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Abstract Green macroalgae are an abundant and undervalued biomass with a specific
cell wall structure. In this context, different pretreatments, namely ethanol organosolv
(Org), alkaline, liquid hot water (LHW), and ionic liquid (IL) pretreatments, were
applied to the green macroalgae Ulva lactuca biomass and then evaluated. Their
effects on chemical composition, biomass crystallinity, enzymatic digestibility, and
theoretical ethanol potential were studied. The chemical composition analysis showed
that the Org and LHW pretreatments allowed the highest glucan recovery (80.8 + 3.6
and 62.9 + 4.4 g/100 g DM, respectively) with ulvan (80.0 and 99.1%) and hemi-
cellulose (55.0 and 42.3%) removal. These findings were in agreement with both
thermogravimetric analysis and scanning electron microscopy results that confirm
significant structural changes of the pretreated biomasses. It was found that the
employed pretreatments did not significantly affect the cellulose crystallinity; however,
they both increased the whole crystallinity and the enzymatic digestibility. This later
reached 97.5% in the case of LHW pretreatment. Our results showed high efficiency
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saccharification of Ulva lactuca biomass that will constitute the key step of the
implementation of a biorefinery process.
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Abbreviations

[EMIM][Ac] 1-ethyl-3- methylimidazolium- acetate
Crl Crystallinity index

DM Dry matter

HPAEC- High-performance anion exchange chromatography coupled to pulsed amper-
PAD ometric detection

IL Ionic liquid

LHW Liquid hot water

Org Ethanol organosolv

SEM Scanning electron microscopy

TGA Thermogravimetric analysis
Introduction

The exhaustion of fossil fuels has brought growing concerns since various areas are dependent
on these fuels, but since they also created many environmental problems such as global
warming, air quality deterioration, and oil spills. Consequently, research is now focused on
decreasing CO, formation and on developing alternative energy sources to substitute the
limited fossil fuels [1].

Among the most attractive alternative energy sources is biomass. As renewable material, it
is environment-friendly and cost-effective. At the same time, recent advances in biotechnology
and green chemistry developed new concepts for converting renewable biomass into valuable
products such as biofuels [2]. With the use of alimentary polysaccharides for first-generation
ethanol production, numerous doubts rose about its possible impact on food supply and
security, generating an urgent demand for alternative, sustainable fuels and feedstock to replace
food-based feedstock [3].

In this context, algae can provide a high-yield source of third-generation biofuels without
compromising food supplies or rainforests [4, 5]. The global market of algal biofuels is
expected to witness a huge expansion during the next decade. Since, petroleum and aviation
industries started investing in algae biofuels with the aim of replacing fossil fuels [6]. Beside
lipid-rich microalgae for the production of sustainable biodiesel, a huge interest was given to
macroalgae as source of third-generation bioethanol seen their specific chemical composition
and their availability. Macroalgal biomass does not require agricultural additives or fertilizers
and does not compete with cultivation space as they can be cultivated in open aquatic media.
Some green macroalgae species, namely Ulvacae and Cladophoracae, raised more attention
because of their availability at coasts and their easy harvesting [7, §].

The stability of bonds between the major components of green macroalgae cell walls,
cellulose, hemicellulose, and ulvan makes its pretreatment essential for an efficient sacchari-
fication of their polysaccharides to fermentable sugars. In fact, the goals of all pretreatment
technologies are to improve access of hydrolytic enzymes to cell wall polysaccharides, while
minimizing degradation of sugars and formation of fermentation inhibitors [9].
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Pretreatment technologies can be categorized as chemical, physical, or biological, or as a
combination of these categories. The chemical-based pretreatment technologies (e.g., alkaline,
organosolv) are commonly used with or without fiber explosion. Alkaline pretreatments, such
as the sodium hydroxide pretreatment, typically solubilize lignin and a portion of the hemi-
cellulose, generating a more accessible structure [10]. Solvent-based pretreatments include
organosolv processes using alcohols (e.g., methanol, ethanol, and glycerol) or organic acids
(e.g., formic, maleic, and acetic). In such processes, lignin and/or hemicellulose is removed,
thereby increasing pore volume and hydrolytic enzyme accessibility [11]. Liquid hot water
(LHW) pretreatment using pressure to maintain water in a liquid state at elevated temperatures
(160240 °C) is also an attractive approach because it does not require the addition of
chemicals such as sulfuric acid, lime, or ammonia [12].

In addition to these solvents, ionic liquids (ILs) have emerged as promising non-derivating
solvents for the dissolution of lignocellulose. Especially, it has been reported that 1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) has a good dissolving capability for lignocelluloses
[13].

The green macroalgae Ulva lactuca is very abundant in the coasts of Tunisia and causes
many environmental problems. Therefore, in order to implement an eco-friendly solution
aimed at the biodegradation of this green macroalgae, we studied four pretreatments (alkaline,
organosolv, LHW, and IL) as a key step for the whole bioenergetic conversion of algal
biomass. The evaluation of these pretreatments was mainly based on the chemical, thermal,
and crystalline properties, but also the global enzymatic saccharification and ethanol formation
of the pretreated biomasses.

Material and Methods
Materials

The green macroalgae Ulva lactuca was collected from the lagoon of Tunis (GPS 36.813095,
10.192673; salinity 33.8 psu). Samples were transported to the laboratory and were immedi-
ately washed with distilled water, air-dried, hand milled, and stored in plastic bags until use.

Algae Pretreatment

All pretreatment reactions of Ulva lactuca were realized in a 300-ml Parr steel reactor (type
4566) except for the ionic liquid (IL) one which was realized in centrifugal tubes.

The alkali pretreatment consisted of using NaOH 6% (w/v) for 2 h at 180 °C [14]. The
pretreated biomass was then washed and dried for further studies. The ratio of the used
biomass was 10% (m/v).

For the ethanol organosolv pretreatment, 15 g of biomass was mixed with 150 ml (10%
ratio) of a 50% (v/v) ethanol solution and then introduced to the reactor and then kept for 2 h at
200 °C. The remaining biomass was then washed and air-dried.

For the liquid hot water pretreatment (LHW), 15 g of algal biomass was mixed with 150 ml
of distilled water (10% ratio) and the pretreatment reaction was carried out for 2 h at 170 °C
[15].

The IL pretreatment of Ulva lactuca was realized based on Viell et al. (2013) [16] and
further analytical investigations in Viell et al. (2016) [17]. The IL used was 1-ethyl-3-
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methylimidazolium acetate ((EMIM][Ac], > 95% (w/w) purity). Five grams of algaec was
added to the IL in a centrifugal tube which was placed in an aluminum heating block on a
magnetic stirrer (500 rpm). The ionic liquid was added until to mixture weight reached 10 g.
The pretreatment was carried out for 1 h at 115 °C. After the pretreatment, the algaec was
thoroughly washed with water to remove the residual IL and then air-dried for 2 days before
compositional analysis and enzymatic hydrolysis.

Enzymatic Hydrolysis

The enzymatic saccharification experiment was realized using a proportion of 10% (w/v) of
native or pretreated algae prepared in 0.1 M sodium acetate buffer pH 4.8. The hydrolysis is
started after the addition of the re-buffered enzyme solution Celluclast 1.5L appropriately
diluted to achieve a cellulase activity of 10 U per gram of biomass. The mix was shaken in a
thermomixer (MKR 10, HLC BioTech, Bovenden, Germany) at 900 rpm and 50 °C [17].
Samples were withdrawn periodically to evaluate the progress of the enzymatic saccharifica-
tion. The enzymes were inactivated at 100 °C and then centrifuged for 5 min at 3000 rpm. The
supernatant was kept for quantification of sugars by high-performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD) [18].
The evaluation of enzymatic conversion was assessed by determining two yields:

— The global conversion yield, which corresponds to the amount (mg) of total soluble
sugars, determined from the HPAEC-PAD analysis, released per gram of dried pretreated
biomass.

— The glucan or xylan conversion yields, which are specific yields related only to the
enzymatic conversion of either glucan or xylan. They refer to glucose or xylose amounts
(mg) reported to initial glucan or xylan (mg) content in either native or pretreated
biomasses. Amounts of glucose or xylose were determined by HPAEC-PAD analysis.

Cellulose Extraction

Cellulose was extracted from the native and pretreated biomasses using the method
previously described by Jmel et al. (2016) [4]. The extraction process consisted briefly
in lipids elimination as a first step, followed by ulvan extraction. The residual
biomass was then bleached and subjected to an acid and alkali bath. The extracted
cellulose was finally dried at 105 °C.

Analytical Methods
Compositional Analysis of the Green Macroalgae

Two-step acid hydrolysis was performed according to NREL Laboratory Analytical
Procedure to determine the chemical composition of the native and pretreated algae.
Biomass (25 mg) was hydrolyzed with 250 pl of 72% sulfuric acid for 1 h at 30 °C.
Hydrolyzates were then diluted to 4% of sulfuric acid with distilled water and then
heated for 1 h at 120 °C [19]. After hydrolysis, 2 ml of the supernatant was
centrifuged and then filtered before sugar monomers analysis.
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HPAEC-PAD Analysis of Monomeric Sugars

The monosaccharides released after hydrolysis of the native and pretreated [19] were deter-
mined based on HPAEC-PAD method [20]. As enzymes for biomass degradation only cleave
saccharide linkages, the HPAEC-PAD method [20] was shortened to an 11-min run starting
with 99% 100 mM NaOH (A) and 1% 100 mM NaOH and 500 mM NaAc (B) on an ICS-
5000+ device (Thermo Scientific, USA). After 6 min, the eluent composition reaches 75% A
and 25% B. An increase of eluent B to 70% and a decrease of eluent A to 30% start by minute
six. Finally, after 8.5 min, the eluent composition changes from 30% A and 70% B back to the
starting conditions and the subsequent equilibration step of 5 min will start before the next
injection.

The recovery yields correspond to the percentages of monosugars contents after HPAEC-
PAD analysis (glucose, xylose, thamnose, or mannose) in each pretreated biomass reported to
their initial content on the untreated biomass.

Scanning Electron Microscopy

The surface morphology characteristics of the native and pretreated biomass were observed
using a scanning electron microscope model S-3000 from Hitachi. Before the observation,
samples were spread on a conductive adhesive and then coated with gold.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) studies were carried out using a TG 209 C thermogravi-
metric analyzer instrument. About 10 mg of the sample was placed in a crucible, and the TGA
spectra were recorded in an ambient nitrogen atmosphere from 25 to 900 °C at a heating rate of
10 °C/min.

X-ray Diffraction

The crystallinity analysis of the different samples was realized using an Empyrean X-ray
diffractometer (PANalytical) with CuK,, radiation at 40 kV and 40 mA. The recorded range
was from 1° to 50° with a step size of 0.013. The crystallinity index (Crl) was calculated using
the formula Crl = {02l &z 1“"‘ x 100 where I o, represents the intensity of the diffraction plane
0.02 at 20 = 22.5° and Iam is the intensity at about 26 = 18°.

Results and Discussion

Pretreatment Effect on the Chemical Composition and Thermal Properties of Ulva
lactuca

Previous reports indicated the presence of four types of polysaccharides in the cell wall of the
Ulva genus. Cellulose and ulvan represented the major fractions. However, a lower presence of
the alkali soluble xyloglucan and glucuronan was also reported [21]. In this work, the sugar
composition of the green macroalgae Ulva lactuca was studied before and after different
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pretreatments (alkaline, organosolv, LHW, and IL). In addition, the acid soluble residue
including lignin-like molecules, ash, and sulfate derived from sulfated polysaccharides was
also determined.

The composition of native and pretreated Ulva lactuca in comparison with the initial dry
mass is summarized in Table 1.

As can be deduced from Table 1, the chemical composition of Ulva lactuca indicates a total
sugar content of about 30% (w/w) of the dry weight. A sugar content of approximately 20%
(w/w) was previously reported by Bobin Dubigeon et al. (1997) [22] and Van der Wal et al.
(2013) [14].

The glucan, xylan, rhamnan, and mannan composition of the native Ulva lactuca were
respectively 11.2, 3.4, 12, and 3.7 g/100 g DM and were in agreement with Lahaye and Robic
(2007) findings about the presence of glucan and ulvan as main polysaccharides [21].

Van der Wal et al. (2013) reported lower amounts of glucan and rhamnan (8.2 and 7.0 g/
100 g DM, respectively) but a higher amount of xylan (4.5 g/100 g DM) [14]. These variations
in total sugar content and in different polysaccharides can be explained by the seasonal periods
[23] or climate variation [24] since the origin of the green macroalgae differed.

The results show that the sugar composition of Uha lactuca varied depending on the
pretreatment used. Recovery yields (Table 1) for the different pretreatments were calculated for
each kind of carbohydrate. They gave an estimation of the effect of pretreatment on the
residual content of each carbohydrate. Table S2 (supplementary materials) shows the residual
biomass after each pretreatment, allowing the calculation of recovery yields mentioned in
Table 1.

The highest glucan content was obtained for the ethanol organosolv pretreatment
(80.8 + 3.6 g/100 g DM) followed by the LHW pretreatment (62.9 + 4.4 g/100 g DM). To
our knowledge, no previous studies reported the glucan content after pretreatment of Ulva
lactuca biomass. However, several pretreatments of the genus Chaetomorpha were reported
by Schultz-Jensen et al. (2013) [25], where a similarly high content of glucan was obtained
from green macroalgae after LHW pretreatment (64 + 2 g/100 g DM). However, the glucan
content of Chaetomorpha linum (38 g/100 g DM) is higher than the content for Ulva lactuca
used in this work (11.2 g/100 g DM) [25].

The xylan content was decreased by ethanol organosolv (1.2 + 0.3 g/100 g DM), alkaline
(1.1 £0.1 g/100 g DM), and LHW (1.8 £ 0.1 g/100 g DM) pretreatments. However, it was
increased by the IL pretreatment (5.1 = 0.0 g/100 g DM). The presence of xylose and mannose
indicates the incomplete removal of hemicelluloses in the remaining solid after the pretreat-
ments. The most effective pretreatment in hemicellulose elimination was the alkaline pretreat-
ment which is considered as the most effective in breaking the ester bonds between cell wall
polysaccharides. It also removes acetyl groups and various uronic acid substitutions in
hemicelluloses [26].

Except for the IL pretreatment, the rhamnan amount was decreased by all the pretreatments
especially by LHW (0.1 + 0.0 g/100 g DM) and alkaline pretreatment (0.2 + 0.0 g/100 g DM)
indicating the elimination of ulvan, one of the main constituents of Ulva lactuca cell wall. The
elimination of ulvan represents a crucial step for algae biorefinery processes as it has been
proven that this polymer inhibits the sugars fermentation [27].

The IL pretreatment increased the amount of glucan but showed no effect on hemicellulose
and ulvan elimination. In contrast, sugar composition results showed an increase in the amount
of rhamnose, xylose, and mannose (22.4 + 0.1, 5.1 £ 0.2, and 3.0 + 0.1 g/100 g DM,
respectively). ILs are not frequently used for algae pretreatment in a biorefinery purpose
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mainly because of the high costs of these solvents. In this work, the aim of using ILs for algal
biomass pretreatment is to study a possible improvement of the enzymatic saccharification of
the green macroalgae since they are known for their ability to de-crystallize cellulose in
forestry biomass such as wood and disrupt the lignin and hemicellulose matrix [16]. However,
we observed a slight increase in the enzymatic conversion and no elimination of hemicellulose
and ulvan. This can be explained by the high viscosity of [EMIM][Ac] in comparison to other
solvents used in the other pretreatments. This high viscosity does not allow the diffusion of the
catalyst through the carbohydrate matrix of Ulva lactuca [28]. This work represents the first
assay of a green macroalgae pretreatment with [EMIM][Ac] followed by an enzymatic
hydrolysis. Previous works assayed the deconstruction of Ulva rigida without any biorefinery
perspective [29]. Also, Ravanal et al. (2016) [28] pretreated brown algae with ILs and had the
same difficulties concerning the IL viscosity and accessibility to the internal carbohydrate
matrix [28].

The IL pretreatment was not optimized in this work; a potential increase in the temperature
of pretreatment might have a beneficial effect on IL accessibility to the internal matrix
especially under consideration of [EMIM][Ac] being stable up to 180 °C [30].

The thermal properties of the native and pretreated Ulva lactuca biomass were also
analyzed by the mean of thermogravimetric analysis (TGA) which allows the quantitative
measurement of changes in materials mass related to its dehydration and decomposition versus
time and temperature [31]. Figure 1 shows the thermogravimetric (TGA, A) and the differen-
tial thermogravimetric (DTG, B) curves of the native and pretreated samples.

The TGA-DTG curves showed a similar shape for all pretreated biomass with a slight
difference for the native algae regarding its complex composition in comparison to the
pretreated ones. The thermal decomposition process of Ulva lactuca can be divided into three
phases. The first phase goes from the starting temperature to about 180 °C. This phase
corresponds to the dehydration of the biomass [32]. The second phase of mass loss goes from
240 to 400 °C, and it can be attributed to the depolymerization or the decomposition of Ulva
lactuca organic substances, namely proteins and carbohydrates [33]. The major weight loss for
the native and pretreated samples was observed during this second phase. The three highest
peaks for DTG curves in this second phase were for IL, LHW, and organosolv which correlate
perfectly with the results of the chemical analysis. Here, it was shown that the IL pretreated
samples were composed mainly of glucan and ulvan which both decompose thermally in this
phase [31] and that the LHW and organosolv samples were composed mainly of glucan. The

Native 5 Native
3 —— LW &2 A —— LW
I
85 Org 4 i Org
35 R
— Alkaline ! — Alkaline

75 3

25

65 -

55

Weight loss (%)

45

Derivative of weight (%/min)

35

25 + 0
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Fig. 1 Thermogravimetric (A) and differential thermogravimetric (B) curves of the native and the different
pretreated biomasses
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third phase of mass loss occurs between 600 and 800 °C. This phase is attributed to the thermal
degradation of the carbonaceous components of the native and pretreated biomass [34].

Although the shapes of the curves were similar, slight differences existed between the
native algae decomposition curve and the pretreated ones; this difference is mostly due to the
difference in the composition of every sample [33]. In fact, the native biomass contained all the
existing polysaccharides, namely glucan, xylan, rhamnan, and mannan, that were selectively
eliminated depending on each other pretreatment. This explains the shift in the degradation
pattern of the native algae. On the other hand, the pretreated samples showed a similar shape
including all the degradation temperatures of algal biomass. The different biopolymers
constituting the biomass cell wall are thermally degradable in different ranges of temperatures.
For examples, hemicellulose or other non-cellulosic components reveal generally a lower
thermal stability in comparison with cellulose [33].

The TGA-DTG results including the three thermal decomposition phases were in agree-
ment with the findings of Chen et al. (2014) who used physical pretreatments in order to
improve the thermal decomposition characteristics of algae [33].

Pretreatment Effect on Structural Features of Ulva lactuca

The sugar composition of the pretreated algae was complemented by the structural features
which generally have a huge effect on the enzymatic hydrolysis efficiency (Fig. 2).

The native algae showed a smooth, compact, continuous, and well-ordered structure in
comparison with the pretreated samples which all showed morphological changes.

The alkaline pretreated Ulva lactuca revealed a loss of the ordered structure (Fig. 2¢). In
addition, a swelling phenomenon was caused by the alkaline catalyst generating wrinkles on
the surface of the green algae. Actually, the alkaline pretreatment is classified as one of the
most effective treatments for the swelling of biomass allowing for an enhanced enzymatic
hydrolysis [11]. For the organosolv pretreatment, it can be observed that inner fibers of treated
samples were fully exposed which may facilitate the cellulase action during enzymatic
hydrolysis (Fig. 2d). The IL pretreated algae exhibited a less-defined and a hairy-like organi-
zation compared to the native algae but unlike the organosolv samples, fibers were not fully
exposed. This less important exposure may be caused by the presence of ulvan indicated by the
high amount of rhamnose after the pretreatment.

Finally, the scanning electron microscopy (SEM) observation of the LHW pretreated
samples showed cracks and holes on the algae surface (Fig. 2b). The regular surface observed
for the native Ulva lactuca was replaced by folds and irregular holes. It can also be observed
that the structure is more exposed to the external surface which may be beneficial for cellulase
activity during enzymatic hydrolysis.

To support the biomass structural changes observed by SEM images, the crystallinity index
(Crl) was measured for the native, LHW, organosolv, alkaline, and IL pretreated samples as
well as cellulose extracted from these materials by the means of X-ray diffraction. The
obtained values are summarized in Table 2.

The biomass Crl reflects the total sample crystallinity and is affected by hemicellulose,
ulvan cellulose domains, and other components which contribute together to produce the
amorphous signal of the studied sample [35]. In contrast, the extracted cellulose Crl indicates
the crystallinity character of the isolated cellulose from the native and the pretreated samples.
When comparing cellulose Crl, it can be deduced that the applied pretreatments did not
significantly affect the cellulose crystallinity of Ulva lactuca. However, comparison between
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Fig. 2 SEM images at various magnifications of the native and pretreated samples: a native, b LHW, ¢ alkaline,

d organosolv, and e IL

Table 2 Comparison of biomass
and cellulose Crl after different
pretreatments
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Sample Biomass Crl (%) Extracted cellulose CrI (%)
Native 29 66
LHW 50 58
Organosolv 52 60
Alkaline 48 53
IL 39 61
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biomass Crl and cellulose Crl could give information about pretreatment efficiency and
hemicellulose/ulvan removal. Indeed, compared to the native biomass Crl, all the pretreat-
ments increased the biomass crystallinity. This increase is caused by the elimination of
amorphous carbohydrates and the components around the cellulose [36]. As shown by Table 1,
this elimination was variable and not complete for all the studied pretreatments, which explain
the lower values of biomass Crl.

The structural study using crystallinity indexes supports the results of the chemical com-
position as the pretreated biomasses richest in glucan, namely organosolv (80.8 + 3.6 g/100 g
DM) and LHW (62.9 + 4.4 g/100 g DM), showed the highest increase in biomass CrI (52 and
50%, respectively). In addition, the IL pretreatment that showed no elimination of hemicellu-
lose and ulvan showed a slight increase of the biomass Crl (39%) probably due to the
elimination of some amorphous carbohydrates from the external surface, assuming that the
IL does not reach the inner carbohydrates of the matrix due to its high viscosity [28].

On the other hand, when we only focus on the cellulose Crl, and even if we consider that
any extraction protocol could theoretically affect cellulose Crl, our obtained results for
different algal biomasses showed significant differences between cellulose Crl values (data
not shown). These differences seem due to the origin and intrinsic organization of celluloses
rather than to the effect of extraction protocol. If it was the case, we expect that Crl values will
be close with a tendency to an amorphous character due essentially to NaOH action. Thus, the
extraction process does not affect the crystallinity index of the extracted celluloses [4].

The cellulose purity was confirmed by infrared spectroscopy (FTIR) which showed the
presence of only cellulose functional groups [4] (Fig. S1) and by acid hydrolysis followed by
HPAEC-PAD analysis of sugar monomers (Table S1) that proved the release of glucose as a
major component, indicating an insignificant contamination.

Enzymatic Hydrolysis of Native and Pretreated Algae

The recovered biomass after pretreatment was thoroughly washed and subjected to enzymatic
hydrolysis using Trichoderma reesei cellulases in order to assess the effectiveness of each
pretreatment in increasing the digestibility of Ulva lactuca polysaccharides.

The enzymatic hydrolysis experiments were realized at 50 °C and with an enzyme activity
equal to 10 U/g of biomass.

The effect of solid loading was estimated by determining the global conversion yield as
showed in Fig. 3. Substrate loading was optimized for all pretreatments using 5, 10, 20, and
50% concentrations. The obtained global conversion yields showed that the LWH and
organosolv pretreatments gave the best digest biomass that perfectly correlate with results of
the above physicochemical study. Furthermore, it was found that the enzymatic hydrolysis
with a substrate loading of 10% showed the highest yields after 72 and 120 h (Fig. 3).

To interpret more deeply, the conversion kinetics of the major carbohydrates, namely
glucan and xylan, were assessed using a substrate loading of 10% for each pretreatment
(Fig. 4). The evaluation of the more suitable pretreatment was also based on determining the
best glucan and xylan conversion yields. These specific yields inform about digestibility of
both cellulose and hemicellulose considered as a key step for the successful valorization of the
whole Ulva lactuca biomass.

Figure 4 shows that all pretreatments allowed an increase of the glucan conver-
sion compared to hydrolysis of the native Ulva lactuca. The most effective pre-
treatments were the LHW and the organosolv pretreatments with a yield of 97.5 and
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Fig. 3 Effect of substrate loading on global conversion yields followed enzymatic saccharification of Ulva
lactuca before (native) and after the different pretreatments. The global conversion yield corresponds to the
amount (mg) of total soluble sugars released per gram of dried pretreated biomass
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Fig. 4 Glucan and xylan conversion yields of the native and pretreated samples after enzymatic hydrolysis
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91.3%, respectively. The highest xylan conversion yield was obtained for LHW
(96.45%) and for the alkaline pretreatment (96.41%). Choi et al. (2013) reported
conversion yields of 60.7% for glucan and 22.2% for xylan after high-pressure
steam pretreatment of Ulva pertusa Kjellmann [37].

The LHW pretreatment presented the best conversion yields compared to the other
pretreatments. A correlation with the compositional analysis indicates that the almost
complete removal of ulvan (indicated by the absence of rhamnose in the remaining
solid after pretreatment) allowed a better accessibility of the enzymes to the sugar
polymers. These results seem quite interesting, efficient, and cost-effective for the
implementation of a green algae biorefinery process seen the low costs of this
pretreatment method [38].

The organosolv pretreatment showed also interesting results for the polysaccharide
yield (91.2% for glucan and 82.6% for xylan). Although these yields were lower than
the LHW pretreatment, the organosolv pretreatment remains a good candidate for a
cost-effective process since the glucan content of the remaining solid after pretreat-
ment was quite important (80.8%) and as the used ethanol for the pretreatment can be
recycled.

The alkaline and the IL pretreatments showed a yield of 74.8 and 62.5%, respec-
tively, after enzymatic hydrolysis. The alkaline pretreatment allowed for a respectable
glucan yield in addition to a high xylan conversion (96.4%). However, the glucan
yield obtained after this pretreatment is the lowest among all pretreatments. On the
other hand, the IL pretreatment improved the glucan yield from 27.9 to 62.5% but it
was not efficient on xylan conversion as here, the yield was lower than for the native
biomass (38.7%). As discussed above, the IL eliminated the exposed hemicellulose
and had no effect on the internal matrix due to its high viscosity; the internal xylan
then remained intact and inaccessible for hydrolytic enzymes [28].

Comparison of Pretreatment Methods

Several criteria characterize an effective pretreatment such as minimizing energy
demand, low pretreatment cost, or its inexpensive recycling [39]. In addition, the
macroalgal biomass used in this work presents several advantages compared to
lignocellulosic biomass. First, it represents an abundant biomass with high yields;
nevertheless, it can be also cultivated without the use of arable lands. Secondly,
macroalgae present a specific composition in comparison with other biomasses. This
specific composition consists mainly in the absence of lignin and the more flexible
structure [4].

In this study, four different pretreatment methods were compared in order to
understand their impact on the chemical, thermal, structural and particularly on the
enzymatic digestibility of Ulva lactuca polysaccharides. As a part of a biorefinery
process, the most efficient pretreatment should remove hemicellulose and ulvan and
increase the digestibility of cellulose to release fermentable sugars and should not be
expensive [40].

Considering these factors, the IL pretreatment should not be considered as it is the
most expensive one. In addition, it showed the lowest enzymatic conversion yield and
did not eliminate ulvan and hemicellulose. The alkaline pretreatment showed a better
conversion yield than the IL one and a better elimination of ulvan and hemicellulose.
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However, this pretreatment generates large amounts of waste water after the washing
step which is considered as a limiting factor for the process efficiency.

The highest glucan yields after enzymatic hydrolysis were obtained with the LHW
and the organosolv pretreatment (96.4 and 82.6%, respectively). In addition, these
pretreatments showed the highest glucan content in comparison to the other pretreat-
ments. They both represent a good perspective for the implementation of an efficient
process. Although the ethanol used for the organosolv process can be recycled [41],
the LHW has the advantage of using water without any chemical addition and does
not require a washing step after the pretreatment which makes this pretreatment a
more suitable candidate for the implementation of an efficient biorefinery process
based on Ulva lactuca biomass or for the production of sugar syrup from a biomass
that causes an environmental problem in the beginning.

However, the calculations of the theoretical ethanol yields per gram of raw material
of Ulva lactuca considering 100% fermentation efficiency were 0.2, 1.7, 34, 22, and
7.9 g ethanol/100 g DM, respectively, for the native, alkaline, organosolv, LHW, and
IL. These results showed that the organosolv pretreatment was more efficient for
bioethanol production (34 g ethanol/100 g DM) than the LHW (22 g ethanol/100 g
DM). The organosolv pretreatment is one of the most promising biomass pretreat-
ments as it presents several advantages such as its minor effects on cellulose, the
efficient fractionation of hemicellulose, and the organic solvent recycling [41].

A previous work by Schultz-Jensen et al. (2013) reported an ethanol yield of 11 g
ethanol/100 g DM from the native Chaetomorpha linum and compared five physical
pretreatments, and the highest ethanol yield was obtained for ball milling (18 h) [25].
Although that Chatomorpha linum contains four times more glucan than Ulva lactuca,
this work showed that the organosolv and LHW pretreatments can provide higher
ethanol yields for 100 g of biomass.

The fermentation of the monomeric sugars obtained after enzymatic hydrolysis of
macroalgae is one of the most promising ways for the production of ethanol or
chemicals. However, several other processes can be applied for the production of
different metabolites such as sorbitol by glucose hydrogenation [42], alkyl-glucosides
by transglucosylation [4], or glucose-rich syrup by concentration.

The remaining solid after the hydrolysis of sugar polymers is enriched in proteins
which were not extracted or eliminated [18]. Thus, this remaining solid should be
the focus of future studies for applications in fields such as food or additives [14].

Conclusion

The green macroalgae Ulva lactuca represents an abundant renewable and
undervalued biomass that could be an excellent candidate for providing bioethanol.
Therefore, we evaluated four pretreatments preceding enzymatic saccharification.
The LHW pretreatment gave the best results in terms of glucan yield, and an
efficient elimination of ulvan and hemicelluloses. Although, the organosolv pretreat-
ment was more efficient for the ethanol production. Significant changes in both
thermal and crystalline properties were observed for both pretreatments. These
results indicate that the LHW and organosolv pretreatments could constitute a
promising and central step in a biorefinery process based on Ulva lactuca.
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