of macroalgae) as devel-
oped in previous work (Smichi et al. 2014). These experi-
ments were replicated three times. The estimation of total
reducing sugar in the biomass’s enzymatic hydrolysate was
done by the dinitro salicylic acid method (DNS method)
(Miller 1959). The reducing sugars yield was determined
according to the following equation: 1:

Reducing sugars (g) 100

ey

Reduci ield (%) =
educing sugars yield (%) Pretreated biomass(g)

Yeast cultivation

Saccharomyces cerevisiae was used as a bioethanol fer-
mentation strain. The yeast strain was maintained on agar
plates made from 5 g/L yeast extract, 5 g/L of peptone,
20 g/L of p-glucose, and 20 g/L of agar. Inoculation flasks
were prepared by autoclaving 100 mL of 50 g/L glucose,
1 g/L of KH,PO,, 1 g/L of MgSO, 7H,0, 5 g/L of peptone,
and 5 g/L of yeast extract. The medium was incubated for
24 h at 30 °C and shaken at 150 rpm prior to use (Pasha
et al. 2007).

Fermentation

Batch fermentation experiments have been carried out in
100 mL flasks under anaerobic conditions with working
volumes of 20 mL. The fermentation medium had a pH of
5.5. The solid fraction hydrolysates (15 mL) resulting from
macroalgae pretreatment was used as substrates with 2 mL
of YPX10 (200 g/L of yeast extract and 400 g/L of pep-
tone) and 2 mL of the yeast suspension. The fermentation
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medium was incubated for 24 h at 37 °C with shaking
(100 rpm) (Pasha et al. 2007). These experiments were
replicated three times.

Analytic methods

The estimation of total reducing sugar in the enzymatic
hydrolysate of biomass was done by the DNS method
(Miller 1959). Dry matter and ash content were deter-
mined according to the Association of Official Analytical
Chemists (AOAC) standard 950.46 and 920.153, respec-
tively, by drying the macroalgae biomass at 105 °C (24 h)
followed by incineration at 550 °C (5 h) (Sarip and Allaf
2014). Total fiber contents were determined according to
the analytical method described by Van Soest that gives
not only an estimation of total cell wall content in the
biomass [neutral detergent fiber (NDF)] but also its main
constituants [acid detergent fiber (ADF) or lignocellu-
lose fraction and acid detergent lignin (lignin fraction)]
(Juliano 1985; AOAC 1984).

The lipid contents were determined using the protocol
described by Folch et al. (1957). The Folch method (Folch
et al. 1957) uses chloroform—methanol (2:1 by volume)
to extract lipids from cells. The homogenized cells are
equilibrated with one-fourth volume of saline solution
and mixed well. The resulting mixture is then allowed to
separate into two layers. The lipid fraction was obtained
and weighted after a distillation with the rotary evaporator.

Kjeldahl nitrogen (TKN) was carried out using the nor-
malized Kjeldahl method 928.08 (Helrich 1995). The con-
version factor 6.25 was used to estimate the crude protein
according to the following Eq. 2 (Helrich 1995).

%P = (VX N x 14 x 6.25 x 100)/m. )

With:

V: volume (mL) of hydrochloric acid (0.1 N) used for
titration.

6.25: Kjeldahl factor.

N: normality of hydrochloric acid.

m: mass (mg) of sample.

An Agilent gas chromatograph was used with a capil-
lary column type (CP-Wax-57, 50 mm X 0.32 mm chrom-
pack). Oven initial temperature was 50 °C and raised
after injection to 180 °C at a rate of 10 °C/min. The total
analysis time was around 13 min. The carrier gas (He)
had a flow rate of 1 mL/min. The injector’s temperature
was 220 °C and that of the flame ionization detector was
280 °C (Wang et al. 2003). The bioethanol yield was deter-
mined according to the following Eq. 3:
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Produced ethanol
Bioethanol yield (%) = roduced ethanol (g)

x 100.
Pretreated biomass(g) )

Results and discussion

This work aims to produce bioethanol from macroalgal bio-
mass issued from Tunisian lagoons in Mediterranean region.
In this work, we determined the biochemical composition of
studied macroalgae and performed an enzymatic hydrolysis
and an alcoholic fermentation to determine their bioethanol
yields.

Biochemical composition

The results of the organic, mineral, lipid, fiber, and protein
contents of macroalgae species collected from Tunisian
lagoons (Table 1).

Carbohydrate content was determined according to the
Van Soest and Wine method. This method is based on the
successive extraction of the macroalgae’s main constituents
by detergents. After each extraction, the product retained on
the filter was dried and weighed.

Macroalgae with high carbohydrate contents are promis-
ing candidates for bioethanol production, as presented in
Table 1, such as: D. polypodoides (58.46% + 1.52%), C.
brachycarpa (42.94% +0.28%), C. linum (41.21% +2%), E.
intestinalis, U. rigida, C. sedoides, and Laurencia obtusa
(up to 40%). Macroalgae carbohydrate contents vary widely
among species and cultivar. The present results agree with
previous studies on various locations where macroalgae
demonstrated great potential as fibers source (Dave et al.
2019). In fact, Laminaria Japonica, E. intestinalis, and Pal-
maria palmata contain 54.5%, 42.8%, and 39.4% of carbohy-
drate, respectively (Jang et al. 2012; Kim et al. 2014; Kostas
et al. 2016). Therefore, these biomasses could be considered
as adequate substrates for bioethanol production.

The crude protein (CP) content of macroalgae was deter-
mined using the “Kjeldahl method” by measuring the nitro-
gen they contain. According to the results enumerated in
Table 1, the macroalgae species collected from Tunisian
lagoons show considerably high crude protein contents
(> 9% relative to the dry matter) (Marfaing and Lerat 2007).
Indeed, for green macroalgae, the crude protein contents
were 19.03%, 9.84%, and 11.28 +0.3%, for E. intestinalis,
C. linum, and U. rigida, respectively. Protein contents of
16.22+0.27%, 10.17%, and 9.19 + 0.05% were observed in
red macroalgae G. verrucosa, L. obtusa, and G. gracillis bio-
masses, respectively. For brown macroalgae, the protein con-
tents range from 3% to 15% for C. brachycarpa (5.35 +1.06)
and C. sedoides (3.55+1.09%). According to literature, the
protein fraction in brown macroalgae is low (from 3% to
15%, relative to the dry matter) when compared with the
green and red macroalgae (from 10% to 47%), which con-
firms our obtained results (Fleurence 1999). It is reported
that the protein content of marine macroalgae varies signifi-
cantly between species and depends on seasons and environ-
mental conditions (Dawczynski et al. 2007). These contents
can sometimes exceed those of fabaceae, which can make it
an interesting source for human and animal food (Marfaing
and Lerat 2007; Zitouni et al. 2014).

The lipid contents of the studied macroalgae species are
lower than 2% relative to the dry matter. This agrees with
the results of Ivanova et al., asserting that the lipid content in
macroalgae varies between 1% and 5% (Ivanova et al. 2013).
It was reported that macroalgae have low lipid contents, but
their polyunsaturated fatty acids can be as high as those of
terrestrial plants, which explains their dietary and even phar-
macological benefits (Darcy-Vrillon 1993). It is important
to note that macroalgae’s chemical composition presents a
great variability related to several abiotic factors, mainly
environmental ones such as salinity, water, temperature,
light, and seasonal variation of nutrients (Dave et al. 2019).
Commonly, these ecological parameters fluctuate with refer-
ence to the locality and the seasonal effects. Additionally,

Table 1 Biochemical composition of studied macroalgae (%) collected from Tunisian saline environment

Macroalgae Classification Humidity content (%) Lipid content (%) Protein content (%) Carbohydrate
content (%)
Chaetomorpha linum Green 82.18+0.84 0.59+0.02 9.84+0 41.21+2
Enteromorpha intestinalis Green 81.42+0.56 0.1+0.01 19+0.62 39.9+0.8
Gracillaria gracillis Red 90.44+0.26 0.21+0.01 9.19+0.59 32.06+0.47
Ulva rigida Green 85.2+0.34 0.35+0.02 11.29+0.03 38.57+0.17
Gracillaria verrucosa Red 92.2+0.32 0.35+0.03 16.22+0.27 25.56+0.2
Dictyopteris polypodioides Brown 92.38+0.16 0.37+0.04 4.43+0.64 58.46+1.52
Laurencia obtusa Red 96.4+0.2 0.27+0.09 10.17+0.0 37.24+3.38
Cystoseira sedoides Brown 85.2+0.34 0.25+0.15 3.55+1.09 38.88+1.26
Cystoseira brachycarpa Brown 93.05+0.07 0.34+0.05 5.34+1.06 42.94+0.28
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the tidal periods can also indirectly affect the macroalgal
biomass availability and biochemical composition (Dave
et al. 2019).

Finally, the obtained results demonstrate that the stud-
ied macroalgae from Tunisia having high carbohydrate and
protein contents and are promising candidates for bioethanol
production and animal feed industries.

Bioethanol production from Tunisian macroalgae
biomass

Enzymatic saccharification of pretreated macroalgae
biomass

The nontreated biomasses and the solid residue obtained
after dilute acid pretreatment were utilized as substrates
for the enzymatic saccharification to recover fermentable
sugars. Enzymatic hydrolysis was carried out under mild
conditions (55 °C and pH 5) for 48 h using a commercial
enzymatic preparation (Cellic C-Tec2). The reducing sug-
ars yields obtained after an enzymatic saccharification of
nontreated C. linum and E. intestinalis were, respectively,
23.86 +0.34 mg/gDM and 10.27 +0.25 mg/gDM.

Figure 1 shows reducing sugars yields obtained after an
enzymatic saccharification of macroalgae collected from
Tunisia northern lagoon and pretreated by dilute acid.

Compared with the reducing sugars yields of nontreated
C. linum and E. intestinalis (preliminary tests), the results
show that the best reducing sugars yields were obtained after
a sulfuric acid pretreatment. Consequently, we choose to
perform all the experiments with the pretreatment step to
ameliorate the reducing sugars yields.

The results in Fig. 1 show that maximum reducing sug-
ars yields obtained after an enzymatic hydrolysis were
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325+0.2 mg/g and 280.8 +0.35 mg/g dry biomass from C.
linum and E. intestinalis, respectively. We obtained a reduc-
ing sugars yield of 170.9 +0.02 mg/g after an enzymatic
hydrolysis of pretreated U. rigida. These results were com-
pared with the results described by Korzen et al. (2015). In
fact, the authors obtained 196. +2.5 mg/gDM after hydroly-
sis catalyzed by Amylo-glucosidase, a-amylase, and cellu-
lase enzymes of U. rigida biomass pretreated by milling and
sonication (40 kHz frequency and power 120 W) (Korzen
et al. 2015).

In previous work, enzymatic hydrolysis of Ulva lactuca
biomass pretreated by liquid hot water or air-drying, size
reduction using centrifugal and vibratory ball mill gave,
respectively, 97.5 mg/g DM and 131 mg/g of reducing sug-
ars yields (Jmel et al. 2018; Amamou et al. 2018). Moreover,
a yield of 345 mg/g was obtained following an enzymatic
hydrolysis with CMCase enzyme of 3% NaOH pretreated
Ulva sp. (Ben Yahmed et al. 2018). For red macroalgae, our
results demonstrate that maximum reducing sugars yields
were obtained with G. gracillis (277.2 +0.06 mg/g) and G.
verrucosa (175.2+0.05 mg/g), respectively. Other studies
found lower sugars yields for the same kind of Gracillaria,
as Saravanan et al. observed 140.6 mg/g of yield following
an enzymatic hydrolysis using cellulase and p-glucosidase
of Gracillaria sp. biomass pretreated by 4% of H,SO, (Sara-
vanan et al. 2018).

When using brown macroalgae as raw material, the
maximum sugar yield was obtained with C. sedoides bio-
mass at 175+0.12 mg/g. According to data reported by
literature, Borines et al. found 120 mg/g yield with Sar-
gassum sp. pretreated by sulfuric acid and hydrolyzed by
cellulase and cellobiase (Borines et al. 2013). In addi-
tion, yields of 127 +0.05 mg/g and 44 +0.05 mg/g were
obtained with Ascophyllum nodosum biomass pretreated by
microwave-assisted acid hydrolysis or microwave-assisted



Euro-Mediterranean Journal for Environmental Integration (2024) 9:1459-1469 1465
Fig.2 Maximum bioethanol 0.3 4
yields from treated Tunisian
macroalgae hydrolysates by
Saccharomyces cerevisiae . 0.25 1

a % %

L0

<

E=)

o

©0 (.15 4

e

o

=

5 0.1 1

=

<

k=

o

0.05
0 T T T T T T T T T 1
> > @ A O S S
\\‘(\@‘\ &\\\0\\ oé\\\\ @”‘2‘ ,\%\b \)0& 56\6@ ‘0\@ @6&% c,()*(2
. S 5 ® O* & o 0 ¢ )
¢ . ‘{\Q“ C)_"v & R \“‘jQ AYS s o
Q).\ o\f’v G QO ot
\) 0 C

thermochemical treatment (Yuan and Macquarrie 2015).
In the present work, reducing sugars yields after pretreat-
ment followed by saccharification are comparable with
even higher than yields reported in literature. This can be
explained on the one hand by the efficiency of the applied
chemical pretreatment with sulfuric acid and on the other
hand by the richness of our macroalgae in carbohydrates
as depicted in Table 1. In fact, the chemical pretreatment
method with sulfuric acid is widely accepted and involves
various steps such as cellulose depolymerization, hemicellu-
lose-solvation, and structural modification using mild alkali
or dilute-acid treatment (Kostas et al. 2016). Dilute-acid
pretreatment demonstrated its efficiency and is mainly used
in several macroalgae biomass pretreatment (Kostas et al.
2016). When followed by enzymatic hydrolysis, it seems to
be economically viable method for bioethanol production.
Therefore, through dilute-acid treatment, the holocellulose
content can be broken down into monomeric sugars (e.g.,
glucose, xylose, etc.) while further saccharification effi-
ciency can be increased using enzymatic hydrolysis.

Bioethanol production from Tunisian macroalgae

The hydrolysate obtained from the enzymatic hydrolyze of
dilute acid pretreated macroalgae collected from Tunisian
lagoons were fermented with S. cerevisiae under anaerobic
conditions. Figure 2 shows the obtained bioethanol yields for
several species of Tunisian macroalgae after a fermentation.

The maximum obtained bioethanol yield for green mac-
roalgae was 0.21 g/gDM with C. linum. The alcoholic
fermentation of G. gracillis gave a 0.12 g/gDM. To avoid
a sorting step for the macroalgae collected from Tunis

Lagoon, a mixture was considered and used as a substrate
for bioethanol production. This macro algae mixture (C.
linum+ E. intestinalis + G. gracillis) was pretreated with
sulfuric acid, hydrolyzed by a commercial enzyme and con-
verted by S. cerevisiae into bioethanol with a yield of 0.23%.
Thus, it constitutes an advantage for the bioenergy industry
since it reduces the process’s cost by avoiding an expensive
sorting step and by improving of the bioethanol yield and,
therefore, the biomass productivity. For D. polypodioides,
C. brachycarpa, and C. sedoides, the bioethanol yields were
reached to 0.24 g/g DM, 0.21 g/g DM, and 0.19 g/g DM,
respectively.

The bioethanol yields obtained in this study are compara-
ble to previous results for first-generation biomasses, which
were, respectively, 0.25 g/g and 0.21 g /g from sorghum
(Salvi et al. 2009) and from sweet potato (Wang et al. 2016).

For the second-generation biomasses, the bioethanol
yields obtained were 0.3 g/g for wheat straw and 0.3 g/g
for corn stover (Yanagisawa et al. 2013). Our results are
in accordance with others reported for example by Borines
et al. (2013). In fact, the authors obtained 0.13 g/g of
bioethanol yield for Sargassum sp. collected from the
coastal region of Bolinao (Dave et al. 2019). The alcoholic
fermentation of C. linum that was collected from coastal
region of Monastir, Tunisia, resulted in a 0.28 g/g of bioetha-
nol yield (Fleurence 1999) and was even higher than the
obtained bioethanol yields for U. lactuca (0.06 g/g), U.
rigida (0.12 g/g), and Padina tetrastromatica (0.16 g/g),
using S. cerevisiae as fermenter microorganism (Amamou
et al. 2018; Harchi et al. 2018; Ashokkumar et al. 2017).

Nevertheless, other studies have found higher bioethanol
yields than our work. In fact, Kumar et al. obtained 0.43 g/g
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Fig.3 Block diagram of bioeth-
anol process production from
marine macroalgal biomass:
case of Tunis Lake macroalgae
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of bioethanol yield from G. verrucosa pretreated by alkaline
solution (5% of NaOH) at 80 °C for 2 h, followed by an enzy-
matic saccharification and an alcoholic fermentation with
Saccharomyces cerevisiae (Kumar et al. 2013). Our results
can be explained by the presence of some inhibitors in dilute
acid hydrolysate inhibiting the alcoholic fermentation. In fact,
the acid pretreatment (H,SO, (Nguyen et al. 1999; Nguyen
et al. 2000), HCI (Springer 1966), HF (Franz et al. 1982), or
CH;COOH) (Conner and Lorenz 1986) used as catalysts at
severe conditions leads to sugar degradation. Therefore, the
pretreatment consists on the releasing of proton that break
the heterocyclic ether bonds between momoneric sugars of
hemicelluloses and cellulose to release xylose, glucose, and
arabinose and other molecules (furfural and acetic acid), which
are considered as unwanted products (David et al. 1985; Gre-
thlein and Converse 1991). Aliphatic acids, furfural, and HMF
compounds are formed from the degradation of sugars (DamH
1986). These compounds can inhibit enzymatic hydrolysis by
at least 50% (Cantarella et al. 2004).

The results show that macroalgae collected from Tunisian
lagoons constitute a potential feedstock for bioenergy. This
macroalgal biomass is abundant in nature and can compete
favorably with other classical biomasses for biofuel produc-
tion. Therefore, we believe it can be considered as a promis-
ing substrate for bioethanol production.

@ Springer
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Feasibility assessment of bioethanol production
from marine macroalgal biomass: case study:
macroalgae collected from Tunis lagoon, Tunisia

The bioethanol production process proposed in this work was
experimented on Tunisian macroalgae to demonstrate its feasi-
bility and potential. We used a macroalgae mix collected from
a Tunis lagoon, and it composed of G. gracillis, C. linum, and
E. intestinalis. To achieve this objective, three steps of process
were performed. First, the macroalgal biomass was treated by
dilute sulfuric acid. Then, an enzymatic saccharification was
performed by a commercial enzyme (Cellic C-tech2) at 55 °C
to produce fermentable sugars. Finally, the latter was converted
into bioethanol using S. cerevisiae yeast at 37 °C (Fig. 3).

The obtained results show that the estimated bioethanol
yield was 0.23 g/g of dry matter macroalgae. The lagoon can
have a maximum biomass productivity of 344 +48.5 g of dry
matter per m? in the period from April to September. Since the
total area of the lagoon is 4000 hectares, the projected estimate
is 13,760 tons of dry matter for the entire lake. The estimated
maximum productivity of bioethanol, therefore, is 791.2 kg
per hectare per year.

Tunisia has several coastal regions and lagoons that can be
exploited to collect larger macroalgae quantities for conversion
into bioethanol. This may amplify yields and to demonstrate
the project’s feasibility in the Mediterranean regions.
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Conclusions

Biofuels have become a very important alternative energy
source to combat the global climate change and increas-
ing fuel prices. The macroalgal biomass has shown a great
potential as feedstock for bioethanol production negates food
versus fuel concerns and serves as an alternative energy
source. In this study, we proposed a valorization perspective
of the abundant and unexploited macroalgal biomass into
third generation bioethanol. The study focuses on macroal-
gae collected from Tunisian lagoons in the Mediterranean
region (i.e., Bizert lagoon and north lagoon of Tunis).

The originality of this work resides in highlighting the
potential of an unexploited renewable natural resources,
namely macroalgae, as an alternative for bioethanol pro-
duction and other value-added products in Tunisia and the
Mediterranean region.

The results revealed that the studied marine macroalgae,
particularly the carbohydrates-rich ones, from Tunisian
lagoons constitute an interesting biomass for bioenergy and
high added value molecules. In our experiments, the maxi-
mum bioethanol yield of 0.24 g/gDM, obtained with D. pol-
ypodioides, demonstrates the value of our proposal leading
to more sustainable bioenergies without the compromises of
first and second generations biomasses.

Improving the conversion and the valorization processes
will be vital in establishing this emerging source of bioen-
ergy for commercial utilization. The optimization of some
steps in the proposed integrated process in addition to a
complete techno-economical study are therefore necessary
to scale it up. If these technologies are further optimized, the
production of bioethanol and other value-added molecules
from macroalgae could lead to a new sustainable industry
in the near future.
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