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Effect of Various Pretreatment Methods on Sugar and
Ethanol Production from Cellulosic Water Hyacinth

Shahabaldin Rezania,® Hossein Alizadeh,? Junboum Park,®* Mohd Fadhil Md Din,°
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Effects of acid, alkali, ionic liquid (IL), and microwave-alkali pretreatments
on cellulosic water hyacinth (WH) were investigated based on the total
reducing sugars (TRS) and ethanol production. For the first time, IL
pretreatment with (1-Ethyl-3-methylimidazolium acetate ([EMIM][Ac]) was
used for WH, and the efficiency was compared with the other methods.
Cellulase and Saccharomyces cerevisiae were fermented together for 72
h. Based on the results, all pretreatment methods effectively increased the
sugar content as well as the ethanol yield. Untreated WH had 25 + 1.5
mg/g of TRS, which was increased to 157 + 8.2 mg/g, 95 + 3.1 mg/g, 51 £
4.2 mg/g, and 45 + 2.6 mg/g via alkali, microwave-alkali, acid, and IL
pretreatments, respectively. The highest TRS level of 402 mg/g was
obtained in 24 h and 6.2 £ 0.4 g/L of ethanol in 48 h of fermentation with
the alkali-treated WH. The ethanol production was followed by other
treatment methods of WH in the order of microwave-alkali, acid, and IL.
The results indicated that the ethanol production from WH was related to
the type of pretreatment as well as the TRS production.
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INTRODUCTION

Fossil fuel depletion in the near future can be predicted by the continuous over-
utilization of natural energy sources (Jambo et al. 2016). Agricultural products, such as
corn, wheat, and sugarcane, are defined as the first generation of raw materials for
bioethanol production. Likewise, lignocellulosic biomass is the second generation, and
algal biomass is the third generation (Baeyens et al. 2015). This energy source also has the
potential to reduce greenhouse gas emissions originating from fossil fuels and by carbon
sequestration (Tye et al. 2016). The use of lignocellulosic biomass as the feedstock for
fermentable sugar production is the key element in sustaining the production of bioproducts
like bioethanol (Mandade et al. 2016).
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Water hyacinth is a type of lignocellulosic material that is potentially available in
tropical regions (Sing and Bishnoi 2013; Rezania et al. 2015). In an untreated biomass,
cellulose, hemicelluloses, and lignin are linked to form a strong structure that is difficult to
process (Rezania et al. 2017). Because the lignin content of the lignocellulose can affect
the ethanol production process, the selection of suitable biomass is important. The WH has
high carbohydrate and low lignin content, an impressive growth rate, and no competition
on land, which makes it a suitable lignocellulosic material for bioenergy generation
(Rezania et al. 2016). The economic potential of biofuel production can be improved by
using low-lignin biomass in comparison to rich lignin biomass (Bhatt and Shilpa 2014).
According to Singh and Bishnoi (2012), there are three main operations needed to convert
lignocellulose to bioethanol: pretreatment (necessary to liberate cellulose and
hemicellulose), cellulose hydrolysis to produce fermentable sugars, and the fermentation
of reducing sugars. In this way, the most common and traditional microorganism used in
industrial bioethanol production is the yeast Saccharomyces cerevisiae (Dionisi et al.
2015).

A major challenge for bioethanol production is finding a cost-effective pretreatment
of lignocellulosic biomass (Singh et al. 2015). Different cost-effective pretreatment
methods have been identified based on different types of lignocellulosic biomass and
productivity (Srivastava et al. 2015). The effectiveness of these pretreatments depends on
the physical structure and chemical composition of the biomass, as well as the pretreatment
conditions (Sarto et al. 2019). The choosing of a pretreatment method can determine the
success in overcoming this complicated structure and the factors that constrain the
enzymatic hydrolysis of the lignocellulosic biomass (Sun et al. 2016). For instance, to
catalyze the polysaccharide in the lignocelluloses, cellulase can serve an important
catalytic enzyme with appropriate levels of stability in many ILs (Elgharbawy et al. 2016).
In addition, thermal pretreatment, mild alkali pretreatment, and microbial combined dilute
acid pretreatment are new approaches for ethanol production from cellulosic WH (Barua
and Kalamdhad 2017; Narra et al. 2017; Zhang et al. 2018).

To increase the bioethanol yield, various pretreatment methods are applied to
decrease the recalcitrance of lignocellulosic feedstock (Zheng et al. 2014). The supernatant
from the lignocelluloses enzymatic hydrolysis contains both hexoses and pentoses sugars
(Rezania et al. 2018). As demonstrated by Cheng et al. (2014), the simultaneous processes
of pretreatment and wet storage conserve 70% of carbohydrates and remove 40% of lignin
with 325 mg/g reduced sugar yield from the WH biomass. Therefore, the aim of this study
is to evaluate the effectiveness of acid, alkali, IL, and microwave-alkali pretreatments on
the ethanol and total reducing sugars production from WH based on fermentation time.
Meanwhile, the main novelty of this study was to use IL pretreatment with 1-ethyl-3-
methylimidazolium acetate ([EMIM][Ac]) for WH which the efficiency was compared
with the mentioned methods.

EXPERIMENTAL

Materials
Water hyacinth preparation

The plants were collected from a tank designed for propagation in the
environmental lab (IPASA) at the Universiti Teknologi Malaysia, Johor. The WH leaves
were separated and washed with distilled water, chopped, oven-dried, and then stored in
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plastic bags for further usage. The chemicals used in this study, such as NaOH and H2SOa,
were analytical grade reagents. The ionic liquid solution was bought from Sigma Aldrich
Company (Kuala Lumpur, Malaysia).

Methods
Different pretreatment methods

In this study, four types of pretreatment methods were performed using acid, alkali,
IL, and microwave-alkali. For the alkali treatment, 10 g of dried WH were soaked in an
alkali solution for 1 h followed by a treatment time of 10 min at 150 °C inside of a furnace.
Then, the hydrolysate was collected via a filtration method (Ahn et al. 2012). For the acid
treatment, 10 g of WH were mixed with 90 mL of 4% dilute sulfuric acid (W/V) and then
autoclaved at 120 °C for 15 min. Then, the treated biomass was neutralized with an addition
of calcium hydroxide (3N) and filtered using a membrane filter (0.45 pum). The solid
residues after pretreatment were washed with deionized water, then dried and stored for
enzymatic saccharification (Fileto-Pérez et al. 2013).

The IL pretreatment was performed by mixing 51.0 mL of 1-ethyl-3-
methylimidazolium acetate ([EMIM][Ac])) with 3 g of WH in a 17:1 ratio. The solution
was heated and stirred at 120 °C and incubated for 180 min. To regenerate the WH, equal
volumes of deionized water were added to the WHY/solvent solution, which made the
precipitation occur quickly. The sample was centrifuged and the supernatant containing IL
was removed. Next, the precipitate was washed using deionized water. Finally, the
regenerated WH was filtered using Whatman filter paper and oven-dried at 60 °C for 48 h
in a vacuum (Gao et al. 2013a). The microwave-alkali pretreatment was conducted in a
WX-4000 microwave digestion system (Hangzhou, China). In this pretreatment, the WH
was treated with 1.0% (w/v) NaOH solution for 24 h at 45 °C in a shaker at 120 rpm, then
heated for 1.0 min at 420 w in a microwave oven (SANYO Super Shower Wave 900W,
Sanyo Denki America, Inc., Torrance, CA, USA) (Xia et al. 2013). FTIR analysis was
performed using (Nicolet iS5, Thermo Fisher Scientific, Inc., USA). The spectra were
obtained in the transmission mode and the range of 600 to 4000 cm ! at a resolution of 4
cm ! with 32 scans per each sample.

Preparation of yeast as inoculum

A total of 5 g of yeast, Saccharomyces cerevisiae (S. cerevisiae) was added to 50
mL of distilled water and incubated at 37 °C with 150 rpm for 24 h. The potato dextrose
agar medium (PDA) was prepared to culture the yeast cells. Then, S. cerevisiae was
streaked on the PDA plates to grow the colonies and was kept in an incubator at 37 °C for
24 h. To enhance the growth rate and activity of S. cerevisiae, the best colonies in terms of
size were screened and transferred to 50 mL of nutrient broth (NB) in a 250-mL Erlenmeyer
flask at 30 °C.

Later, the plates were transferred to the shaker incubator in 37 °C for three days. A
loopful of the colony was transferred to the test tube and mixed in 50 mL of distilled water.
The tubes were centrifuged in 4000 rpm for 20 min (the temperature was held at -4 °C).
The top layer (supernatant) was discarded and the pellet was collected to measure the
optical density (OD) at 600 nm using a spectrophotometer (HACH DR6000; Loveland,
CO, USA). The S. cerevisiae suspension cultures were used as an inoculum for
fermentation (Mukhopadhyay and Chatterjee 2010).
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Simultaneous saccharification and fermentation (SSF)

The SSF method was used for the enzymatic hydrolysis and fermentation of the
treated WH biomass to produce ethanol. This process consisted of 5 g of the treated WH
(previously autoclaved for 15 min at 121 °C), filter-sterilized cellulase (extracted from
Aspergillus niger) solubilized in 0.1 M sodium phosphate, and 10 mL of S. cerevisiae in a
Mendel medium. The initial pH of the fermentation medium was adjusted to 5.0, and the
SSF was carried out at 37 °C in 250-mL conical flasks with 80 mL of fermentation medium
and a final volume of 100 mL with agitation for 72 h. The sampling was completed at 12
h and approximately 10 mL of each sample was taken. The samples were centrifuged at
4000 rpm for 15 min and the pallet was discarded. The supernatant was separated and used
to determine the ethanol and reducing sugar content (Eshtiaghi et al. 2012).

Analytical procedures

The WH composition (cellulose, hemicellulose, and lignin content) was measured
according to Di Blasi et al. (1999). The 3,5-dinitrosalicylic acid (DNS) method was used
to determine the total sugar reduction in the enzymatic hydrolysate of the acid-treated
biomass (Miller 1959). The amount of ethanol during fermentation was measured using
gas chromatography (GC) (Model 7890, Hewlet Packard, Waldbronn, Germany) with an
FID detector and column HP20 M. The temperatures of the oven, column inlet, and detector
were 200 °C, 300 °C, and 300 °C, respectively. The carrier gas was helium with a flow rate
of 25 mL/min (Ang and Abd-Aziz 2015). The ethanol concentration in the samples was
identified by comparing the area of the respective sample against the area of a reference
sample containing only the standard ethanol. All of the experiments were conducted in
triplicate. The theoretical yield value and volumetric ethanol productivity were calculated
based on Egs. 1 to 3:

Ethanol Concentration

Volumetric ethanol productivity (Qp) = S —T———, ()

Theoretical Yield Value (1], %) = “oe 1% x 100 @)

Ethanol Yield (g) = Fermentati_on Medium (ml) » Ethanol Concentration (3)
g Gram Biomass 1000

Theoretical maximum reducing sugar and ethanol yield

For the calculation of the theoretical maximum reducing sugar yield, it was
assumed that the cellulose and hemicellulose in the WH were completely hydrolyzed into
hexose (glucose) and pentose (xylose). The weight ratio of the glucose molecule to
cellulose was 1.111 (180/162), whereas that of xylose to hemicellulose was 1.136
(150/132). The reaction formula of cellulose conversion transformed into glucose, and the
hydrolyze percentage was calculated based on Hu and Wen (2008).

RESULTS AND DISCUSSION

Composition of Untreated WH

The untreated WH consisted of 16.4 + 0.35% cellulose, 32.7 + 0.14%
hemicellulose, 5.7 = 0.05% lignin, and 10.7 = 0.1% ash content. This demonstrated that
WH could be a favorable carbohydrates source. However, Table 1 shows that previous
studies obtained different amounts of carbohydrates and lignin from the WH biomass.
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Various geographic conditions, different parts of the WH, different growth states, and
methods for drying biomass could be reasons behind these differences.

Table 1. Chemical Composition of Untreated Water Hyacinth

Composition (Gao et (Cheng et | (Zhang et (Das et | (Ruanetal. | This Study
of WH al. 2013b) al. 2014) al. 2015) | al. 2016) 2016)
Cellulose (%) 18.3 24.15 18.07 24.7 24.5 16.4+0.35
Hem'z’%“'ose 23.3 27.23 28.21 32.2 34.1 32.7+0.14
Lignin (%) 17.7 12.39 7.03 3.2 8.6 5.7 +0.05

Total reducing sugar from different pretreatment methods

Manivannan and Narendhirakannan (2015) observed that the amount of glucose,
xylose, and TRS range from 7 mg/g to 41 mg/g of WH. To evaluate the effectiveness of
different pretreatment methods, the TRS was measured before and after pretreatment, as
shown in Table 2.

Table 2. Reducing Sugars by Different Pretreatment Methods

Microwave-

WH Biomass Untreated | Acid Treated | Alkali Treated IL Treated .
alkali Treated

Total Reducing
Sugars (mg/gof | 25+1.5 51+4.2 157 +£8.2 45+ 2.6 95+3.1
WH)

The amount of total reducing sugars (hexoses and pentoses) released from the
substrate equated to the effectiveness of the pretreatment method (Das et al. 2016). Based
on Table 2, the highest rate of TRS obtained was from the alkali pretreatment at 157 mg/g
of WH. This pretreatment enhanced the sugar ratio more than six times more in comparison
to the untreated WH (25 mg/g). Similarly, Harun et al. (2011) obtained 24.7 mg sugar/g
dry matter of sugars in untreated WH. In a study by Xu et al. (2016), 99 mg/g yield of TRS
from untreated WH was produced during hydrolysis. The acid, IL, and microwave-alkali
pretreatments produced 51 mg/g, 45 mg/g, and 95 mg/g WH of TRS, respectively. In
conclusion, the highest TRS was obtained by the alkali-treated WH, followed by
microwave-alkali-, acid-, and IL-treated WH, respectively.

TRS production during fermentation

During fermentation, the majority of reducing sugars were converted to ethanol
through the S. cerevisiae activity. Initially, the TRS was increased by the cellulase activity,
and then decreased due to the sugar consumption by S. cerevisiae to produce ethanol. The
high TRS production was due to breakage of the cellulosic structure by the cellulase, which
resulted in the exposure of more sugars to microorganisms. In addition, the treated biomass
in all pretreatment methods showed an increase in sugar amount in comparison to the
untreated biomass. The pretreatments were effective in increasing the TRS during
fermentation for ethanol production.

TRS from alkali and microwave-alkali treated WH
Based on Fig. 1a and Table 2, the highest reducing sugar was obtained from the
alkali-treated WH. Initially, 157 mg/g of reducing sugars were obtained from the alkali-
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treated sample and then were increased up to 402 mg/g after 24 h of fermentation. The
reduction was observed afterwards due to the sugar consumption by the microorganisms
until the end of the experiment. Similarly, Ganguly et al. (2013) observed 465 mg/g of TRS
after an alkali pretreatment of WH. The high level of TRS was due to the availability of
large amounts of monosaccharide (cellulose and hemicellulose) after the alkali
pretreatment.
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Fig. 1. TRS of alkali-treated and microwave-alkali-treated WH in fermentation: a) alkali-treated
and b) microwave-alkali-treated

As shown in Fig.1b, a sharp increment of TRS occurred from 95 mg/g to 346 mg/g
in 36 h by the microwave-alkali-treated WH. The radiation successfully enhanced the
amount of reducing sugars in the WH biomass. The TRS decreased sharply until the end
of the fermentation at 72 h based on the S. cerevisiae activity in the fermentation flask and
reached 144 mg/g at 72 h. Meanwhile, Zhang et al. (2015) obtained only up to 99.12 mg/g
of TRS from the microwave-alkali-treated WH. Aswathy et al. (2010) observed the
maximum reducing sugar yield from the hydrolysis of alkali-treated WH, which was 639.4
mg/g. In a study by Xia et al. (2013), the maximum reducing sugar yield of 483 mg/g from
WH substrate, with 94.6% of the theoretical reducing sugar yield, was obtained using a
microwave-alkali pretreatment. As stated by Singh and Bishnoi (2013), the alkali-treated
WH has a higher amount of monosaccharide compared to the acid and oxidative
pretreatment. They observed the reducing sugar amount was 5.1 g/L, 6.2 g/L, 9.3 g/L, 13.5
g/L, 11.3 ¢g/L,and 8.8 g/L after 12 h, 24 h, 48 h, 60 h, 72 h, 96 h, and 120 h of fermentation,
respectively.

TRS from acid and IL treated water hyacinth

As shown in Fig. 2a, the highest TRS from acid-treated WH was obtained after 48
h of fermentation at 236 mg/g of WH. After 48 h, the TRS was reduced to 62 mg/g at 72 h
fermentation, which implied sugar consumption by microbes. Zhang et al. (2015) obtained
197.60 mg/g of TRS in hydrolysates from the acid-treated WH. Meanwhile, 3.79 g/L to
5.27 g/L of total reducing sugars was obtained from the alkali-treated WH using S.
cerevisiae during fermentation (Manivannan and Narendhirakannan 2015).
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Fig. 2. TRS of acid-treated and IL-treated WH in fermentation: a) acid-treated and b) IL-treated

Similar to other pretreatment methods, the reduction of TRS in the IL-treated
sample occurred between 48 h and 72 h. During this stage, the depletion of sugars occurred
in the fermentation due to microorganism activity. The highest TRS was 164 mg/g at 48 h,
and it was reduced to 68 mg/g at the end of fermentation at 72 h (Fig. 2b). In this study,
only 164 mg/g of TRS were obtained from the IL-treated WH, which could have been
related to the level of lignin in the substrate or type of IL. In contrast, high levels of TRS
at 584 mg/g were obtained from that IL-treated WH 1-butyl-3-methylimidazolium acetate
(BMIMA) (Guragain et al. 2011).

FTIR analysis

For better validation of the effects of various pretreatment methods in the structure
of WH, the analysis of FTIR spectra before and after the pretreatment is shown in Fig. 3.
After alkali pretreatment of WH, in the range of 1000 cm™ to 1500 cm™, five peaks were
appeared 1025 cm™, 1154 cm?, 1315 cm™, 1408 cm™, and 1415 cm™ (Fig. 3a). These peaks
represented the structural features of cellulose and hemicelluloses in WH biomass. Based
on the results of this study, the alkali pretreatment increased the amount of cellulose and
hemicellulose in WH. In addition, a significant drop of band intensity was observed at
2915, which indicated the reduction in the hydrogen bonding of cellulose in WH structure.
In contrast, the absorption band at 2940 cm™! after alkali pretreatment and enzymatic
hydrolysis of WH was observed, as reported by Das et al. (2015)

Based on FTIR spectra of acid treated WH, no peaks in the range of > 1000 were
observed. This means that the acid pretreatment only increased the cellulose of WH and
was not effective in lignin removal (Fig. 3b). Although, Cheng et al. (2014) found the peak
intensity of 894 cm™, which confirms the increase of cellulose after acid treatment of WH
due to the removal of amorphous hemicellulose. In addition, because of the complete
hydrolysis of hemicellulose, the peak intensity of 1739 cm™ was remarkably decreased
after acid pretreatment. FTIR spectra showed significant reduction of band intensity at
1321 cm™* (C—H deformation in hemicelluloses) due to the removal of hemicelluloses.
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Fig. 3. FTIR analysis of different pretreatments a) Alkali treated WH b) Acid treated WH c)
Microwave-alkali treated WH d) IL treated WH

FTIR spectra of microwave-alkali treated WH showed that the disruption of lignin
structure (Fig. 3c). Furthermore, the peak intensity of 1630 cm™ in C=0 of acetyl groups
of lignin dropped due to the lignin cleavage. Furthermore, it also confirmed that the
microwave irradiation was effective for complete hydrolysis of tough WH structure (de
Souza Moretti et al. 2014).

In FTIR spectra of IL treated WH there was a sharp band at 774 cm™', which
corresponds to the C1 group frequency and can be attributed to the B-glycosidic linkages
(1—4) between xylose units in hemicelluloses. Another peak appeared at 1,240 cm™
corresponding to (C—O stretching in lignin and hemicellulose), which was indicative of the
removal of hemicellulose (Fig. 4d).

Similarly, 2922, 1427, and 1373 cm™ bands were related to the characteristic of
cellulose and did not substantially change due to the protection of cellulose during IL
pretreatment (Xia et al. 2013). Furthermore, IL pretreatment had more contribution in
disruption of B-glycosidic linkages and hemicelluloses reduction. Recently, Singh et al.
(2018) showed that treatment of WH using different imidazolium-based ILs such as [1-
alkyl-3-methylimidazolium bromide, [Cnmim]Br, resulted in high levels of cellulose
disruption.
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Ethanol Production from Differently Treated WH
Ethanol production from alkali- and microwave-alkali treated WH

Alkali and microwave-alkali pretreatment are two effective methods for ethanol
production from WH. Table 3 shows a summary of some studies that used alkali treated
WH in different NaOH concentration by using S. cerevisiae.

Table 3. Ethanol production from alkali-treated WH in different studies

NaOH Yeast type Fermentation Ethanol yield Reference
concentration yp (h) (g/L)
S- ce;%mae (Mukhopadhyay
0 ;
1.0% Pachysolen 48 5.2 and Chatterjee
. 2010)
tannophilus
- (Singh and Bishnoi
0,
5.0% S. cerevisiae 36 43+0.8 2013)
- (Ganguly et al.
0,
5.0% S. cerevisiae 48 3.07 2013)
5.0% S. cerevisiae 72 6.76 (Das et al. 2015)

As shown in Fig. 4a and Table 2, the alkali-treated WH had the highest TRS at 402
mg/g and the highest ethanol was produced at 48 h of fermentation by 6.2 £ 0.4 g/L.

b
500 - 10 500 7
450 | == Total reducing Sugérs 9’ 450 E==Total reducing sugars
400 - Ethanol concentration 8 r:sla S 400 —> Ethanol concentration 6
J ~ =) 5
350 7 5 é 350
300 1 6 & o 300 A
s a
250 A 5 5 = 250 s
(8]
200 - 4 5 200
150 - 3 @ 5180 2
2 3100
100 - 2 3 3 1
z
50 - 1m0
0 - 0 0 0
0 12 24 36 48 60 72 0 12 24 36 48 60 72

Fermentation (h)

Fermentation (h)

Fig. 4. Ethanol production: a) alkali-treated WH and b) microwave-alkali-treated WH

Das et al. (2015) found that the higher ethanol yield by P. stipitis was due to the
utilization of both pentose and hexose. Ethanol production based on sugar consumption in
the alkali-treated WH is shown in Fig. 4a. The ethanol production from the microwave-
alkali-treated WH based on TRS is shown in Fig. 4b. By using microwave-alkali-treated
WH, 4.3 £ 0.5 g/L of ethanol with an ethanol yield of 0.86 g/5g of WH and 0.059 of
volumetric ethanol productivity in 48 h of fermentation was produced. Meanwhile, the
highest amount of TRS was 346 mg/g in 36 h. The ethanol production via microwave-
alkali increased sharply after 24 h to 48 h. Therefore, the constant reduction occurred due
to the low rate of TRS production during fermentation.
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Ethanol production from acid and IL treated WH

Figure 5a shows the ethanol production from the acid-treated WH based on TRS
and fermentation time. The acid-treated WH produced 1.8 + 0.8 g/L of ethanol with a 0.025
productivity and yield of 0.03 g/g of WH in 60 h of fermentation. In addition, the sugar
level was drastically decreased because of the TRS consumption by the microbes for
ethanol production. In this study, 4% (w/v) H2SO4 was applied and 236 mg/g of TRS were
obtained at 36 h of fermentation. In previous studies, 33.3 g/L of total sugars were obtained
in optimized conditions by Reales-Alfaro et al. (2013) and 21 g/g by Nigam (2002) after
pretreatments with sulfuric acid. These findings further support the idea that the amount of
sugars released from the substrate depends on the pretreatment method efficiency and the
enzyme activity. As cellulase cleaves the cellobiose units to liberate glucose due to high p-
glucosidases activity about 21.39 (U/gDS), it effectively enhanced the TRS production and
subsequently some end products such as ethanol. As reported by Alvira et al. (2010), the
presence of ILs residues could have a significant negative effect on cellulase activity.
Therefore, to prevent the decrease of final sugars concentrations, ILs removal is necessary.
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Fig. 5. Ethanol production: a) acid-treated WH and b) IL-treated WH

In this study, the lowest ethanol yield and TRS production were obtained from the
IL-treated WH. Hence, there are not many published studies using IL pretreatment for
ethanol production from WH. It could hinder the enzymatic hydrolysis as well, as reported
by Guragain et al. (2011). The reason could be due to a high moisture content of WH,
which leads to a reaction of water molecules with IL solvents during fermentation. Besides,
some small molecules such as fructose and lignin can be dissolved in IL solutions during
the pretreatment process (Gao et al. 2013a).

Based on Fig. 5b, the IL-treated WH produced 1.3 £ 0.9 g/L of ethanol with a
volumetric productivity of 0.018 and a yield of 0.02 g/5g of WH. The highest ethanol
production was obtained at 60 h, and the highest TRS was obtained at 48 h. As
demonstrated by Guragain et al. (2011), by using a dilute acid pretreatment on WH, the
hydrolysis yields of glucose and total reducing sugars were 2.1 and 3.3 times higher than
IL pretreatments. Glucose and total sugars yield of the IL pretreatments were 332 mg/g and
584 mg/g of WH, respectively. One of the reasons for such results could have been due to
the solubilization of the majority of all hemicelluloses in dilute acid pretreatments.
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Theoretical maximum reducing sugar and ethanol yield

In this study, a maximum theoretical yield of reducing sugar for untreated WH was
(18.2 + 37.2) = 0.554 g/g of untreated WH biomass. Theoretically, 0.51 kg of ethanol per
kilogram can be obtained from glucose and xylose. Therefore, the maximum theoretical
ethanol yield of WH was (0.554 x 0.51) = 0.282 g/g of raw biomass of WH. However, Das
et al. (2015) state the maximum theoretical ethanol yield as 0.3659 g/g of WH, which was
0.294 g/g of WH as reported by Cheng et al. (2014). This is comparable to ethanol yields
of other lignocellulosic materials, such as rice straw with 0.326 g/g (Imman et al. 2015).
Table 4 shows the ethanol productivity and yield by different types of pretreatment
methods. Conditions of fermentation, species, and carbohydrate content of WH notably
contributed to ethanol production.

Table 4. Ethanol Production from Differently Treated WH

Different Highest Highest Ethan(_)l Volumetric Yield (g
Pretreatments Level of Ethanol (h) Production Ethan_ol_ Ethanol/ 5
TRS (g/9) (gp/L) Productivity g WH)
Alkali 402 48 6.2+0.4 0.086 0.12
Microwave-alkali 346 48 43+0.5 0.059 0.086
Acid 234 60 1.8+0.8 0.025 0.03
lonic Liquid 164 60 1.3+0.9 0.018 0.02

CONCLUSIONS

1. The IL pretreatment with 1-ethyl-3-methylimidazolium acetate ([EMIM][Ac]) was not
effective for sugar and ethanol production from WH.

2. The most effective pretreatment method was alkali followed by microwave-alkali, acid,
and IL.

3. FTIR analysis showed a decrease of the band at 1430 cm™ in all treated samples, which
confirmed the effective disruption of the crystalline structure of WH.

4. The highest ethanol yield was 6.2 £ 0.4 g/L via alkali-treated biomass with 0.086
volumetric ethanol productivity and an ethanol yield of 0.012 g/5g of WH in 48 h.

5. The acid, microwave-alkali, and IL-treated WH produced 4.3 + 0.5 ¢g/L, 1.8 + 0.8 g/L,
and 1.3 £ 0.9 g/L of ethanol, respectively.
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