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Abstract Combined pretreatment methods for improving
sugar yield as well as the economic aspects of lignoethanol
production processes have gained a great deal of interest.
However, most investigations involving such methods have
been conducted under optimum conditions. Such fully-
optimized combinations although improve enzymatic
digestion, they could also degrade cellulose structure
resulting in reduced sugar yield in some cases. The present
study was set to prepare rice straw for the I-ethyl-3-
methylimidazolium acetate pretreatment step (2 h,
120 °C), by mild alkaline extraction (30 min, 80 °C, 0.3 %
NaOH) with a focus on only 30 % lignin removal to
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minimize the hemicelluloses degradation. Moreover, the
effect of size reduction (<0.42 mm and <2 cm) was also
investigated. The results showed that the novel combina-
tion method based on only 30 % lignin removal led to an
increased sugar yield by 17 %. Unexpectedly, although IL
pretreatment needs material to be ground (<0.42 mm), the
difference in sugar yields for the two sized tested was
negligible.

Graphical Abstract The overall lignocellolusic bioetha-
nol production pathway including the combined AE-IL
process proposed in the present study based on 30 % lignin
removal through the first AE step.
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Abbreviations

RS Rice straw

AE-RS Alkali extracted rice straw

IL-RS Ionic liquid (pretreated) rice straw

AE-IL-  Alkali extracted and ionic liquid (pretreated)

RS rice straw

Introduction

The plenty of lignocellulosic materials produced annually
are regarded as the most abundant and low cost biomass
available to meet the growing global energy demands [1, 2].
For instance, such materials could be converted to bioalco-
hols such as bioethanol and biobuthanol via appropriate
processes [3, 4]. Alternatively, these materials could be
combusted in order to generate heat and electricity [5].
Among the agricultural lignocellulosic wastes, rice straw
(RS) although produced in large quantities worldwide
(1-1.5 kg/kg grain) [6], is mainly useless because its appli-
cation as animal feedstock is hindered by its high silica
content of 7-13 %. Hence, abundantly-produced RS is one
of the most favorable feedstock as a substrate for energy and
heat generation [7] as it does not spark competitions between
the animal feed and energy sectors.

The annual production of RS stands at about 731 million
tons with Asia contributing 90 %. This amount of RS could
potentially result in the production of 205 billion L of
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Unfortunately, currently an increasing proportion of this RS
undergoes field burning. The reasons for considering such a
recycling option for RS include its slow degradation in soil,
and the fact that it harbors rice stem diseases [9]. This tragic
phenomenon i.e. field burning is not only translated into
waste of energy (~ 14 MJ/kg, 10 % moisture), but also
poses a serious threat to the environment due to the high
levels of greenhouse gases emitted during open burning (CO
70.5, CO, 810.1 and NOx 1.73 g/kg RS, 10 % moisture).

From the composition point of view, RS is a potential
feedstock for fuel ethanol production due to its high cellulose
(32-47 %), and hemicelluloses (19-27 %) contents that can
be readily hydrolyzed into fermentable sugars [10—13]. To
achieve that, the main challenges include the complex
structure of these materials caused by the presence of lignin,
the crystallinity of the cellulose, and the presence of covalent
cross-linkages between lignin and hemicelluloses in plant
cell walls [14, 15]. Thus, continuous efforts are being made
to find cost effective pretreatment methods so that the whole
production process becomes commercially competitive with
the first generation bioalcohol production [16-18].

Among the various pretreatment techniques, those
involving ionic liquids (ILs) have been shown promising.
This is ascribed to the fact that ILs are great cellulose
solvents owing to their high polarity. This in conjunction
with their other unique features i.e. great thermal stability
(even above 300 °C), high conductivity and large electro-
chemical window, negligible volatility and non-flamma-
bility have been the driving forces of numerous
investigations in which ILs have been used on various
lignocellulosic feedstocks [19].
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A few attempts have also been made to combine IL
pretreatment with conventional procedures e.g. 1-ethyl-3-
methylimidazolium acetate (EMIM[Ac])/Ammonia [20],
IL/NH,OH-H,0, [21], and cholinium IL/ultrasound [22].
Such isolated efforts have been made to ensure structural
disruption of lingocellulosic materials to consequently
make cellulose highly accessible to ILs. For instance,
Nguyen et al. [20] applied EMIM[Ac]/Ammonia combined
pretreatment to achieve lignin elimination by ammonia
pretreatment prior to IL treatment. However, in most of the
published reports available, both procedures i.e. IL and the
conventional chemical pretreatment such as alkali extrac-
tion were conducted under their respective optimal condi-
tions in order to achieve maximal lignin removal and sugar
yields. Moreover, these reports do not imply considerable
improvements over each pretreatment method alone [21,
22]. This could be ascribed to the fact that the harsh
experimental conditions (i.e. the two-stepped pretreatment)
must have degraded a portion of the carbohydrates (cellu-
lose and hemicelluloses) and washed them away during the
process.

Therefore, the aim of the present study was to perform a
basic pretreatment method at under-optimal conditions in
advance not only to maximize the accessibility of RS
cellulose to EMIM[Ac] and consequently to increase sugar
yields by the combined pretreatment method, but also to
minimize cellulose and hemicelluloses degradation and
wash-out. More specifically, lignin removal through the
first basic pretreatment step was not performed under
optimal conditions (highest sugar yield) and only 30 %
lignin removal was targeted based on a report published by
Hamaguchi et al. [23]. Their study concerned pulp mill
industries and not lignoethanol production and indicated
that in general only 30 % lignin removal guaranteed
highest cellulose accessibility. This strategy i.e. limiting
lignin removal to only 30 % through a moderate alkali step
of a combined pretreatment method involving IL in order
to maximize cellulose accessibility and consequently sugar
yield has never been put to test in the lignoethanol pro-
duction domain before. Moreover, limiting alkali usage
through this strategy would enhance the sustainability of
lignoethanol production from both economic and environ-
mental point of views; through less water usage in the
water-washing step.

Materials and Methods
Materials
RS was obtained from a rice paddy field located in the

north of Iran. The straws were dried under sun before
shredded into pieces. Then, the shredded straws were

sieved to obtain fractions with a particle size of 0.420 mm
[20]. EMIMJ[Ac], sodium hydroxide 97 %, Cellulase
(40 FPU/mL) from Trichoderma reesei ATCC 26921 and
Cellobiase from Aspergillus niger were purchased from
Sigma-Aldrich (Germany). Other chemicals used in this
study included sulfuric acid 95-97 % (Fluka) used for
compositional analysis and sodium azide (Sigma-Aldrich)
used to prevent microbial growth during enzymatic
hydrolysis.

The Composition of Rice Straw (RS)

The composition of the untreated-RS, AE-RS, IL-RS,
and AE-IL-RS, i.e. cellulose, hemicellulose and lignin
contents, was determined based on the protocol of the
National Renewable Energy Laboratory (NREL/TP-510-
42618) [24]. Briefly, cellulose and hemicellulose were
measured after two steps of sulphuric acid hydrolyzation
(72 % solution at 30 °C for 1 h and 4 % solution at
121 °C for 1 h). After nutralizing the solution with cal-
cium carbonate and filtering the liquid, the filtrate was
injected into a high performance liquid chromatography
(HPLC) equipped with an RI detector (Knauer, Germany),
and a Eurokat H carbohydrate analysis column (Knauer,
Germany) to obtain the concentration of glucose and
xylose. The mobile phase was acidified water (0.01 N
sulfuric acid, pH 2) at a flow rate of 1 mL/min with a
column temperature of 65 °C. Then the amount of glu-
cose and xylose were used to calculate the amounts of
cellulose and hemicellulose, respectively. All experiments
were conducted in triplicates.

Dissolution and Regeneration of RS by Ionic Liquid
(IL)

Commercial EMIM[Ac] was heated at 130 °C for 30 min
to remove any moisture in the IL. Then, 0.25 g of the air-
dried untreated RS and AE-RS were separately mixed with
5 mL IL (1:20, RS:IL) and incubated at 100-130 °C for
30 min to 3 h while stirring with a magnetic stirrer
(150 rpm). The dissolved RS mixtures were turned into
gels and the gels were poured into hot deionized (DI) water
(20 mL, 85 °C) under rapid stirring (150 rpm) to regener-
ate (precipitate) the materials. The regenerated RS flocs
were collected by vacuum filtration through Whatman filter
paper No. 2 and were thoroughly washed with hot DI
water. The regenerated materials were referred to as IL-RS
(without the alkali-extraction step) and AE-IL-RS (with
the alkali-extraction step). IL-RS and AE-IL-RS samples
were vacuum dried at 40 °C and were stored in sealed
containers at 4 °C for enzymatic hydrolysis, scanning
electron microscopy (SEM), and Fourier transform infrared
spectroscopy (FTIR) experiments.
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Alkali Extraction of RS

The air-dried RS was soaked in NaOH (0.3-1 wt%) at
80 °C for 30 min to 3 h at a constant solid/liquid (S/L)
ratio of 1:15 to find the conditions under which 30 % lignin
elimination could be achieved. The alkali-pretreated RS
was then filtered through Whatman filter paper No. 2 and
was thoroughly washed with hot DI water until filtrate at
neutral pH was obtained. The resulting material left on the
filter was referred to as alkali-extracted rice straw (AE—
RS). A portion of the AE-RS was stored in a sealed con-
tainer at 4 °C for structural analysis, while the remainder
was dried at 40 °C, and stored in a sealed container at
ambient temperature till used for the IL pretreatment.

Structural Analyses of RS
FT-IR Spectroscopy

FT-IR spectra of the dry and ground untreated and treated
rice straw samples were acquired with an Equinox 55 FT-
IR (Bruker, Germany). Spectra were obtained using 16
scans for KBr pellets containing 1 wt% sample with a

resolution of 4 cm™".

Scanning Electron Microscope (SEM)

A ZEISS YIGMA VP scanning electron microscope (SEM)
(Germany) was used to examine the untreated and treated
rice straw samples. Untreated-RS was soaked in DI water
at room temperature overnight before the SEM observa-
tion. The samples (untreated-RS, AE-RS, IL-RS, and AE~
IL-RS) were mounted on the SEM stub with a carbon tape,

vacuum dried, and then coated with a thin layer (5 nm) of
gold. All images were obtained at an acceleration voltage
of 5 kV and magnifications of 500 and 5000.

Enzymatic Hydrolysis of Pretreated RS

Pretreated RS (0.25 g of AE-RS, IL-RS, or AE-IL-RS)
and sodium azide 2 % (20 mg/mL in distilled water) were
mixed with citrate buffer (pH 5.0, 50 mM) in a 50 mL flask
in order to prevent microbial growth during the digestion
phase. Meanwhile, the final total solid (TS) loading was
controlled at 2.5 %. Cellulase (10 FPU/g) and Cellobiase
(200 CBU/g) were added to the mixture and the enzymatic
hydrolysis was carried out at 50 °C and 200 rpm in an
illuminated shaking incubator (n-biotek,inc). The hydro-
lysate was used to determine the sugar content using HPLC
as mentioned earlier [see Sect. “The composition of rice
straw (RS)”]. These values were then used to calculate
glucose release as well as cellulose digestibility.

Statistical Analysis

The mean comparisons were conducted by SAS 9.1 (SAS,
Cary, NC). The graphs were plotted by Excel 2010.
Results and Discussion

Chemical Composition of Untreated and Pretreated
RS

The composition of the RS used in this study was deter-
mined as follows: 42 % Cellulose, 9 % hemicellulose,

Table 1 Various NaOH concentrations, temperatures and times in which rice straw was pretreated to figure out the condition in which 30 % of

lignin would be eliminated

Experiment NaOH Temperature Time Biomass Eliminated Remained
solution (%) (°C) (min) recovery (%) lignin (%) extractives (%)

1 1 80 30 72.78 £ 1.28 624 £ 2.12 9.37 £ 0.66
2 1 80 60 72.69 £+ 1.83 65.1 + 2.39 8.32 £ 0.45
3 1 80 90 71.16 £ 2.21 69.2 + 2.84 7.75 £ 0.39
4 0.75 80 30 78.90 £ 1.62 63.8 + 1.65 7.92 + 0.78
5 0.75 80 60 76.31 £ 1.45 66.4 + 1.84 9.68 £ 0.83
6 0.75 80 90 75.59 + 1.39 76.5 + 1.64 9.23 £0.53
7 0.5 80 30 88.08 £ 2.46 42.0 £ 1.22 7.75 £ 0.38
8 0.5 80 60 86.89 £ 2.12 539 £ 1.29 8.37 £ 0.74
9 0.5 80 90 84.59 £ 1.33 64.2 £ 2.54 9.03 £ 047
10 0.3 80 30 85.51 £ 1.58 313 £ 1.34 7.27 £ 0.69
11 0.3 80 60 88.34 + 0.93 36.1 + 1.45 7.56 + 0.48
12 0.3 80 90 88.35 + 1.68 423 £ 1.66 8.23 £+ 0.38
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Table 2 Different temperatures and times used in rice straw pre-
treatmeant by EMIM[Ac]

Experiment Temperature Time Biomass
°C) (h) recovery (%)
1 110 2 76.3 + 1.69
2 110 3 75.8 £ 2.03
3 110 4 70.0 &£ 1.91
4 120 1 70.4 + 1.84
5 120 2 67.5 £ 1.49
6 120 3 62.3 + 1.38
7 130 0.5 78.2 £ 1.64
8 130 1 68.1 &+ 1.30
9 130 2 63.0 + 1.21

15 % lignin, 23 % extractives, and 11 % ash. The solid
recovery rate after the AE step as in AE-RS was at 85.5 %
wt (i.e. 14.5 % mass loss) (Table 1). In fact, the alkali
treatment partially degraded lignin by breaking the link-
ages between hemicellulose and lignin and solubilizing a
portion of the hemicellulose [25, 26]. This would explain
the increase achieved in the cellulose/hemicellulose ratio in
the AE-RS sample. As a result of the mass loss of 14.5 %
wt which was in fact caused by the removal of lignin,

hemicellulose and water-soluble components, the total
carbohydrate content (%) was increased from 51 to 58 %.

The untreated-RS and AE-RS were dissolved separately
in EMIM[Ac] and were regenerated with hot DI water. The
solids obtained through this dissolution/regeneration step
were 68 % for the untreated-RS (Table 2) and 82 % for the
AE-RS (Table 3). Therefore, given the solid recovery rate
achieved through the AE step (i.e. 85.5 % wt) and the
solids obtained after the IL treatment (82 %), the overall
solids recovery through the combined AE-IL treatment
stood at 70 % wt.

Optimization of IL Pretreatment of RS

Since the presence of water in IL could diminish IL solu-
bility and reduce pretreatment efficiency, all the experi-
ments were carried out at temperatures above 100 °C [19].
Moreover, IL pretreatment at temperatures above 130 °C
could destruct carbohydrates [19], and thus, 110, 120 and
130 °C were chosen to find out the optimum pretreatment
conditions. Table 2 tabulates the experiments conducted
and their biomass recovery rates.

After pretreatment, the samples were hydrolyzed for
48 h to convert cellulose to glucose. Figure 1 presents

Tables 3 Biomass recovery after the combined AE-IL pretreatment of rice straw samples considering both lignin elimination and size reduction

Experiment NaOH Temperature Time Biomass Eliminated
solution (%) (°O) (min) recovery (%) lignin (%)
1* 0.3 80 30 819 + 1.12 ~30
2% 0.3 80 90 81.5 +1.98 ~40
3 0.3 80 30 827 + 1.74 ~30
4° 0.3 80 90 822+ 1.53 x40
% Ground rice straw (screened with #40 mesh)
® Ground rice straw (less than 2 cm)
Fig. 1 Comparison of the 12 ¢— Expl: 110°C - 2h
amount of glucose released (mg/
ml) versus time from the = 10k =#—Exp2: 110°c- 3h
u'ntreated (control) aqd treated E Exp3: 110° - 4h
rice straw samples with g’
EMIMJAc] at different times < 8 =>é=Exp4: 120°c - 1h
o
and temperatures g . ExpS: 120° - 2h
s L
§ Exp6: 120°c - 3h
<
S 4r Exp7: 130°c - 0.5h
) Exp8: 130°c - 1h
a 2f
Exp9: 130°c - 2h
0 —— — Untreated rice straw
0 10 20 30 40 50 60
Time(h)

@ Springer



102

Waste Biomass Valor (2016) 7:97-107

Fig. 2 The overall
lignocellolusic bioethanol
production pathway including
the combined AE-IL process
proposed in the present study
based on 30 % lignin removal
through the first AE step
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cellulose digestion rates and consequent glucose yields
achieved through the experiments.

As clearly seen, the IL pretreatment at 120 °C for 2 h
resulted in the highest sugar yield (Fig. 1). In comparison
with the untreated-RS, IL pretreatment under optimal
conditions improved sugar yield by four times and within
24 h, a sugars yield as high as 85 % was obtained.

Alkali Extraction of RS

In order to determine the conditions under which lignin
removal of 30 % could be achieved, AE was carried out
under moderate conditions (80 °C for 0.5-1.5 h) at low
alkali (NaOH) concentrations ranging from 0.3 to 1 wt%,
(Table 1). The conditions were set as stated so that no
pressure reactor was required and hemicellulose loss was
minimized. As seen, pretreatment with 0.3 % NaOH at
80 °C within 30 min resulted in a favorable outcome.

Combined Pretreatment of RS

The AE-RS (i.e. after 30 % lignin removal) underwent IL
pretreatment under the previously-determined optimal
conditions (i.e. 120 °C, 2 h). In addition, the AE-RS (40 %
lignin removal) was also included in the experiment to
ensure that the elimination of 30 % of lignin was sufficient
in achieving the highest cellulose accessibility during the
IL pretreatment. Moreover, it has been frequently indicated
in the literature that size reduction down to 0.42 mm is
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necessary to maximize IL pretreatment efficiency [20, 27].
Since size reduction could be costly and if less ground
materials could be used, the economic viability of the
process would be improved, therefore, the combined pre-
treatment was repeated using both 0.42 mm- and 2 cm-
sized RS samples. As presented in Table 3, both higher
lignin elimination more than 30 % and the conventionally-
recommended size reduction (i.e. screened with #40 mesh)
negatively affected solid recovery rates after the combined
AE-IL pretreatment. The combined AE-IL process used in
the present study based on 30 % lignin removal through the
first AE step is schematically demonstrated in Fig. 2.

After the combined pretreatment, the samples obtained
were hydrolyzed by cellulase for 48 h and their respective
glucose yields were measured (Fig. 1). The combined AE-
IL pretreatment resulted in higher glucose yield by 17 %
compared to the IL pretreatment alone. Moreover, the
impacts of lignin elimination beyond 30 % and size
reduction on final glucose yield achieved were negligible
and therefore, both could be disregarded in order to
improve the economic aspects of the process.

As displayed in Fig. 1, the enzymatic hydrolysis rate
and glucose yield for IL-RS were lower than those of the
AE-IL-RS. As for the IL-RS sample, despite of the IL-
caused disruption of the crystalline structure of cellulose,
the redistribution of lignin during cellulose regeneration
could have acted as a sheath on the fiber surface preventing
the enzymes from accessing much of the cellulose surface
[28]. However, by removing the lignin through the mild
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Fig. 3 Comparison of the amount of glucose released versus time
(mg/ml) though the combined alkali-IL pretreatment of the rice straw
samples of different sizes (<0.42 mm and <2 cm)

AE, higher surface area of the fibers was exposed to the
enzymes and that is why the AE-IL-RS had a higher
hydrolysis rate and glucose yield than the IL-RS. In fact,
the higher rate of enzymatic hydrolysis for the AE-IL-RS
(i.e. only 12 h) was likely resulted from the increase in
surface area caused by IL dissolution and the mild lignin
removal by the AE which in turn prevented cellulose/
hemicellulose degradation.

Overall, one of the biggest challenges in the process of
converting biomass to bioethanol is increasing the acces-
sibility of cellulose to the enzymes for subsequent enzy-
matic hydrolysis. Beside lignin removal to achieve this,
reducing particle size is also considered by many [29].
Interestingly, the sugar yields obtained for the combined

method applied on both fine- and coarse-particle RS (i.e.

<0.42 mm and <2.0 cm, respectively) were different by
only 5.7 % in favor of the fine-particle RS (Fig. 3). Hence,
it could be recommended to use coarse-particles instead of
fine-particles RS which could reduce the processing cost
and consequently enhance the economic viability of the
lignoethanol production.

In conclusion, the results showed that cellulose digestion
increased from 29 % for the untreated-RS to 99 % for IL—
RS. Also, sugar yield increased from 22.7 % for the
untreated-RS to 79 and 92.6 % for the IL-RS and AE-IL—
RS, respectively. These results obtained herein showed an
improvement in sugar yield, even with less size reduction
and a significant decrease in process time compared to the
previous studies conducted on RS [30, 31]. For instance,
Poornejad et al. [30] pretreated RS with N-methyl mor-
pholine N-oxide (NMMO) and 1-buthyl-3-methylimida-
zolium acetate ((BMIM][OAc]) at 120 °C for 5 h with 5 %
RS loading to enhance its sugar yield. Their hydrolysis
results indicated a hydrolysis yield of 96 % for the
NMMO-treated samples, while the conversion was only
27.7 % for the untreated straw. In a different study,
Poornejad et al. [31] pretreated RS by [EMIM][Ac], prior
to enzymatic hydrolysis and ethanol production. The pre-
treatment was carried out at 120 °C for 5 h under

atmospheric pressure. They reported that glucose yield
increased from 25.7 % for the untreated straw to over 75 %
for the treated straw. Nguyen et al. [20] conducted an
efficient combined pretreatment method using ammonia
and ionic liquid ([Emim][Ac]). The combined method
exhibited a synergy effect on RS with 82 % cellulose
recovery and 97 % enzymatic glucose conversion. They
also pointed out that the cooperative effect led to the
conversion of over 90 % of the glucose even with a
reduced enzyme usage and incubation time [31]. In a single
step pretreatment, Jeya et al. [32] pretreated RS by 2 %
aqueous solution of NaOH at 85 °C for 1 h and achieved
only 86 % saccharification.

The findings of the present study also confirmed that the
combined EMIM[Ac] and mild NaOH was advantageous
over the single stage pretreatment of RS with [EMIM][Ac].
More specifically, the combined method developed resul-
ted in a sugar yield increase by 17 % compared to the
[EMIM][Ac] alone. Moreover, although single stage pre-
treatment of RS with NaOH was reported as an efficient
useful method with a relatively high sugar yield [32], it
requires a huge amount of water for the nutralization step.
On the contrary, water consumption in the combined
method presented herein was significantly less than that of
NaOH method. This is ascribed to the fact that only a
0.3 % aqueous solution of NaOH was used in contrast to
the 1 or 2 % NaOH solutions conventionally used else-
where [32]. In addition to that, the process time in the
present combined method (2.5 h) was half of that reported
by Poornejad et al. [31] (5 h) who used ([EMIM][Ac] for
RS pretreatment. Moreover, it is worth quoting that the
combined process resulted in approximately similar sugar
yields for both the course RS (<2 cm) and the fine RS
(<0.42). This would be of economic importance as further
size reduction would impose additional operational cost on
the process.

FTIR Analysis

FT-IR spectroscopy was used to examine the chemical
modifications of the RS surface during the AE and IL
dissolution steps (Fig. 4). The peak observed at 897 cm™'
was more intense in the case of the AE-IL-RS and IL-RS
compared to those of the AE-RS and untreated RS. In fact,
the peak at 897 cm ™' characterizing the C—O—C stretching
at b-1,4-glycosidic linkage is indicative of the presence of
amorphous cellulose [33]. This revealed the more efficient
generation of amorphous cellulose by the AE-IL pretreat-
ment. Moreover, the peak obtained at 1430 cm™! could be
assigned to the bending vibration of CH,. This bond is
strong in crystalline cellulose, and weak in amorphous
cellulose. On such basis, it could be concluded that the
amount of crystalline cellulose was higher in the AE-RS as
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Fig. 4 The FTIR spectra of rice
straw samples pretreated by
EMIMJ[Ac], NaOH (0.3 %), and
the combined method

0 500 1000

well as in the untreated-RS than in the IL-RS and AE-IL-
RS samples. This further confirmed the above-mentioned
explanation concerning the peak obtained at 897 cm™'.
Overall, the highest quantities of amorphous cellulose were
achieved when AE-IL and IL treatments were applied,
respectively, and the lowest amount was found in the
untreated-RS.

The AE of the untreated-RS (i.e. in AE-RS) separated
lignin from the other fibers, resulting in a decrease in the
absorbance of the 1595 and 1510 cm™' bands associated
with the aromatic ring vibrations of lignin [26, 34]. On the
other hand, after the dissolution and regeneration of the
untreated-RS through the IL-RS treatment, the absorbance
values of the lignin bands increased. This unexpected
increase could be explained by the fact that as the cellulose
and hemicellulose were dissolved into the EMIM[Ac], the
lignin and other wax-like components in the RS must have
been formed into spheres and aggregates [35, 36]. These
aggregated lignin did not remain in the aqueous solution
with the EMIM[Ac] during the regeneration step when the
polysaccharides precipitated from the solution and were
redistributed onto the cellulose fiber surface [36]. This
redistributed lignin may explain why the IL-RS sample
had a higher absorbance at 1595 cm™' than the untreated-
RS. Nonetheless, the redistributed lignin was not as
recalcitrant as the lignin originally found in the cell wall
matrix.

The combined pretreatment i.e. AE-IL led to consider-
able changes in the vibrations of the aromatic ring bands
indicating the successful removal of the remaining lignin in
the AE-RS by the IL pretreatment applied. In fact, the AE
was conducted under rather mild conditions in order to
only achieve 30 % lignin removal reflecting highest cel-
lulose accessibility [23], while least cellulose/hemicellu-
lose degradation was caused. This could also be observed
through the cellulose/hemicellulose ratio obtained for the
AE-RS (5.03) which was only slightly higher than that of
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the untreated-RS (4.66). This revealed only slight degra-
dation of hemicelluloses by the mild AE applied. This was
in agreement with the insignificant decrease noted in the
absorbance of the 1735 cm™' band assigned to the car-
bonyl functional groups of hemicellulose [26]. More
specifically, compared to the untreated biomass, the
1735 cm™! hemicellulose band diminished insignificantly
for the AE-RS samples, but increased in the cases of the
IL-RS and AE-IL-RS samples (Fig. 4).

In a study, Geng and Henderson [36] suggested a
combined pretreatment method involving 1 % NaOH
(90 °C, 1 h) and EMIM[Ac] for corn stover. The same
procedure was also repeated for RS in the AE step of the
combined AE-IL pretreatment in the present study result-
ing in 60 % lignin removal. However, this led to a con-
siderably lower sugar yield (data not shown). As a result,
more moderate conditions (0.3 % NaOH, 80 °C, 30 min)
or in another word, lower lignin removal rate was targeted
herein i.e. 30 %. Moreover, 40 % lignin removal was also
taken into consideration by increasing the pretreatment
time to 90 min rather than increasing the NaOH concen-
tration. This could be justified by the fact that increasing
NaOH concentration would lead to an increased water
consumption in the neutralization step and would conse-
quently jeopardize the environmental viability of the sug-
gested process. Therefore, instead of increasing the
alkaline concentration, experimental duration was
increased from 30 to 90 min to increase the lignin removal
from 30 to 40 %.

SEM

Figure 5a, b demonstrate the untreated-RS and the physical
changes caused after 30 min pretreatment by 0.3 % NaOH
at 80 °C, respectively. The results obtained indicated that
the untreated-RS had a highly fibrillar and intact mor-
phology, and that the mild alkali pretreatment applied
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Fig. 5 SEM images of rice straw. a Raw rice straw (x5000), b AE 120 °C and 2 h), g Combined AE-IL pretreated fine (<0.42 mm) rice
pretreated rice straw at 80 °C in 30 min (x5000), ¢ raw rice straw straw (x500)(NaOH 0.3 % in 80 °C and 30 min, IL in 120 °C and
(x500), d AE pretreated rice straw at 80 °C in 30 min (x500), e IL 2 h), h combined AE-IL pretreated (NaOH 0.3 % in 80 °C and
pretreated rice straw (x500), f combined AE-IL pretreated coarse 30 min, IL in 120 °C and 1 h) fine rice straw (x500)

(<2 cm) rice straw (x500) (NaOH 0.3 % in 80 °C and 30 min, IL in
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(a)

(b)

Fig. 6 Ground rice straw, a before AE pretreatment and b after AE treatment (swollen)

herein only had superficial effects on the biomass structure
making it flaky. This could explain the observation made
after the AE pretreatment i.e. the inflation of the biomass
(Fig. 6). Figure 5c, d also show the untreated and the
pretreated RS under mild alkaline condition at a lower
magnification, respectively, confirming that the mild alkali
pretreatment led to insignificant structural changes on the
RS.

On the other hand, Fig. 5e shows the effect of the IL
pretreatment on the RS at 120 °C after 2 h indicating
complete structural changes of the RS. More specifically,
after pretreatment by [EMIM][Ac], no fibrous structure
was visible and the surface became swollen and loose with
many pores observed throughout the surface. Figure 5f-h
represent harsh changes on the RS caused by the combined
AE-IL pretreatment. During the first AE step, not only the
lignin and other non-cellulosic components were removed
from the fibers, but also the cellulose fibers swelled, and
the sample achieved after the AE became more accessible
to the ions in the dissolution step. Thus, the sample was
dissolved in the IL. more completely than the untreated-RS.
Overall, the combined pretreatment caused both structural
and superficial effects on the RS as shown in Fig. 5f-h.
These structural differences from the original RS fibers
caused the AE-IL-RS sample to be more accessible to the
enzymes leading to much improved enzymatic hydrolysis
efficiency i.e. sugar yield.

Conclusions

A novel pretreatment process based on only 30 % lignin
removal through the first AE process followed by IL-dis-
solution/regeneration steps was developed. As a result, an
increased enzymatic hydrolysis of RS polysaccharides
(17 % increase in sugar yield compared to the EMIM[Ac]
alone) was achieved. Moreover, applying the AE procedure

@ Springer

under mild conditions (aiming at only 30 % lignin
removal), instead of the optimized conditions recom-
mended in other studies, led to less water consumption
during the neutralization step. In addition to these, the
findings achieved by comparing the course RS (<2 cm) and
the fine RS (<0.42) with regards to their corresponding
sugar yields (11.05 and 11.68 mg/mL, respectively)
showed an insignificant difference. Therefore, it could be
concluded that the fine RS recommended in most previous
studies could be replaced by the course RS which could
lead to a more cost-effective procedure as further shredding
of RS could be avoided.
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