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Nowadays, the use of biofuels has become an unavoidable solution to the depletion of fossil fuels and global
warming. The controversy over the use of food crops for the production of the first-generation biofuels and
deforestation caused by the second-generation ones has forced the transition to the third generation of biofuels,
which avoids the use of arable land and edible products, and does not threaten biodiversity. This generation is
based on the marine and freshwater biomass, which has the advantages of being abundant or even invasive, easy
to cultivate and having a good energetic potential. Bioethanol production from Ulva lactuca, a local marine
macroalgae collected from the west coast of Algiers, was examined in this study. Ulva lactuca showed a good
energetic potential due to its carbohydrate-rich content: 9.57% of cellulose, 6.9% of hemicellulose and low
lignin content of 5.11%. Ethanol was produced following the separate hydrolysis and fermentation process
(SHF), preceded by a thermal acid pretreatment at 120 °C during 15 min. Enzymatic hydrolysis was performed
using a commercial cellulase (Celluclast 1.5 L), which saccharified the cellulose contained in the green seaweed,
releasing about 85.01% of the total glucose, corresponding to 7.21 g/L after 96 h of enzymatic hydrolysis at pH 5
and 45 °C. About 3.52 g/L of ethanol was produced after 48 h of fermentation using Saccharomyces cerevisiae
at 30 °C and pH 5, leading to a high ethanol yield of 0.41 g of ethanol/g of glucose.
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INTRODUCTION
The integration of renewable energies into the Algerian energy mix is a major challenge in terms of
reducing fossil fuel consumption, greenhouse gas emissions, and contributing to sustainable energy
development. This program is at the heart of Algeria’s energy and economic policy, notably in the
transportation sector, which represents 24% of the Algerian total energy consumption and is
responsible for the emission of 9574 tons of carbon dioxide equivalent.1
The consumption of fossil fuels in Algeria has recorded a high growth rate. It went from 0.6
million tons in 1964 to 14.9 million tons in 2016. The consumption of gasoline reached 4.3 million
tons in 2016; its average annual growth rate consumption reached 8% over the period 2010-2016,
against 3.9% for diesel and only 0.2% for liquefied petroleum gas (LPG) over the same period.2
Algeria holds a huge biomass potential, which has been evaluated at more than 37 TOE (tons of oil
equivalent), without taking into account wastes evaluated at 1.33 TOE every year.3 The Renewable
Energy Algerian Program aims to tap this potential to reach the target production of 1000 MW under
the Horizon 2030,4 which would result in an economy of more than 15 million TOE by 2030.3
In this context, the contribution of bioenergy, notably biofuels, does not need to be proven
anymore, whether from an economic or an ecological point of view. Global transport emissions
increase by 1.9% annually (since 2000), and the transportation sector is responsible for 24% of the
direct CO2 emissions caused by fuel combustion. Road vehicles – cars, trucks, buses and two- and
three-wheelers – account for nearly three-quarters of transport CO2 emissions, while emissions from

aviation and shipping continue to rise, highlighting the need for greater international policy focus on
these hard-to-abate subsectors.5 The growth of the demand for gasoline and diesel is expected to
weaken between 2019 and 2025, as countries around the world implement policies to improve
efficiency and cut carbon dioxide (CO2) emissions.6
International Energy Agency (IEA) forecasts indicate that global bioenergy consumption is in a
constant increase, being projected to rise from 18 EJ (exajoule) in 2015 to 73 EJ in 2060. The
transportation sector is projected to pass from 4% to 41% in terms of global bioenergy consumption
over the same period.7
Biofuels, mainly ethanol and to a far lesser extent biodiesel, represent a modest 1.5 EJ (about 1.5%)
of the transport fuel used worldwide. The global interest in transport biofuels is growing, particularly
in Europe, Brazil, North America, Japan, China and India.8 The global ethanol production, which is a
substitute of gasoline, has more than doubled since 2000, and its demand is projected to increase 3.4fold by 2035.9
Cellulose, a structural component of plant biomass, is the most abundant feedstock on the earth; it
is used for the production of alternative liquid fuels, mainly bioethanol.10 However, in terrestrial
plants, cellulose is intertwined with lignin, hemicelluloses and pectin, which require extra energy input
as pretreatment for their removal. Consequently, due to their high carbohydrates content, high
productivity and widespread distribution, marine macroalgae (seaweeds) are increasingly gaining
prominence as an alternative renewable feedstock for sustainable production of biofuels.11 Indeed,
algae are characterized by the absence of lignin (occasionally, traces), which dispenses the need for
energy-intensive pretreatment as part of the hydrolysis process prior to fermentation.12
Cellulose can be found in brown, red and green seaweed; however, in both red and brown algae the
cellulose content is rather low. Most green algae have a cellulosic wall, with the cellulose content
ranging up to 70% of the dry weight.13
Among green seaweed, Ulva lactuca is one of the most abundant ones. It is a marine green alga,
with the thallus with irregular leaves, ranging from dark green to green or light yellow in color. Its size
generally varies between 20 and 60 cm long and can reach a meter in waters rich in organic matter. 11
Sea lettuce generally grows on the supra-littoral stage, but can grow up to 10 m deep, on rocks,
flooded rocks, shells and even on other seaweeds. This seaweed is often found on the shore of the
beaches, because it is torn off by currents and is deposited there.14 In Algeria, it is present along almost
the whole littoral. This seaweed is annual, with the lifetime of a few months, but can be found all year
round, because it is renewed, especially in spring and summer.15 It is a rich source of carbohydrates
(60-65%), consisting of high-value sulphated polymer, ulvan, along with cellulose and hemicelluloses,
and 4-5% lipids. Also, it has low lignin content and displays a high growth rate, adaptability to
different climates, high biomass per acre yield and negligible need for fresh water, which makes it an
excellent substrate for bioethanol production.16
EXPERIMENTAL
Ulva lactuca characterization
Ulva lactuca samples were collected in Bouharoun (Tipaza, Algeria), which is about fifty kilometers west of
the capital Algiers. The samples were transported, washed, soaked in water to remove salt, dried and milled.
The obtained powder had a particle size between 180 µm and 850 µm – the fraction selected passed through
an 850 µm mesh sieve and was retained by a 180 µm mesh sieve; this fraction was conserved for future
experiments.
The carbohydrates composition of Ulva lactuca was determined following NREL methods, according to
which the polymeric carbohydrates were hydrolyzed into their monomeric forms, which are soluble in the
hydrolysis liquid.17 Ulva powder was first extracted in a Soxhlet extractor for 18 h, dried in a rotary evaporator,
and then hydrolyzed twice (in concentrated sulfuric acid at low temperature (72% H 2SO4 at 30 °C for 1 hour)
and in diluted acid (4% H2SO4) at high temperature (water is added to the algae/acid mixture and autoclaved at
120 °C for 1 hour).17
Sugars were measured by HPLC using a CARBOSep CHO 782 Pb column. HPLC conditions were as
follows: injection volume of 10-50 µL; mobile phase: HPLC grade water, 0.2 µm, filtered and degassed; flow
rate of 0.6 mL/min; column temperature of 80-85 °C; detector temperature: as close as possible to column
temperature; run time: 35 min.
The sugar content in g/L was obtained by HPLC, and % sugar was calculated following these equations:17
% sugar =

(1)

% sugarext free=
(2)
where sugarext free = percentage of sugar on an extractives-free basis, CHPLC= concentration of a sugar as
determined by HPLC, % extractives = percent extractives in the prepared biomass sample, Vf = volume of
filtrate, DW = dry weight of initial sample (dried at 105 °C).
Polysaccharides content was determined by the following equations:17
Cellulose content = total glucan – starch content
(3)
Glucan content = glucose content / 1.1
(4)
Hemicellulose content = (xylose/1.13) + (galactose/1.1) + (mannose/1.1) + (arabinose/1.13)
(5)
19
The ash content was determined following the NREL protocol. Three crucibles were placed in a muffle
furnace at 575 ±25 °C for a minimum of four hours and then transferred directly into a desiccator. The crucibles
were weighed and placed back into the muffle furnace at 575 ± 25 °C until constant weight.
The ash content was calculated following the equation:18
(6)
where Wc+a = crucible weight + ash, Wc = crucible weight, DW = dry weight of initial sample.
Lignin fractionates into acid insoluble material and acid soluble material. Total lignin (lignin T) was
calculated following the equation:17
% ligninT = % ligninAS + % ligninAI
(7)
where ligninAS = acid soluble lignin, ligninAI = acid insoluble lignin.
To measure the lignin content, the previously autoclaved hydrolysis solution prepared for carbohydrates
determination was cooled and vacuum filtered through a weighed filtering crucible.
To determine acid insoluble lignin, the crucible was dried at 105 ± 3 °C until a constant weight was reached,
then it was cooled and placed in a muffle furnace at 575 ± 25 °C for 24 ± 6 hours. After being cooled, the
crucible weight was recorded and then placed back in the furnace until constant weight.17
(8)
where Wc+a = weight of crucible + oven dried biomass, Wc = weight of crucible, Wc+ash = weight of crucible plus
ash, DW = dry weight of initial sample.
Acid soluble lignin content was assessed by measuring the absorbance of the autoclaved hydrolysis solution
prepared to evaluate carbohydrates content, on a UV-Visible spectrophotometer at a wavelength of 205 nm; a
factor dilution of 40 was used to bring the absorbance into the range of 0.2–0.7:19
(9)
where UVabs = absorbance at 205 nm, Vf = volume of filtrate (87 mL), D = dilution (40), DW = dry weight, ɛ =
Extinction coefficient (=110 L/g cm for absorbance between 0.2 and 0.7 at 205 nm).19
Pretreatment
Ulva lactuca powder was homogeneously suspended in water at a concentration of 3% (w/w), using a
magnetic stirrer during 30 min, then 1% of sulfuric acid was added. The pH value was 1.5 before it was adjusted
to 2.5. The suspension was autoclaved at 120 °C during 15 min, then it was cooled and filtered.
After this, the biomass residue collected on the filter was washed and dried, and used as substrate for
enzymatic hydrolysis.
Separate hydrolysis and fermentation (SHF)
Enzymatic activity study
Commercial grade cellulase from Trichoderma reesei (Celluclast® 1.5 L) was used as enzyme in this study.
The enzymatic activity was calculated to determine the volume needed to hydrolyse the substrate. 20 µL of
diluted enzyme (1/2000) was added to 40 µL of 50 Mm citrate buffer (pH 5) in microtubes containing a filter
paper disk of 5.5 mm diameter. The microtubes were incubated at 50 °C for 1 hour without agitation. 120 µL of
DNS (3,5-Dinitrosalicylic acid) was added into the tubes and the mixture was then mixed on a vortex mixer,
before being boiled for 5 min. 36 µL of the reaction product was transferred into 160 µL of water in a flatbottomed microplate. Using a UV-Visible spectrophotometer, the absorbance was read at 540 nm.
The enzymatic activity was calculated according to the following formula: 20
FPU/mL = mg glucose released × 1000 / 180 / 60 / 0.02 = mg glucose released × 4.629
(10)
Saccharification

Acid pretreated Ulva lactuca powder was suspended in citrate buffer (pH 5) at 5% (w/w) consistency.
Enzymatic hydrolysis started with the addition of 20 FPU/g of Celluclast to the suspension. The enzymatic
hydrolysis was carried out in a shaker at pH 5, the temperature of 45 °C at a stirring speed of 200 rpm for 96
hours. The solution was filtered and the supernatant was recovered. The glucose released was analyzed daily by
HPLC.
Fermentation
After enzymatic hydrolysis, the suspensions were supplemented with (NH 4)2HPO4 solution at a concentration
of 0.5 g/L and then fermented by yeasts. The yeast was added in the form of a preculture prepared from a strain
cultivated on an YMA plate transferred to a Yeast Malt Agar (YMA) liquid tube incubated during 18 h. The
fermentation was carried out at 30 °C, at a stirring speed of 250 rpm for 48 hours at pH 5.
All the samples were centrifuged and filtered through a 45 µm filter syringe before daily glucose and ethanol
measurements by HPLC, under the following operation conditions: injection volume of 20 µL; run time of 30
min; mobile phase: H2SO4 0.02M; flow rate of 0.8 mL/min; column temperature of 60 °C.
We considered a theoretical yield of bioethanol of 0.51 g per one gram of glucose consumed during
fermentation.21
Ethanol conversion as % of the theoretical (Thy) was calculated according to the following formula:22
Thy (%) = (Ay x 100) / 0.51
(11)
where Ay = the actual ethanol produced and expressed as g ethanol per g sugar utilized (g g-1).22

RESULTS AND DISCUSSION
Ulva lactuca composition
The complete hydrolysis of Ulva lactuca powder allowed evaluating the polysaccharides, lignin
and ash contents. The results are tabulated in Table 1. As may be noted in Table 1, the composition in
monomeric sugars is diversified, 5 different monomers were found, while glucose, galactose and
xylose showed very interesting recovery rates. These fermentable sugars can be converted into
ethanol, when the appropriate biosystem is used.
The content of carbohydrates in Ulva lactuca, as calculated from their monomeric form, shows
interesting results, especially for cellulose, resulting from the good rates of glucose; total sugars were
16.47% on dry weight basis. In general, the sugar content in green seaweeds is lower than that in other
lignocellulosic feedstocks. Similar polysaccharide composition was reported by B. Dubigeon et al.23
and H. van der Wal.24
The results also reveal a low total lignin faction, estimated at 5.11% w/w, which is negligible
compared with the lignin fraction in terrestrial plants. This component present in more significant
amounts in higher plants is very difficult to degrade biologically and cannot be fermented. 25 In this
study, only 1% of sulfuric acid and a treatment duration of 15 min were sufficient to pretreat Ulva
lactuca powder. In general, the absolute or near absence of lignin makes the enzymatic hydrolysis of
algal cellulose simple.26
Celluclast enzymatic activity
Celluclast enzymatic activity, expressed in FPase (filter paper activity), is given in Table 2. As
shown in the table, the Celluclast filter paper activity was 68.656 FPU/mL; this result reflects good
performance of the commercial enzyme, allowing to work with the smallest enzyme volume that
guarantees the maximum efficiency. Based on this result and working with 20 FPU per gram of algal
substrate, the enzyme volume needed to hydrolyze algal cellulose was 218 μL/g of substrate.
Saccharification
Table 3 presents the results of released glucose during enzymatic saccharification.
The major advantage of separate hydrolysis and fermentation (SHF) is that the hydrolysis and the
fermentation processes can be carried out each under their optimal conditions. However, in general,
SHF requires longer overall process time, in comparison with simultaneous saccharification and
fermentation (SSF).27 Also, the end-product inhibition of enzymes induced by glucose and cellobiose
results in a reduced rate of saccharification.28

Table 1
Composition of Ulva lactuca

Component
Glucose
Xylose
Galactose
Mannose
Arabinose

Sugars concentration
determined by HPLC
(g/L)
8.48 ± 0.76
1.89 ± 0.07
4.02 ± 1.004
0.06 ± 0.01
0.12 ± 0.05

Sugars percentage on
received biomass basis
(% w/w)
10.61 ± 0.40
Glucan
9.56 ± 0.32
2.37 ± 0.04
5.03 ± 0.52
0.08 ± 0.001
0.16 ± 0.02

Summary of Ulva lactuca composition (%)
Extractives

47.89 ± 3.58%

Cellulose

9.57 ± 0.36%

Hemicelluloses

6.9 ± 0.54%

Acid insoluble lignin
Acid soluble lignin
Ash
Total

2.57 ± 0.36
2.54 ± 0.07
25.7 ± 1.03
95.2%

Table 2
Celluclast filter paper activity (FPU/mL)

Absorbance
0.137 ± 0.06

Glucose produced during
enzymatic hydrolysis
(mg)
0.007 ± 0.001

Glucose produced during
enzymatic hydrolysis
(µmol/mL min)
0.034 ± 0.008

Dilution

Enzymatic activity
(FPU/mL)

2000

68.65 ± 11.38

The daily glucose concentration (Table 3) indicates that glucose release started slowly the first two
days and then accelerated. Thus, 7.21 g/L was produced after 4 days of saccharification, which is of
the same order of magnitude as the total amount of glucose contained in Ulva lactuca, 8.481 g/L
(Table 1), showing an enzyme efficiency of 85.01%, indicative of good Celluclast efficiency.
Fermentation
Fermentation was carried out on the Ulva lactuca suspension previously pretreated and hydrolysed
by Celluclast during 4 days. The corresponding results are given in Figure 1.
As shown in Figure 1, 6.04 g/L of glucose was consumed the first 24 h of fermentation,
corresponding to a consumption of 83.78% of the total glucose. The remaining 1.17 g/L of glucose
was consumed within the second day. Within 48 h of fermentation, all the glucose produced during
enzymatic saccharification was consumed, leading, at the same time, to the production of 3.52 g/L of
ethanol. The resulting ethanol yield was close to the maximum theoretical rate that can be obtained,
since it was estimated at 0.41 g ethanol/g sugars, representing 81.4% of the theoretical ethanol yield
(Table 4). It should be noted that Lee and Lee, in their study on ethanol fermentation, reported the
production of 2.59 g/L of ethanol.29
Moreover, 2.5 g/L of bioethanol produced from Ulva sp. was obtained by Akiko Isa,30 while only
0.2 g/L of ethanol produced was achieved by H. van der Wal from the same substrate.24
Table 3
Glucose yields during enzymatic saccharification of Ulva lactuca
Yield
Glucose yield (g/L)
Glucose yield (%)

24 h
1.19 ± 0.02
14.03 ± 0.02

48 h
1.85 ± 0.06
21.81 ± 0.06

72 h
5.42 ± 0.51
63.90 ± 0.51

96 h
7.21 ± 0.47
85.01 ± 0.47

Figure 1: Separate saccharification and fermentation of Ulva lactuca hydrolysate
Table 4
Ethanol production (g/L) and ethanol yield during separate saccharification and fermentation of Ulva lactuca
Time
(h)
0
24
48
72
96
120
144

Glucose rate
(g/L)
0
1.19
1.85
5.42
7.20
1.16
0

Ethanol produced
(g/L)
0
0
0
0
0
3.07
3.52

Ethanol yield
(g eth/g glc)
0
0
0
0
0
0.36
0.41

Ethanol yield
(% of the theoretical)
0
0
0
0
0
70.98
81.40

The ethanol yield recorded in the present study appears, therefore, especially promising if
compared to the yields reported in the related literature, due to the good conditions used to perform
this study and the quality of Algerian Ulva lactuca in terms of cellulose content.
CONCLUSION
This study describes a greener approach to produce bioethanol, since the substrate is a non-food
marine seaweed found inshore in abundance, causing putrefaction and methane emission. The
carbohydrates composition of Ulva lactuca makes it a good candidate for bioethanol production.
Using the SHF method under optimized conditions, it gave an ethanol yield of 0.415 g/g glucose, for
85.01% of enzymatic conversion efficiency. Furthermore, 0.41 g ethanol/g sugars, representing 81.4%
of the theoretical ethanol yield, was achieved.
In Algeria, seaweed represents an enormous potential to tap in order to limit fossil fuels
consumption. Even if laboratory-scale algal biofuel production gave excellent ethanol concentration
and conversion rates, the production at an industrial scale still represents a major challenge to be met
in terms of large-scale seaweed cultivation, pretreatment, hydrolysis and fermentation at low cost,
especially when using enzymes.
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