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Abstract- The use of protic ionic liquids (PILs) in biomass processing has attracted significant attention in the recent years due
to their synthesis in a relatively cheaper and easier way in comparison with their aprotic counterparts. In this study, PIL,
triethylammmonium hydrogen sulfate (TEAHSO,) was explored in terms of its effects on the deconstruction of industrial crop
wastes; corn cob, corn husk and wheat bran. Characterization of the pretreated biomass samples via scanning electron
microscopy (SEM) and compositional analysis demonstrated structural changes and improvements in the cellulose content of
the biomass. TEAHSO, led to favorable modifications in the composition of wheat bran. It enhanced cellulose content of
wheat bran from 40% to 60%, through removal of 67% of the lignin present in the biomass. Pretreated biomass samples were
evaluated in terms of their conversion to glucose. At the 24™ hour of the enzymatic reaction, cellulose in the pretreated corn
cob, corn husk and wheat bran samples were converted into glucose with roughly 85%, 71% and 96% yields, respectively.
TEAHSO, pretreatment enhanced the enzymatic accessibility of wheat bran almost 10-fold. Ionic liquid media recovered
following the pretreatments were analyzed for their content regarding the platform chemicals; 5-hydroxymethylfurfural (5-
HMF) and levulinic acid (LA). The highest yield for 5-HMF was obtained as 47% in the ionic liquid medium obtained upon
TEAHSO, pretreatment of corn husk. On the other hand, corn cob pretreatment resulted in the highest LA yield which was
93%.

Keywords Protic ionic liquid; lignocellulosic biomass; pretreatment; glucose; 5S-HMF; levulinic acid.

1. Introduction

Pretreatment technologies have been regarded quite
essential among biomass processing strategies for the
fractionation of lignocellulosic feedstocks and conversions of
the major fractions, cellulose, hemicellulose and lignin to
their building blocks [1-4]. These building blocks and their
derivatives can readily replace the current petroleum-based
products and introduce promising pathways for a wide range
of applications [5] such as hydrogen [6] and ethanol [7]
production. Accordingly, researchers seek novel technologies
that aim to make use of each component of lignocellulose

and pursue positive environmental impacts. Among these,
ionic liquid (IL) pretreatment offers favorable features
including easy handling and recycling due to low vapor
pressure of ILs and also, high thermal stability and tunable
characteristic of the reagents [8]. Significant progress has
been experienced in the use of ILs for biomass processing in
the last decade. ILs not only exploited for the deconstruction
and fractionation of biomass to enhance enzymatic
accessibility of cellulose [9-11], but also served as promising
media for the production of platform chemicals such as
aromatic chemicals from lignin [12,13], platform chemicals
such as 5-HMF [14] and LA [15] from cellulose.
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While wheat bran has been principally used as a livestock
feed, its nutritive value on human well-being encouraged its
use in different food products such as cereals and baby food.
Being a significant source of polysaccharides, wheat bran
can be also appreciated as a renewable feedstock for the
production of cellulose and hemicellulose derived fuels and
chemicals. Considering its interaction with ILs, wheat bran
has been pretreated with a few ILs and valorized for the
extraction of polysaccharides. Wheat bran pretreatment with
1-butyl-3-methylimidazolium  acetate = (BMIMAc) in
combination with the solvent, 1,3-dimethyl-2-
imidazolidinone has been quite successful in the separation
of polysaccharide from biomass; polysaccharide content of
the regenerated material increased to 95% [16]. Another
dialkylimidazolium IL, 1,3-dimethylimidazolium methyl
methylphosphonate (DMIMMPh) was found to extract
polysaccharides from wheat bran with 16% yield [17]. Corn
stover is the non-edible residue of corn plant that is left on
the field following the harvest; cobs, husks, stalks, leaves,
and tassels of the corn plant [18]. Interaction of ILs with
wastes derived from corn plant has been studied more
extensively compared to wheat bran. Corn cob pretreated
with  1-methyl-3-methylimidazolium  dimethylphosphite
(MmimDMP) was converted into reducing sugars with more
than 70% yield [19]. A highly reputable work on the
pretreatment of corn stover with ILs showed that 1-ethyl-3-
methylimidazolium acetate (EMIMAc) was able to reduce
the cellulose crystallinity of corn stover samples at biomass
loadings as high as 30-50% and enhance cellulose to glucose
conversion roughly with 80% yield [20].

Protic ionic liquids (PILs) as an important class of ILs,
are cheaper and simpler to synthesize when compared to
dialkylimidazolium ILs which have long been explored for
their impacts on biomass, such as EMIMAc. Unlike their
aprotic counterparts, synthesis of PILs is conducted through
one step reaction between a Br@nsted acid and a Br@nsted
base [21]. Proton exchange mechanism occurring during
their synthesis plays an important role in lignin extraction
and thus, entails changes in the component’s aromatic
structure and the production of lignin derived platform
chemicals [22-24].Certain PILs were also examined with
respect to their impact on the pretreatment of corn stover.
The impact of PILs, pyridinium acetate (PyAc), 1-
methylimidazolium acetate (MimAc) and pyrrolidinium
acetate (PyrrAc) on the lignin extraction of stover was
demonstrated [23]. PyrrAc extracted more than 70% of lignin
in the biomass. This finding was also evident from the SEM
images of the pretreated corn stover in which pore
formations were observed due to penetration of PyrrAc in the
structure. In another study, cholinium based PILs, which are
defined as biocompatible ILs due to being synthesized from
renewable resources, were exploited for one-pot corn stover
conversion to high-titer cellulosic ethanol [25]. Ethanol
production with more than 40 g/L was achieved through the
use of cholinium lysinate (ChLys) and corn stover loading at
roughly 34%.

Triethylammmonium hydrogen sulfate (TEAHSO,) has
shown promise as a low-cost PIL in the conversion of
different feedstocks into fermentable sugars. In a previously
reported study, Hallett et al. demonstrated Miscanthus
pretreatment by aqueous TEAHSO, solution with IL to H,O
ratio of 80:20 g g at 120°C for 8 hours. Biomass, which
was delignified with up to 85% yield, was converted into
glucose with 80% hydrolysis yield [26]. Similarly, willow
was transformed into glucose with 82% yield following
TEAHSO, pretreatment conducted at 150 °C for 1 hour [27].
Recently, the same group reported promising findings for
Miscanthus  pretreated by TEAHSO, at elevated
temperatures, relatively high biomass loadings and for
shorter periods than usual and concluded the possibility of
large-scale use of PILs in biomass pretreatment [28].

This study focuses on the effects of PIL, TEAHSO,4 with
respect to the deconstruction of crop wastes from edible
biomass feedstocks; corn cob, corn husk and wheat bran with
the aim to appreciate the structural changes in the biomass
and improve the enzymatic digestibility of biomass. Besides,
the performance of TEAHSO, regarding the conversion of
solubilized cellulose of biomass samples into platform
chemicals, 5-hydroxymethylfurfural (5-HMF) and levulinic
acid (LA) was demonstrated.

2. Materials and Methods
2.1. Materials

Lignocellulosic feedstocks, corn cob, corn stover and
wheat bran, which were ground and sieved to particle size
less than 1 cm, were oven-dried prior to pretreatments.
Reagents, trisodium citrate dihydrate, citric acid
monohydrate, sulfuric acid, calcium carbonate, D-glucose
and D-xylose were purchased from Merck (Darmstadt,
Germany). Triethylamine, 5-hydroxymethylfurfural and
levulinic acid were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The cellulase enzyme, Cellic Ctec2 was
kindly provided by Novozymes (Denmark).

2.2. Synthesis of Protic lonic Liquid, TEAHSO,

Synthesis of TEAHSO4 (Fig. 1) was conducted through
an acid-base reaction using triethylamine and sulfuric acid
which were used in equimolar amounts. Triethylamine was
put in a round bottom flask and mixed with an equal volume
of water. Sulfuric acid solution in combination with three-
fold higher volume of water was added dropwise to the base
solution that was under constant stirring and cooled with an
ice bath. In order to ensure the completion of the reaction,
PIL solution was stirred overnight. Following the water
removal via rotary evaporator operated at 70°C, the resultant
product was obtained as a white hygroscopic solid (Fig. 2).
Proton NMR spectrum of TEAHSOy is also provided (Fig.
3).
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Fig. 2. Appearance of the PIL, TEAHSO,.

2.3. Pretreatment of Biomass with TEAHSO,

Pretreatment of biomass with aqueous solution of
TEAHSO, was conducted in a similar manner reported in the
Ionosolv protocol [29]. All pretreatments were performed in
Pyrex tubes with Teflon-lined screw caps which were placed
in an oven operated at 120°C. 10 g of TEAHSO, solution
with TEAHSO4:H,0 weight ratio of 4:1 was mixed with 1.5
g of biomass and incubated for 2 hours. At the end of the
reaction, the samples were allowed to cool to room
temperature and ethanol was added to precipitate the
pretreated biomass. Pretreated biomass, which was washed
with ethanol three times for 15 minutes in a shaker to remove
the residual TEAHSO,4, was recovered by filtration. Finally,
the recovered biomass was dried at 70°C under vacuum
overnight before it was subjected to enzymatic reaction and
characterization. Weight of the pretreated biomass was
recorded to determine the percentage solid recovery (SR),
which was obtained according to Eq. (1).

SR (%) = (WPRT / WUT) x 100 (1)

Here, Wprr is the weight of biomass recovered after
pretreatment (g) and Wyr is the weight of untreated biomass
subjected to pretreatment (g). All pretreatments were
performed in duplicate [30].

5-HMF yield obtained from the cellulose solubilized in
TEAHSO, during pretreatment was determined according to

Eq. (2).

5-HMF (%) = [Cs.vr / (Celluloseg x 1.11x 0.7)] x 100
@)

Here, Cs.yr is the concentration of S-HMF (g/L) in the
IL medium, 1.11 is the stoichiometric conversion factor of
cellulose to equivalent glucose and 0.7 is the stoichiometric
conversion factor of glucose to 5-HMF conversion.

Cellulose,, is the concentration of cellulose solubilized
in IL medium (g/L) which is determined according to Eq. (3).

—2.509
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Fig. 3. 'H-NMR spectrum of the PIL, TEAHSO,.

Cellulosey,; (g/L) =[(Cs x Cellulosey (%))/100) x
(Cellulose,(%)/100)] 3)

Here, Cs is the concentration of biomass subjected to
pretreatment, Cellulosey (%) is the percentage cellulose
content of the untreated biomass, Cellulosey, (%) is the
percentage of cellulose in the untreated biomass unrecovered
after pretreatment.

Levulinic acid (LA) yield obtained from the cellulose
solubilized in TEAHSO, during pretreatment was determined
according to Eq. (4).

LA (%) = [Cra / (Celluloses; x 1.11x 0.644)] x 100
4

Here, Cpa is the concentration of LA (g/L) in the IL
medium, 1.11 is the stoichiometric conversion factor of
cellulose to equivalent glucose and 0.644 is the
stoichiometric conversion factor of LA to glucose
conversion.

5-HMF and LA concentrations (g/L) in IL media were
determined with HPLC analysis. The relevant operation
conditions for the analysis are given in the following
subsection.

2.4. Enzymatic Hydrolysis of Biomass
Enzymatic hydrolysis of untreated and pretreated

biomass samples was conducted in 0.05 M sodium citrate
buffer at pH 4.8 and 50°C in a shaker incubator. Biomass
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was used at 3% (w/v) loading. Cellic Ctec2 having 225
FPU/ml of cellulase activity was used at 2 % (v/v) loading.
The reaction was monitored for 48 hours. The samples were
incubated at 100°C for 5 min in order to stop the enzymatic
reaction and finally centrifuged at 6000 rpm for 20 minutes
prior to analysis.

Prominence LC-20A Modular HPLC System with RI
detector was used to determine the concentration of glucose
in the hydrolysates. Biorad Aminex HPX-87H column was
employed at 55°C with 5 mM H2SO04 as the mobile phase at
a flow rate of 0.5 ml/min. Hydrolyzates were filtered through
0.20 m membrane PTFE filter before their examination in
HPLC. Identical operation conditions were used to determine
5-HMF and LA concentrations in IL media and also, for the
compositional analysis of biomass samples.

Percentage glucose yield based on the cellulose content
of the pretreated cotton stalks were calculated according to

Eq. (5).

Glucose Yield (%) = Cg / (Cg x Cellulosep (%) x1.11) x
100 (5)

Here, Cg is the glucose concentration in the hydrolysates
(g/L), Cg is the initial concentration of the biomass in the
hydrolysis buffer that is subjected to enzymatic hydrolysis
(g/L) and Cellulosep (%) is the cellulose content of the
pretreated biomass. 1.11 is the stochiometric conversion
factor of cellulose to equivalent glucose.

2.5. Biomass Characterization

Scanning electron microscopy (SEM) images were
obtained using a QUANTA 400F Field Emission SEM
operated at 10 kV. All samples were sputter coated with
gold/palladium (Au/Pd) prior to analysis. SEM images of the
samples were taken at magnifications; 500X and 1000X.
Compositions of the untreated and pretreated samples were
determined through two step acid hydrolysis reported by
NREL [31]. Percentage lignin extracted was determined
according to the previously reported study [32].

3. Results and Discussion

3.1 Compositional and Morphological Changes in the
Biomass

In this part, biomass samples were investigated
regarding the compositional and morphological changes
obtained after pretreatment with TEAHSO,. According to
Table 1, corn cob and corn husk were obtained with roughly
64% and 68% solid recoveries, respectively. On the other
hand, pretreatment of wheat bran with TEAHSO, resulted in
a much lower solid recovery, 45%, indicating that wheat bran
was more susceptible to pretreatment. Cellulose content of
all samples increased with TEAHSO, pretreatment which
was more profound for wheat straw. Its cellulose content
increased almost from 40% to 60%. This finding was related
to the lignin extraction capacity of TEAHSO, from wheat

bran. Almost 67% of the lignin present in the wheat bran was
extracted upon pretreatment. Cellulose contents of corn cob
and corn husk were increased from 32% to 39% and from
32% to 42%, respectively. These results were also correlated
with the lignin extraction from the corresponding feedstocks.

Morphological changes in the biomass samples before
and after TEAHSO, pretreatment were visualized by SEM
analysis. SEM images of the biomass samples were taken at
magnifications; 500X and 1000X. As shown in Fig. 4, the
structural changes in each biomass were revealed with a
disruption of the surface morphology. Pore formations along
with an increase in the surface area were observed for corn
cob pretreated by TEAHSO, (Fig. 4a) which indicated the
penetration of PIL through the structure. In addition to pore
formations, fibril breakages were obtained for corn husk after
pretreatment (Fig. 4d). Wheat bran possessing an intact
surface before pretreatment (Fig. 4e) was destroyed and an
irregular surface structure was attained (Fig. 4f). Besides,
larger pores were observed for the wheat bran pretreated with
TEAHSO,. Although the precise extent of pretreatment could
not be appreciated from SEM images of different feedstocks,
we can conclude that the most distinctive change was
observed for wheat bran. This finding was in accordance
with the compositional changes in the biomass; 67% of
lignin was removed from the structure.
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Fig. 4. SEM images of untreated corn cob (a), TEAHSO,
pretreated corn cob (b), untreated corn husk (c), TEAHSO,
pretreated corn husk (d), untreated wheat bran (¢), TEAHSO4
pretreated wheat bran (f).

3.2 Effect of PIL pretreatment on enzymatic hydrolysis of
biomass

Enzymatic hydrolysis of untreated and pretreated
biomass samples was examined for 48 hours. Percentage
glucose yields for untreated and pretreated biomass were
determined on the basis of the glucose content of their
corresponding cellulose content. As seen in Fig. 5, enzymatic
accessibility of all samples was enhanced due to the
pretreatment. The most significant change was observed for
wheat bran in which roughly 96% glucose yield was
achieved at the 24™ hour of hydrolysis; being 10-fold higher
than the yield obtained for the untreated biomass.
Considering the hydrolysis of other biomass samples at the
24™ hour of the enzymatic reaction, 9- and 4-fold
enhancement were obtained for corn cob and corn husk,
respectively. Besides, the complete hydrolysis of pretreated
corn cob and wheat bran within 48 hours of the reaction
implied the efficiency of lignin removal from biomass
samples being 40% and 67%, respectively. Similar results
obtained upon PILs pretreatment were also reported in the
literature. Bagasse pretreatment with PIL, 1-hexylpyridinium
chloride HpyCl for 10-60 minutes at 80-100°C resulted in
roughly 3-fold increase in the hydrolysis of the biomass [33].
Besides, enzymatic hydrolysis of bagasse increased 5-fold
when bagasse was subjected to 2-hydroxy ethylammonium
acetate (2-HEAA) pretreatment at 150°C for 3.5 h [34]. This
study also represented a linear relationship between cellulose
hydrolysis and lignin removal from the biomass.

3.3 Conversion of solubilized cellulose in PIL into platform
chemicals

Studies concerning ILs use for levulinic acid (LA)
production from biomass is scarce in the literature and the
impacts of PILs have not yet been explored, as well.
Dialkylimidazolium ILs in the presence or absence of
heterogeneous catalysts have been preferred for this purpose.
IL, 1-butyl-3-methylimidazolium bromide (BMIMBr)
employed in the presence of Fe/HY zeolite catalyst converted
oil palm fronds into LA at 120°C for 3 hours with 68.2%
yield [35]. 1-ethyl-3-methylimidazolium methylphosphonate
(EMIMP), which decreased crystallinity of pulverized cedar,
yielded a better LA production (65%) compared to acid
pretreatment [36]. Besides, rice straw subjected to the
pretreatment with IL, 1-methyl-3-(3-
sulfopropyl)imidazolium hydrogen sulfate
(C3SO;HmimHSOy) resulted in roughly 22 % LA yield based
on the amount of C6 sugars in the biomass [37].

In this study, we have shown that PIL, TEAHSO,4 was
capable of converting the solubilized cellulose into 5-HMF

and LA during the pretreatment. While PIL removed a
fraction of lignin from the biomass, it also catalyzed the
reactions for cellulose to glucose, glucose to 5-HMF and 5-
HMF to LA conversion which are hydrolysis, dehydration
and hydration, respectively. Based on the amount of
cellulose solubilized in TEAHSO,, corn cob pretreatment
resulted in roughly 40% and 93% of 5-HMF and LA yields,
respectively (Table 2).

Table 1. Solid recovery and chemical composition of corn
cob, corn husk and wheat bran.

Untreated biomass Pretreated biomass
Cellulose | Hemicellulose Lignin resc:i*l:rv Cellulose | Hemicellulose Lignin e:(-tlli';:d
(%) (%) % %) %) (%) %) %)
Corn | 31.6+0.7 33.3+0.3 17.6+0.0 | 64.2+1.6 [ 38.8+0.4 19.3£0.0 16.7£0.5 | 39.1+0.3
cob
Corn 31.8+0.1 19.7+0.1 12.2£0.1 | 67.5£2.1 | 42.1£1.0 20.3=0.1 12.4£0.2 | 31.2£0.2
husk
Wheat | 40.2+0.9 20.5+0.2 16.5£0.2 | 45.0£2.2 | 59.7+0.0 31.2£0.4 12.0£0.0 | 67.4=0.1
bran
100
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Fig. 5. Effect of TEAHSO, pretreatment on the glucose
yields (%).

Table 2. 5-HMF and LA percentage yields obtained upon
TEAHSO, pretreatment of corn cob, corn husk and wheat
bran.

5-HMF (%) LA (%)

Corn cob 38.9+4.5 93.1+0.8
Corn husk 47.242.5 81.1+1.5
Wheat bran 7.2+0.3 45.0£0.6

4. Conclusion

This work demonstrated the use of low-cost PIL,
TEAHSO, with respect to its potential in both the
deconstruction of biomass and the production of glucose and
platform chemicals. Taking PIL’s efficiency in lignin
removal and valorization of cellulose into S-HMF and LA
into consideration, TEAHSO4 could be a promising
pretreatment agent for the transformation of different
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lignocellulosic feedstocks into fuels and chemicals through a
multi-product approach.
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