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Abstract

Tonic liquid pretreatment is a powerful technique that can deconstruct agricultural residues and remove lignin simultaneously
to provide an easy access to fibers for lignocellulose-degrading enzymes. In this work, the effect of reusing a mixture of
ionic liquid and dimethyl sulfoxide (DMSO) on the delignification of corncobs, followed by hydrolysis of cellulose, has been
investigated. The solid lignin percentage of corncob sample pretreated at a low temperature for 3 h with the first round of
reused 1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM]BF,) and added DMSO at 90 °C (method B) is 9.88 +0.17%,
much lower than 19.18 +0.10% solid lignin of raw corncob. After being reused for four rounds, [BMIM]BF,:DMSO of
method B can enhance the cellulose conversion up to 70.43%. Meanwhile, when reusing [BMIM]BF,:DMSO of method
A (DMSO added at room temperature before heating to 90 °C), the cellulose conversion is much less (46.54%). From the
characterization of lignocellulose structure by Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD)
of the first reuse of [BMIM]BF, and DMSO of method B, it is found that the lateral order index (LOI) value is 1.07 +0.01
and the crystallinity index (CI) value is 24.84 +0.05. These values are lower than those of the reused combination [BMIM]
BF, and DMSO in method A (1.12+0.02 LOI and 30.12+0.01 CI values). Moreover, the reuse of [BMIM]BF,:DMSO
pretreatment in method B shows at least 70% cellulose conversion in the fourth round.

Keywords 1-Butyl-3-methylimidazolium tetrafluoroborate - Dimethyl sulfoxide - Reused pretreatment - Delignification -
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1 Introduction

The conversion of lignocellulose to fermentable sugars is a
well-studied process [1, 2]. Nonetheless, the rigid crystalline
lignocellulose structure hampers the enzymatic accessibility
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of polysaccharide polymer hydrolysis. Thus, lignocellulosic
pretreatment is compulsory to remove solid lignin. Ionic lig-
uids (ILs) have recently been promising alternatives for the
pretreatment process as they can dissolve cellulose up to
90% [3, 4].

Many ILs are deemed novel solvents for biomass pretreat-
ment [5-7]. ILs have high capability to separate cellulose
into solid phase [8, 9] and eliminate lignin in the structure
of lignocellulosic materials [10, 11]. However, ILs are costly
when compared with other commercial solvents. Among
them, 1-butyl-3-methylimidazolium tetrafluoroborate
(IBMIM]BFE,) is cheaper, yet it has lower efficiency in del-
ignification. In the previous study, it has been found that the
delignification and enzymatic digestibility can be raised by
the combination of [BMIM]BF, and DMSO and the combi-
nation of [BMIM]OAc and DMSO [12]. In addition, the eco-
nomic efficiency of biofuel production can also be improved
by reusing ILs [13, 14]. By reusing [EMIM]OAc:DMSO
with added DMSO at 90 °C, cellulose percentage is higher

@ Springer


http://orcid.org/0000-0002-1045-2030
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-03577-9&domain=pdf

Biomass Conversion and Biorefinery

than that of reusing [EMIM]OAc:DMSO with added DMSO
at room temperature. Moreover, vital inhibitors such as
hydroxymethylfurfural (HMF) have not been found at 90 °C
for the combination of IL. with DMSO pretreatment [15].

[EMIM]OACc:DMSO is reused for corncob pretreat-
ment as previously reported [15]; however, the reuse of the
cheaper IL, e.g., [BMIM]BF,, is an alternative for lowering
the cost of the pretreatment process. In this work, the effects
of adding DMSO at 90 °C in reused [BMIM]BF,:DMSO for
corncob dissolution and morphology are investigated and
analyzed by XRD and FT-IR. The results are compared with
the reuse of [BMIM]BF,:DMSO with added DMSO at room
temperature in the pretreatment process. The cellulose con-
version percentage of reused [BMIM]BF,:DMSO is reported
and the mechanism of reused [BMIM]BF,:DMSO is also
proposed in this work.

2 Materials and methods
2.1 Materials

Corncobs were collected from a local farm in Phetchaburi,
Thailand, and prepared following the previous work [15]. In
brief, harvested corncobs were dried and kept under ultra-
low humidity storage (EDRY series SL-126CA, Taiwan) and
then ground with a ball mill (T-BOTA series QM 3SP4,
China) to reduce the sizing with an average diameter of less
than 0.4 mm, as corncob powder.

[BMIM]BF, (> 98 purity), DMSO, cellulase (Novozyme
NS220086, 250 FPU mL™"), and p-glucosidase (Novozyme
NS221118, 320 CBU mL™!) were purchased from Sigma-
Aldrich Co., Ltd. (St. Louis, MO, USA). Otherwise, other
reagents used were of analytical grade.

2.2 Analysis of corncob composition

Corncob powder was treated with 72% (v/v) sulfuric acid
(H,S0,) at 30 °C for 1 h. Subsequently, 72% (v/v) H,SO,
was diluted to 4% (v/v) at 120 °C for 1 h [16]. Then, corncob
polysaccharides (mainly cellulose and hemicellulose) were
hydrolyzed by H,SO,, and glucose, xylose, and arabinose
contents were determined. Those sugars were measured by
high-performance liquid chromatography (HPLC, Perkin
Elmer Series 200, Waltham, MA), using a pump (1525,
Waters, Milford, MA, USA), an Aminex HPX-87 H col-
umn (30 cm X 7.8 mm), 4.0 mM H,SO, solution as mobile
phase at 60 °C, and a flow rate of 0.6 mL/min [9]. The total
lignin content (insoluble and acid soluble) of corncobs was
determined by following the National Renewable Energy
Laboratory (NREL) protocol [16].
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2.3 ILs:DMSO pretreatments and reused
pretreatments

Corncob powder (1250 mg, 15% solid loading) was pre-
treated with 8500 mg of dissolved [BMIM]BF,:DMSO
under the ratios of 1:1 (v/v), in a hot air oven (Memmert
UF 100, Germany) at 90 °C for 0, 3, and 6 h. As previ-
ously reported by Kuntapa et al. [12], lignin bonding can
be destroyed at a temperature as low as 90 °C without the
generation of inhibitors. After that, the solid recovery that
contains cellulose, hemicellulose, and lignin was analyzed
by the NREL protocol [16].

For the reuse of [BMIM]BF,:DMSO in the pretreat-
ment process, there were two methods, namely methods
A and B, proposed in this work. In method A, DMSO was
added while reusing [BMIM]BF,:DMSO in the pretreat-
ment process at room temperature before heating to 90 °C
(Fig. Ala). In method B, DMSO was added while reusing
[BMIM]BF,:DMSO at 90 °C (Fig. Alb), as described in
the previous study [15]. The samples were pretreated for
0, 3, and 6 h, and then, the solid materials were washed ten
times with distilled water (DI water) until reaching a pH of
7.0. For the composition analysis, the cellulose, hemicel-
lulose, and lignin in the solid recovery were analyzed by
the NREL protocol [16]. The percentages of component
recovery and component loss during the pretreatment were
calculated according to Eqs. 1 and 2 [17]:

Solid or component recovery (%) = amount of insoluble solid in pretreated biomass (mg)
/amount of component of biomass before pretreatment x 100

ey
Component loss (%) = 1 — (% component in treated biomass X
% recovered solid)/% component in untreated biomass

(@)

The reused [BMIM]BF,:DMSO solution was evapo-

rated in a hot air oven at 105 °C for 24 h to eliminate

DI water in the mixture. Lignin in the solid recovery was
analyzed using FT-IR (Bruker, Germany).

2.4 Fourier transform infrared spectroscopy (FT-IR)

The functional groups of untreated and pretreated corncob
samples were measured using FT-IR (Bruker alpha II, Ger-
many) within the wave number of 0 to 2000 em™, 2 em™!,
and 32 scans as previously described [15]. In brief, the corn-
cob powder samples were mixed with potassium bromide
(KBr) at a ratio of 1:100 and ground in a mortar and then in
a ball mill for 10 min (T-BOTA series QM 3SP4, China).
Each FT-IR peak was recorded with a blank (KBr) pellet as a
background. The infrared ratios (LOI=A ;35 .~ /Agos cm )

of the samples were measured [18].
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Table 1 The solid composition
of corn cobs pretreated by

the first reuse of [BMIM]
BF,:DMSO for methods A
and B

Time (h) Component (%composition) (Lignin loss)
Cellulose Hemicellulose Lignin
0 Raw corn cob 37.46+0.05 36.32+0.02 19.18+0.10 0.00+0.00
0 [BMIM]BF,:DMSO (method A) 36.91+0.14 31.60+0.20 12.89+0.22 0.33+0.04
0 [BMIM]BF,:DMSO (method B) 37.04+0.22 31.52+0.23 12.57+£0.18 0.34+0.01
3 [BMIM]BF,:DMSO (method A) 32.49+0.19 30.78+0.18 12.01+0.12 0.37+0.08
3 [BMIM]BF,:DMSO (method B) 32.56+0.24 30.82+0.16 9.88+0.17* 0.48+0.05
6 [BMIM]BF,:DMSO (method A) 32.39+0.17 30.95+0.21 11.89+0.11 0.38+0.07
6 [BMIM]BF,:DMSO (method B) 32.31+0.15 31.03+0.22 9.75+0.14* 0.49+0.03

A significant difference at n=3, *p <0.05

Table 2 The lateral order index (LOI) and crystallinity index (CI) of
corn cobs before and after the first reused pretreatment

Pretreatment methods LOI CI

Raw corn cob 1.15+0.03 39.98 +0.04
[BMIM]BF,:DMSO (non-reuse) 1.04 +£0.04* 24.17+0.02%*
[BMIM]BF,:DMSO (method A) 1.12+0.02 30.12+0.01%*
[BMIM]BF,:DMSO (method B) 1.07+0.01* 24.84 +0.05%*

n=3, **p<0.01, and *p <0.05

2.5 X-ray powder diffraction (XRD)

X-ray diffractograms of untreated and pretreated corncobs
were obtained on an XRD (D8 Advanced, Bruker AXS Co.
Ltd., Germany). The samples were scanned in a range of 5 to
40°, scanning voltage of 40 kV, and scanning speed of 2 min™".
The crystallinity index (CI) of the sample was analyzed and
calculated as indicated in Eq. 3 [18]:

CI = (1(002) — I(am))/(I(002)) x 100 3)

where I (002) and I (am) denote intensities for crystalline
(20=22.5) and amorphous (20=18.1) portions of the sam-
ple, respectively.

2.6 Enzymatic hydrolysis of pretreated corncob

A 300 mg of pretreated corncob, washed with DI water and
filtrated, was carried out in 50 mM sodium acetate buffer (pH
4.8) and mixed with cellulase concentration of 10 PFU/g cel-
lulose (Novozyme NS220086, Copenhagen, Denmark) and
B-glucosidase (Novozyme NS221118) at 10 CBU/g cellu-
lose. Then, the reaction was incubated in a shaker incubator
(Max Q 6000, Thermo Fisher, USA) at 150 rpm and 50 °C.
The samples were taken at intervals of 24, 48, and 72 h. The
reaction was stopped by boiling the samples at 100 °C for
10 min. Glucose concentrations in the samples were deter-
mined by an HPLC system equipped with a 30 cm X 7.8 mm
Aminex HPX 87P column (Biorad-Aminex, USA) and
refractive index detector (RID-10A; Hitachi. Co. Ltd., Japan)
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at 60 °C, 0.6 mL min~!, with DI water as mobile phase. The
percentage of cellulose conversion was calculated according
to Eq. 4:

Cellulose conversion (%) = (Glucose released (mg) X
Anhydrous factor (0.9))/(cellulose in pretreated solid (mg)) x 100

“
2.7 Statistical analysis

Analysis of variance (ANOVA) was selected to evaluate and
identify significant factors. The significance level was used at
0.01 and 0.05 in SPSS (SPSS Statistics v21.0, IBM, Armonk,
NY, USA). The simple Pearson correlation matrix was per-
formed to detect the relationships of compositions from the
pretreatment process and enzymatic hydrolysis efficiency with
reused [BMIM]BF,:DMSO for triplicate data repeatability.

3 Results and discussion

In this study, the same batch of raw corncobs from previ-
ous work is used [15]. Similarly, the contents of cellulose,
hemicellulose, insoluble lignin, soluble lignin, and others
are 37.46+0.05, 36.32+0.02, 11.90+0.09, 7.28 +0.05, and
7.04 +£0.01%, respectively [15].

3.1 Delignification of the first reused [BMIM]
BF,:DMSO at low temperature

It has been reported that at the temperature beyond 130 °C,
inhibitors of enzymatic hydrolysis, such as HMF and furan,
can be induced [19-21]. It has also been proven that at the
lower temperature of 90 °C, the inhibitor is not generated

during the use of ILs and DMSO in the pretreatment sys-
tem [15]. Therefore, the temperature in this work is fixed at
90 °C. According to the previous study, it has been found
that the combination of [BMIM]BF4:DMSO shows a good
potential for pretreating corncobs. However, the reactions
between F~ and other compounds in the environment
occur rapidly [15]. Hence, the methods of reusing [BMIM]
BF,:DMSO which has never been reported elsewhere is
proposed in this study. For the first round of reuse, corncob
samples pretreated with methods A and B contain similar
amount of cellulose and hemicellulose. However, there is a
difference in solid lignin percentage between the pretreat-
ment by methods A and B after pretreated for 3 h, in which
solid lignin contents are 12.01 +0.12% for method A and
9.88+0.17% for method B. Similarly, solid lignin contents
are 11.89+0.11 for method A and 9.75 +0.14% for method
B after pretreatment for 6 h. Although the highest lignin
solubility is found at 6 h, it is only slightly higher than that
at 3 h (Table 1). The results indicate that pretreating corncob
samples at 90 °C for 3 h is the most suitable condition for
the delignification of corncobs. These results also reveal that
the solid lignin of the first reused [BMIM]BF,:DMSO with
method B is lower than that with method A. Furthermore,
HMF has not been detected for the duration of 0, 3, and 6 h
during the pretreatment with [BMIM]BF,:DMSO by both
methods at 90 °C. This confirms that delignification at the
low temperature can prevent generating HMF.

3.2 Structural properties of corncob after being
treated with the reused [BMIM]BF ,;:DMSO

For the lignocellulose dissolution in [BMIM]BF, and DMSO
mixture solution, the evaluation of an index is necessary,
e.g., lignin release and destruction of the rigid structure of
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m72h.
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Fig.3 Mechanism of the first reuse pretreatment from [BMIM]BF,:DMSO:
lignin and new lignin. Note: ——=hydrogen bond, =covalent bond,
Lignin=old biomass, DMSO=o0ld DMSO, Cellulose and Lignin=new
biomass, and DMSO=newly added DMSO

biomass, delignification efficiency, and the loose structure of
biomass. These parameters can be observed by FT-IR (LOI
value) and XRD (CI value) analysis [22-25]. Hence, the
reuse pretreatment of corn cobs is tested in both analyses.

Having been pretreated by reused [BMIM]BF,:DMSO,
the structures of corncob samples are observed through
LOI and CI values of FT-IR and XRD, as shown in Table 2.
The LOI and CI values of non-reused [BMIM]BF,:DMSO
(1.04 +£0.04 LOI and 24.17 +0.02 CI) show similar results
to those pretreated with the first-round reused [BMIM]
BF,:DMSO of method B (1.07 +0.01 LOI and 24.84 +0.05
CI), and the crystalline lignocellulose structure of the first
reused [BMIM]BF,:DMSO of method B is significantly
reduced when compared with that of method A (1.12+0.02
LOI and 30.12 +0.01 CI). This can be confirmed that the
amorphous cellulose can be increased by adding DMSO into
[BMIM]BF,:DMSO for the enzymatic hydrolysis enhance-
ment. From Fig. 1, in the first round of reusing [BMIM]
BF,:DMSO of method B, FT-IR peaks cannot be detected
between 1512 and 1328 cm™! which is the range of aro-
matic skeletal vibrations of lignin [26], unlike method A.
The disappearance of lignin peaks by method B is similar
to that of non-reused ILs:DMSO pretreatment in the previ-
ous work [15]. These results approve that the major part
of lignin in corncob samples cannot be found in the solid
phase after those samples have been pretreated by reused
[BMIM]BF,:DMSO of method B. It is probable that the
reused [BMIM]BF,:DMSO of method B can attack the
internal hydrogen bonding network between cellulosic and
lignin polymer better than the reused [BMIM]BF,:DMSO of
method A. The cleavage of lignin bonding can be increased
by adding DMSO into [BMIM]BF,:DMSO at 90 °C in
method B. Moreover, solid lignin can be separated in liquid
phase whereas crystalline lignocellulose structure is reduced
by reusing of ILs:DMSO pretreatment, thereby enhancing
the enzymatic accessibility and hydrolysis [27-32].

3.3 Enzymatic hydrolysis of corncob after reused
[BMIM]BF,:DMSO pretreatment

As shown in Fig. 2, since the percentage of cellulose conver-
sion by cellulase and p-glucosidase using reused [BMIM]
BF,:DMSO of methods A and B is significantly increased
after having been hydrolyzed for 48 h when compared with
the initial time, the duration of 48 h of hydrolysis is cho-
sen for enzyme digestibility. The percentage of cellulose
conversion of method B with the first reuse of [BMIM]
BF,:DMSO is 76.95+0.14% which is significantly high
when compared with the first reuse pretreatment of method
A (48.59+0.12%), implying that the reused [BMIM]
BF,:DMSO of method B effectively affects the enzymatic
digestibility. Furthermore, the percentage of cellulose con-
version without reusing [BMIM]BF,:DMSO in this work is
similar to that of the previous work [12]. Accordingly, the
cellulose conversion percentage of method B is significantly
higher than that of method A at all rounds as indicated in
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Table 3 The percentage of cellulose conversion after hydrolyzed with
cellulase of pretreated corn cob with reused [BMIM]BF,:DMSO of

methods A and B in each round

Non-reuse % Cellulose conversion

88.33+0.11
Round of reuses Method A Method B
1 48.59 £0.12%* 76.95+0.14
2 48.01 £0.09** 76.87+0.16
3 47.27 £0.20%* 71.76+0.19
4 46.54 £0.17%* 70.43+0.13
5 45.00£0.13%* 68.97 +0.17*
6 43.98 £0.22%* 67.01+0.18%*
7 42.45+0.18%* 66.04+0.21%*
8 42.07 £0.10%* 64.87+0.13%
9 41.18 £0.22%* 62.17 +0.18%*
10 40.26 £0.11%* 60.06+0.17*
11 39.94+0.07** 56.93+0.19%
12 39.12+0.15%* 54.08 +0.08%*
13 38.30+0.09%* 52.85+0.13%*
14 37.48+£0.14%* 50.67 £0.21%*
15 36.67+£0.21%* 48.30+0.15%*
16 35.02+0.18%* 45.57 £0.19%*
17 33.91+0.15%* 41.17+£0.11%*

n=3, **p<0.01, and *p <0.05

Table 3, suggesting that cellulose of method B is hampered
by a lower amount of solid lignin than that of method A.
For method A, the decrease in cellulose conver-
sion percentage may be because the F~ of [BMIM]
BF,:DMSO interacts with other compounds before the
temperature is raised from room temperature. This may
affect the decrease of solid lignin dissolved in [BMIM]
BF,:DMSO induced with F~ at 90 °C [12]. According
to Fig. 3, for method B, [BMIM]BF;~ from [BMIM]
BF;7:DMSO disrupts the hydrogen bonding of ligno-
cellulose whereas the cellulose is separated into a solid
phase. Afterward, the substrate is heated up to 90 °C
for 3 h, and new DMSO is added. The high interac-
tion between new DMSO™ and HF from non-reuse of
[BMIM]BF,:DMSO pretreatment at 90 °C substitutes
the strong bonding (covalent bonding) between new
DMSO™ and solid lignin [12]. This solid lignin and
new DMSO of [BMIM]BF,:DMSO in the previous
round of reused [BMIM]BF,:DMSO are linked with
hydrogen bonding (weak interaction), and solid lignin
is dissolved into a liquid phase. Therefore, the mecha-
nism in Fig. 3 can explain the improvement of [BMIM]
BF,:DMSO pretreatment with added DMSO at 90 °C,
which enhances the hydrolysis of corncob biomass
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from method B for up to 70% cellulose conversion for
four rounds (Table 3).

The limitation of method B is that [BMIM]
BF,:DMSO cannot be reused more than four rounds.
This is due to the fact that at high temperature in the
evaporation step before the next round of reusing
[BMIM]BF,:DMSO, the hydrogen bonding between
solid lignin and new DMSO is weakened and the solid
lignin is precipitated in the solid phase. Using a more
selective co-solvent is suggested to increase the rounds
of reusing [BMIM]BF,:DMSO and enhance the delig-
nification without generating inhibitors.

4 Conclusions

In this work, reusing [BMIM]BF,:DMSO is achieved
under a controlled condition of method B. By follow-
ing method B, delignification can be increased in the
first round of reuse at a low temperature of 90 °C with
solid lignin of 9.88 £0.17% and the amorphous region
in lignocellulose is also increased with the lowest CI
value of 24.84 +0.05. These can provide an easier access
for enzymes in the enzymatic digestibility. Remarkably,
this pretreatment with the first round of reused [EMIM]
BF,:DMSO of method B can be achieved by eliminating
lignin in the solid part, with high cellulose conversion
of 76.95 +£0.14% when compared with 48.59 +0.12%
of method A. The high lignin removal and enzymatic
hydrolysis of the reused pretreatment can lead to the
mechanism of reusing [BMIM]BF, with the addition of
DMSO, as presented in this work.
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