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tential of a novel hardwood
biomass using a superbase ionic liquid†
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Lignocellulosic biomass, being ubiquitous and easily accessible, bears a huge potential for sustainable

energy and other products. Fractionation, delignification, and subsequent utilization of hardwood

biomass has been ever challenging for a bio-based refinery. Acacia nilotica (kikar in local language) is

a hardwood tree commonly found in Pakistan, where its abundance owes to favorable and benign

environmental conditions. Ionic liquids based on superbase “tetramethylguanidine (TMG)” are green

solvents that are found to be good cellulose processing agents. Previously, TMG-based protic ionic

liquids (PILs) have been used for cellulose processing and transformation into value-added products. In

this study, an ionic liquid comprising a tetramethylguanidinium cation and a hydrogen sulfate anion was

employed for the evaluation of the potential of acacia for fermentable sugars and lignin. Pretreatment

was carried out at 100, 120, and 140 �C for 0.5, 1, 2 and 4 hours. The results indicate that [TMG][HSO4] is

an efficient delignifying agent affording 81% lignin removal and 76% sugar yield by subsequent enzymatic

hydrolysis. The evaluation of the efficiency of IL and the biomass was verified by compositional analysis,

FT-IR, HSQC, and SEM analyses.
Introduction

Lignocellulosic material from agricultural and forest waste of
plants has huge potential as a carbon neutral source of fuels,
chemicals and materials. Chemically speaking, lignocellulosic
material is formed of cellulose, hemicellulose and aromatic
polyphenyl propanoid, i.e., lignin. These components make
major portion of plant cell wall, the minor proportions being
pectin and proteins. The chemical complexity of the plant cell
wall hinders the utilization of this generous and the sustainable
resource of green products. The major barrier in the conversion
of cellulose into biofuel is lignin that tends to absorb enzymes,
and thus inhibit their hydrolysis of cellulose-rich materials.1 To
overcome this hurdle in attaining maximum conversion of
cellulose into reducing sugars, several pretreatment technolo-
gies are being developed and optimized. The purpose of
pretreatment is to alter the biomass compact structure by
inhibiting their inter-unit covalent and non-covalent interac-
tions.2 An effective pretreatment should remove maximum
lignin content and reduce the crystallinity of the recovered
cellulosic material, making it more prone to enzymatic
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hydrolysis into fermentable sugars. The greater the removal of
lignin from raw biomass, the greater is the enzymatic efficiency
towards ethanol production.3

In the eld of biorenery, ionic liquids (ILs) have drawn
much attention as solvents for biomass processing due to
some of their green properties such as negligible volatility,
high thermal stability, low toxicity, and versatile solvating
ability. These properties make them the solvents of choice for
biomass processing.4 The focus of current research in the eld
of IL-based biorenery is the identication of the best biomass
sources and low-cost ILs. Protic ionic liquids (PILs) have
proved promising in biomass processing. It has been found
that anion and cation combination in IL greatly affects their
performance in the pretreatment.5,6 PILs have been found to
exhibit the exceptional capacity of lignin removal from
biomass.7,8 PILs offer relatively mild biomass processing for
the effective removal of lignin. Achhinivu et al. utilized pyr-
rolidinium acetate ([Pyrr][Ac]) protic ILs for the extraction of
lignin from corn stover and achieved good lignin extraction
(75%) at 90 �C for a pretreatment time of 24 hours.9 Hu et al.
succeeded in the high lignin removal from coir and poplar
biomass using [BMIM] [HSO4] in aqueous alcohols. As a result
of pretreatment with this system, CRM (cellulose rich mate-
rial) containing very low lignin content was obtained (0.95%).
The extracted lignin was characterized with almost the same
structure as that in milled wood from the above two biomass
sources.10 Similarly, Gschwend et al., used ultra-low-cost PIL
for highly efficient lignin removal (80%). In addition to high
RSC Adv., 2021, 11, 19095–19105 | 19095
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lignin removal, the ionic liquid was recovered (>99%) and
reused successfully.11 PILs offer high biomass loading
compromising the saccharication efficiency.12 Protic ionic
liquids (PILs) based on the superbase tetramethylguanidine
(TMG) cation have been shown to efficiently dissolve cellulose.
For instance, Kuzmina reported a range of superbase-derived
ionic liquids (SILs) including TMG for the dissolution of
cellulose bers and studied the effect on the properties of the
recovered bres.13 Similarly, Qu and coworkers used TMG-
based ILs with different anions for the optimized conversion
of microcrystalline cellulose (MCC) into 5-hydrox-
ymethylfurfural in good yields.14 Carrera and coworkers
prepared MCC gels in TMG IL and regenerated the MCC from
gel at room temperature. They found out that regenerated
MCC has reduced crystallinity.15 This shows the potential of
TMG cations as promising for biomass pretreatment. It has
been shown that HSO4-based ionic liquids are also good in
biomass hydrolysis. Therefore, TMG IL with HSO4 was
prepared and its potential in biomass processing was evalu-
ated in this work. The high decomposition temperatures (250–
300 �C) from thermos-physical studies demonstrate that the IL
is stable under pretreatment conditions and is also suitable
for high-temperature pretreatments.16 Furthermore, the
strong acid–base combination in [TMG][HSO4] makes IL
neutral and almost noncorrosive. As per our literature study,
this ionic liquid has been used for cellulose alone and there is
no study regarding the processing of any lignocellulosic
biomass.

With the increase in the applications of ILs in the industry,
their greenness has become a major concern. The ionic
liquids' toxicity usually depends on the cation structure and
side chains on cations, and therefore, different ionic liquids
have different toxicities.17,18 TMG-based ILs have been re-
ported to be safe and less toxic in the previous literature.19 In
one such study, TMG-based ILs were found to be less toxic
than choline-based ILs.20

Kikar (Acacia nilotica) belongs to an angiosperm class of
plants that produce hard wood. It grows on a variety of soils and
climate. It can withstand high temperatures (>50 �C) and
conditions of drought. It can also withstand a moderate level of
salinity and alkalinity in the soils with calcareous pans.21 The
aforementioned properties make A. nilotica an abundant
lignocellulosic biomass source in Pakistan. A. nilotica is exten-
sively used as a timber and rewood material.22 The wood of A.
nilotica is dark brown, strong, nearly twice as hard as teak, and
is used for construction, tool handles, carts as well as rewood.
During cutting sawing and construction of wood-based archi-
tecture, most of the wood goes wasted either as sawdust or wood
chips and ends up in landlls,23 while a part of this wood waste
is used for burning in domestic stoves and brick kilns. This
causes higher emissions of NOx, SOx, soot, and volatile organic
compounds (VOCs) during the incomplete combustion.24

Despite many reports on agricultural wastes and grasses, there
are few reports on hardwood waste pretreatment using ionic
liquids.25,26 These wood wastes can be an economic source of
biorenery products. The abundance of Acacia hardwood and
19096 | RSC Adv., 2021, 11, 19095–19105
its fast growing nature make wastes of this hardwood a viable
candidate for biomass processing in countries like Pakistan.21

In this work, we evaluated the use of a PIL based on the
superbase TMG for lignin removal from Acacia (commonly
known as kikar in Pakistan), hardwood biomass. The ionic
liquid exhibited efficient delignication (81%) of Acacia
affording reasonable amounts of cellulose rich material at
140 �C. The cellulose-rich material (CRM) was subsequently
subjected to enzymatic saccharication for sugar release. It
revealed that Acacia holds huge potential for ne quality lignin
as well as appreciably high percentage of sugars (76%).
Experimental
Materials

Tetramethylguanidine (Sigma Aldrich) and sulfuric acid 72%
(VWR) were used as received. All solvents used in this work were
of analytical grade. Feedstock wood was taken from a local tree
in Lahore (Pakistan) with unknown age. The moisture content
of the ionic liquid was determined using a Karl Fischer Titrator
(Mettler-Toledo V20). The acid–base ratio was determined using an
acid–base titrator (Mettler-Toledo Compact Titrator G20S). The
autoclave used was Sanyo Labo Autoclave ML5 3020 U. The incu-
bator used for enzymatic hydrolysis was Stuart Orbital Incubator
S150. The enzyme preparation used for enzymatic saccharication
was enzyme mixture NS-22201 (Novozymes). All reagents used for
the enzymatic study were purchased from Sigma Aldrich. A
convection oven was used for all heating purposes (OMH60 Her-
atherm advanced protocol oven). A muffle furnace was used for
ashing (Nabertherm + controller P 330).
Methods
Synthesis of [TMG][HSO4]

The ionic liquid was synthesized by following the procedure
reported in the literature with some modication.27 In a round-
bottomed ask, 115.18 g (1.00 mol) of TMG was cooled to
maintain the temperature between 0 and 10 �C using an ice
bath. Meanwhile, 136.11 g (1.00 mol) of cold 72% H2SO4 was
added into TMG in a dropwise manner via a dripping funnel.
The mixture was kept constantly stirred during the addition of
the acid and continued for one more hour aer complete
addition. Since both acid and base used in the study are strong
ones, even a small excess of any of the components can greatly
affect the overall pH of IL. The acid–base ratio (1 : 1) was set
using a titrator. Finally, the IL was characterized by proton-NMR
and thermogravimetric analyses (TGA/DSC). Excess water was
removed by evaporation and brought to 20%. The moisture
content of the nal IL mixture was conrmed by the Karl–
Fischer titration in triplicate.
Preparation and characterization of biomass for pretreatment

The biomass (Acacia) wood chips were ground in a commercial
mill (Retsch SM2000 smf/750 UpM) and sieved for particle size
180–800 mm using a mesh sieve (20 to 80 of US mesh scale). The
ground biomass was le in the air for equilibration with air
© 2021 The Author(s). Published by the Royal Society of Chemistry
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moisture for some time and stored in air-tight plastic bags. The
moisture content of the biomass was determined as stated
elsewhere.28

Pretreatment with [TMG][HSO4] was carried out according to
a reported protocol.11 The IL/water mixture along with biomass
was loaded in a pressure tube at temperatures of 100 �C, 120 �C
and 140 �C for 0.5 hour, 1 hour, 2 hours and 4 hours. Ethanol
was added to the pretreated mixture as an anti-solvent for the
regeneration of the cellulosic pulp. The regenerated cellulosic
material was separated from the IL and dissolved lignin mixture
by centrifugation. The remaining IL–lignin mixture containing
ethanol was evaporated to remove and recycle ethanol. Finally,
lignin was separated from the IL by the addition of water to the
IL–lignin mixture. The detailed process is presented in the ESI.†
Compositional analysis

Compositional analysis was carried out according to the
protocol published by the NREL.29 A detailed description and
relevant calculations along with equations used are given in the
ESI.† The percent glucose and hemicellulose yields were
calculated by comparing with the percentage of cellulose and
hemicellulose contents in the original biomass. For each
compositional analysis, 300 mg of air-dried and extractive-free
samples were used. HPLC quantication of glucose and hemi-
cellulose sugars was performed in the same way as for
saccharication (ESI†).
Saccharication/enzymatic hydrolysis of the recovered pulp

The enzyme solution for saccharication was prepared by
mixing 5 mL buffer solution (100 mM sodium citrate and citric
acid, pH 4.8), 40 mL of a solution of tetracycline in ethanol
(10 mg mL�1 of 70% ethanol) to avoid microbial growth, 30 mL
cycloheximide solution in deionized water (10 mg mL�1), 50 mL
enzyme mixture (Novozymes NS-22201) and 50 mL deionized
water.

Saccharication assays were carried out as described in the
NREL protocol.30 For this, 100 mg of untreated and recovered
biomass was taken in a Sterilin tube and incubated at 50 �C for 7
days. The glucose released aer 7 days was quantied using
a HPLC system. The full detail of the procedure is given in the
ESI.†
FTIR analysis

FTIR spectra of each of the recovered and untreated biomass
were recorded using a Cary 630 FTIR (Agilent) with an ATR
sampling module. The spectrum range was 600–4000 cm�1. For
each sample, 32 background and 32 sample scans were run.
SEM analyses

For SEM images, 20 kV accelerating voltage was applied to
visualize the untreated and pretreated Acacia samples using
a Joel JSM5610LV microscope. For this purpose, the samples
were mounted with a double-sided carbon tape on precut brass
sample stubs and sputtered with approximately 30 �A of Au/Pd.
© 2021 The Author(s). Published by the Royal Society of Chemistry
1D-1H and 2D-HSQC analysis

The 1H-NMR spectrum of the synthesized ionic liquid was
recorded using a Bruker 600 MHz instrument. The dried IL (2
mg) was dissolved in DMSO-d6 for 1H-NMR acquisition. The
HSQC spectra of treated lignin were recorded using a Bruker
600 MHz instrument equipped with an autosampler. For this,
65 mg of lignin was dissolved in 0.50 mL of DMSO-d6 and the
solution was carefully transferred to an NMR tube. The axis
width was set at 10 ppm in F2 (1H) with 2048 data points and at
160 ppm in F1 (13C) with 256 data points and one second
interscan delay using pulse program hsqcedetgpsisp 2.3. Total
16 number of scans were run for a sample.
Results and discussions
Characterization of the ionic liquid

The synthesized IL was characterized by 1H NMR. For this
purpose, the IL was rst dried over a Schlenk line for 24 hours.
The 1H-NMR spectrum of the ionic liquid is provided in the Fig.
S1.† The spectrum shows a 12H-singlet of four methyl groups at
2.8 ppm and a solvent residual peak at 2.5 ppm (DMSO-d6). The
]NH peak was identied at 5 ppm and the HSO4 peak at
8.06 ppm. The peak assignment was done according to the cited
literature.16,31–33

The synthesized IL was characterized by thermogravimetric
analyses (TGA/DSC), and the results were compared with the
reported data for this IL. It was found that [TMG][HSO4] is
stable up to 250 �C. The TGA/DSC plot of the ionic liquid is
furnished in the ESI (Fig. S2†).
Characterization of biomass

FTIR analyses. This is a rst-hand technique for comparison
of untreated and treated biomass in the IL. The pulps recovered
under different conditions were analyzed for probable struc-
tural changes. The relative intensities of the peaks were
compared by overlapping the IR spectra of treated samples with
those of untreated ones (Fig. S3†). The cellulosic peaks at 3325,
2926 cm�1 are due to O–H and C–H stretching vibrations,
respectively. A decrease in the intensity of these peaks accounts
for the cleavage of inter-unit linkages between lignin and
cellulosic materials in treated biomass.34 This decrease is
prominent for the recovered pulp at 140 �C, where the OH
stretching peak at around 3325 cm�1 was signicantly reduced
in intensity for the recovered biomass. Similarly, the peak at
898 cm�1 increased in intensity, which indicates the amor-
phous nature of regenerated biomass. The peak at 1430 cm�1,
which is assigned to CH2 bending vibration and also known as
a “crystallinity band”, becomes less intense aer pretreatment
with the IL. This is due to a reduction in crystallinity in regen-
erated cellulose.35 The cellulosic C–O–C ether bond vibration
appears at 1029 cm�1. The peak at 1111 cm�1 is ascribed to C–H
of the aromatic structure.36 The peak at 1725 cm�1 arises from
the carbonyl group in hemicellulose, which is signicant in
untreated biomass and has almost vanished from the pre-
treated biomass at 100, 120 and 140 �C, indicating hydrolysis of
hemicellulose–lignin bonds.37,38 According to Hou et.al., this
RSC Adv., 2021, 11, 19095–19105 | 19097



Fig. 1 Different pretreatment indices affected by time at 100 �C.

Fig. 2 Different pretreatment indices affected by time at 120 �C.
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band corresponds to the ester linkage between lignin and
hemicellulose, and the disappearance of this peak indicated the
cleavage of lignin–hemicellulose linkages.39

The characteristic peaks of lignin in FTIR of treated and
untreated biomass are 1030, 1508, 1601, and 1620 cm�1, which
arise due to the aromatic structure of lignin. The broadband
around 1230 cm�1 that originated from the C–O stretching
vibration of the guaiacyl ring signicantly decreased in the
pretreated samples under all temperatures for 4 hours, indi-
cating the effective removal of lignin. However, the character-
istic lignin peaks at 1601 and 1508 cm�1 have gradually
decreased in intensity as a result of the gradual removal of
aromatic lignin from the pretreated biomass. This indicates
that the removal of lignin is favored by higher temperatures.
Overall efficient removal of lignin and reduced crystallinity in
the regenerated biomass structure have occurred, which are
some of the targets of a good pretreatment.40,41

Lignin recovered at 140 �C has been characterized by FTIR
analysis (Fig. S4†). The IR spectrum of lignin shows all char-
acteristic peaks of the lignin polymer. The vibration at
3400 cm�1 corresponds to OH, COOH, and H2O in lignin. The
carboxylate group usually originates due to lignin oxidation at
a high pretreatment temperature. The carbonyl peaks at
1700 cm�1 and 1664 cm�1 arise due to lignin oxidation into
Hibbert ketones under an oxidative environment.42 Aromatic
ring skeletal vibrations due to C]C bonds at 1605 and
1508 cm�1 and CH at 1460 and 1365 cm�1 are the most distinct
peaks in the prole of the recovered lignin spectrum.43 The
absence of these peaks in recovered biomass is indicative of the
lignin removal as a result of pretreatment. Since hardwoods
contain syringyl as well as guaiacyl subunits, the signals of the
C–O groups at 1325 and 1110 cm�1 of ether bonds originate
from the syringyl subunit.44 Similarly, the signals of the C–O
groups at 1265 and 1030 cm�1 correspond to the guaiacyl
subunits of the lignin macromolecule.
Fig. 3 Different pretreatment indices affected by time at 140 �C.
Pretreatment indices

The pretreatment reactions were run at 100, 120, and 140 �C.
The time applied for pretreatment was 0.5, 1, 2, and 4 hours for
each temperature. The cellulosic (cellulose + hemicellulose) and
lignin contents of the untreated and recovered biomass were
quantied by the methods reported in the literature.45 The
extent of hemicellulose and lignin removal was estimated from
the compositional data relative to the amounts in the original
biomass using relevant formulae that have been taken from the
literature.46,47 For the complete outcome of pretreatment in
terms of lignin recovery/removal, hemicellulose removal and
CRM recovery, see Table S1 (ESI).†

At 100 �C, the data show a very gradual decrease in the lignin
content of biomass as a function of time.Maximum lignin removal
was observed for 4 hours of treatment (42.67%) at 100 �C. Simi-
larly, hemicellulose, which is less stable than cellulose, gradually
decreased with an increase in pretreatment time. The hemi-
cellulose removal is 5.67% aer 0.5 hours and then it showed the
peak removal (46%) aer 4 hours. The gradual decrease in CRM
(cellulose-rich material) could be due to the removal of glucose-
19098 | RSC Adv., 2021, 11, 19095–19105
containing hemicelluloses such as galactomannans and xyloglu-
cans, rather than degradation of cellulose.48

A parallel relation between lignin and hemicellulose removal
can be observed in Fig. 1. The penetration of IL into the biomass
cell wall occurs by breaking the lignin–hemicellulose linkages.

The recovery of the cellulosic material at 120 �C decreased
gradually from 54 to 41.67%, while going from 0.5 hours to 4 hours
of pretreatment (Fig. 2). Researchers have reported that hemi-
cellulose removal increases at higher temperatures and longer
durations.45 In the case of hemicellulose and lignin, the removal
reached 60.67 and 55% respectively aer 4 hours. Labbé et al. have
concluded that at high temperatures, an IL can cleave the acetyl
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Composition of pulps recovered at 100, 120, and 140 �C for
different time periods.

Fig. 4 Composition of Acacia wood used in this study.
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groups covalently joining lignin and hemicellulose, causing the
removal of hemicellulose and lignin as well.49

The amount of recovered cellulose-rich material (CRM) at
140 �C decreased from 49.67 to 41.67% going from 0.5 hours to 4
hours (Fig. 3). This shows that maximum hemicellulose has been
removed from biomass (92% compared to hemicellulose in
untreated biomass). The lignin data showed continuous lignin
removal even aer 4 hours of treatment, where it reached 81% of
the total lignin in the original biomass. This is in agreement with
the literature reports that high temperature and longer periods
favor signicant lignin removal.50 However, no increase in lignin
recovery was observed at a longer time of pretreatment. This shows
more dissolution of lignin in the ionic liquid at elevated temper-
atures. Scientists have reported the formation of pseudo-lignin and
its redeposition on biomass during pretreatments at elevated
temperatures.11 In our case, no pseudo lignin formation or redis-
position has been observed at 140 �C and 4 hours, rather the lignin
content kept decreasing as a result of its removal.
Compositional analysis

Protic ILs have been proved to be efficient in biomass dissolution
and delignication. The better the delignication, the better the
subsequent enzymatic efficiency.3,51 For this purpose, composi-
tional data collected for the recovered biomass aer pretreatment
with [TMG][HSO4], and the results are given in Fig. 5.

The compositional analysis of untreated biomass is depicted
in Fig. 4, which indicates that the Acacia biomass used in the
present study comprises 37.09 � 0.23% of glucose, 20.07 �
0.73% xylose, and 2.49 � 0.04% arabinose as the collective
cellulosic material and the acid-insoluble lignin or AIL and acid-
soluble lignin or ASL make 23.46 � 0.27% and 3.49 � 0.45% of
total original Acacia wood respectively.

The compositional analyses performed on all the recovered
pulps aer pretreatment (Table S2, ESI†) indicate an increase in
hemicellulose removal with an increase in the pretreatment
time for a given temperature (Fig. 5). Hemicellulose fraction
reduced more gradually at 120 �C concerning time and almost
complete removal of hemicellulose at 140 �C. This is conrmed
by the compositional analysis of pulp, where hemicellulose has
© 2021 The Author(s). Published by the Royal Society of Chemistry
been reduced to 1.92% in recovered Acacia at 140 �C for 4 hours.
It has been reported by da Silva that on varying the temperature
for pretreatment, the hemicellulose recovery shows an irregular
trend and almost complete removal of hemicellulose occurs at
around 140 �C.52 Similarly, the composition of biomass recov-
ered at longer durations and temperatures showed increased
mass loss that could be due to degradation of hemicellulose
into other hydrolysis products like HMF.53

A gradual increase in lignin removal can be observed with time
and temperature.4,54 The acidity of the ionic liquid and the
temperature of the pretreatment have been reported to be key
factors in delignication.55,56 It can be observed in the present
study that delignication increased at higher temperatures and
longer durations (140 �C and 4 hours). Moreover, the percentmass
loss has increased with the increase in temperature and time.
Gschwend reported that ionic liquids which are neither acidic nor
basic require >100 �C to actively delignify the pulp and enhance
saccharication. Since [TMG][HSO4] is also a neutral IL, good
delignication is exhibited at high temperatures.57

The lignin fraction le in the recovered biomass indicates
maximum lignin removal at 140 �C and 4 hours starting from
26.93% (maximum theoretical lignin in original biomass) to
only 5.18% in recovered pulp (% ASL + % AIL).

The percent mass loss was calculated for each condition and
maximum mass loss was observed for 140 �C for 4 hours;
however, this mass loss is due to lignin and hemicellulose
removal. The percentage of glucans in the biomass pretreated at
140 �C and 4 hours (46.07%) shows only a marginal decrease as
compared with the biomass pretreated at 100 �C and 4 hours
(47.00%). This indicates that the cellulose is stable towards IL-
induced hydrolysis and chemical transformation.
Effect of time and temperature on saccharication yields

The major goal of pretreatment is to get cellulosic pulp rich for
bioethanol production. The saccharication efficiency largely
depends on a reduction in lignin content and disruption of the
RSC Adv., 2021, 11, 19095–19105 | 19099



Fig. 6 Sugar yields from cellulose-rich material (CRM) after pretreat-
ment at 100 �C.

Fig. 8 Sugar yields from cellulose-rich material (CRM) after pretreat-
ment at 140 �C.
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microbril structure of the cell wall.58,59 As reported in previous
studies, the results indicate a direct relationship between time,
temperature, lignin removal, and saccharication efficiency.
The higher the temperature, the better the lignin removal. In
addition, more lignin removal leads to an escalation in the
saccharication yield. This is because lignin acts as an enzyme
inhibitor by absorbing the hydrolyzing enzymes and making
them unavailable for hydrolysis.60 To assess the optimum
condition of pretreatment that produces the most suitable pulp
for bioethanol production, we compared the time and temper-
ature conditions of Acacia pretreatment with glucose release,
and the results are given in Fig. 6, 7 and 8. The results indicate
Fig. 7 Sugar yields from cellulose-rich material (CRM) after pretreat-
ment at 120 �C.

19100 | RSC Adv., 2021, 11, 19095–19105
that high temperatures and prolonged pretreatment produce
better pulp for saccharication. In the present study, the
saccharication of the pulp treated at 140 �C for 4 hours
released 75.80 � 0.13% of glucose for ethanol production. This
is interesting to note that despite a decrease in recovered CRM
with time at 140 �C, the saccharication yield kept increasing,
i.e., from 49.62% for 0.5 hours to 75.8 for 4 hours. This can be
explained in two ways: rst, the cellulose at 140 �C and 4 hours
might have become much less crystalline and more prone to
saccharication.45,61 The other reason is that signicant removal
of lignin, which is the major barrier towards saccharication,
makes cellulose more exposed to enzymes and hydrolysable.39,62
SEM analysis of the recovered pulp

The morphological changes on the biomass surface arise due to
pretreatment and pave the way to enzyme accessibility to
cellulosic bers. To view the changes in the biomass structure
as a result of pretreatment, the pretreated samples of cellulosic
material (CRM) were visualized using a scanning electron
microscope (SEM). The SEM micrographs thus obtained are
provided in Fig. 9. The untreated biomass (Fig. 9a) has
a compact and intact surface at 2000� magnication, indi-
cating the original morphology of untreated Acacia biomass.63

The pretreated wood at 100 �C for 4 hours shows minor changes
to the lignocellulosic surface structure magnied at 1000�
(Fig. 9b). This is due to the mild pretreatment conditions and
adamant nature of lignocellulose towards chemical changes.
The regenerated biomass at 120 �C (Fig. 9c) shows distinct
changes in the biomass surface even at low resolution (500�).
This indicates the effective penetration of the IL into the
biomass. This is also in agreement with the pretreatment
indices, indicating partial removal of hemicellulose from
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 SEM images of (a) untreated acacia biomass, (b) recovered pulp at 100 �C, (c) at 120 �C, and (d) at 140 �C for 4 hours of pretreatment.

Paper RSC Advances
biomass. Fig. 9d shows the more ruptured structure of biomass
exhibiting a conglomerate structure.36,64 This rough surface of
regenerated biomass reveals the removal of lignin and
a decrease in the crystallinity of biomass as a result of deep
penetration of [TMG][HSO4] at higher temperatures (140 �C) as
well as longer durations (four hours).
HSQC NMR analysis of recovered lignin

Lignin is a complex heterogenous polyphenolic polymer composed
of phenylpropanoid (C9) units. Acacia wood in the present study
Fig. 10 HSQC spectrum of the aromatic region of lignin recovered at 1

© 2021 The Author(s). Published by the Royal Society of Chemistry
belongs to an angiosperm class of plants having considerable S, H
and G type units in its lignin structure and has a more linear
structure than that of sowood lignin that is mainly made of
guaiacyl units. This makes hardwood lignin easy to remove from
the biomass.65 The HSQC revealed that lignin has considerable
amounts of S andG units. This is evident from theHSQC spectrum
of lignin extracted from Acacia lignin recovered aer pretreatment
at 140 �C for 4 hours (Fig. 10). The aromatic region (80–140/6–8
ppm) shows characteristic peaks of all representative phenyl-
propanoids, namely, guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H) (Fig. S5 ESI†). The peaks have been assigned following
40 �C and 4 hours.

RSC Adv., 2021, 11, 19095–19105 | 19101



Fig. 11 HSQC spectrum of the aliphatic region of lignin recovered at 140 �C and 4 hours.
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literature reports.43,66 During higher temperature pretreatment
conditions, the recovered lignin has a relatively more condensed
structure as evidenced by the lower C2/H2 and C6/H6 correlation
signal intensities of the G unit and the presence of G2 condensed
signal (Fig. 10). C2,6–H2,6 correlations in the S unit were dened at
dC/dH 103.8/6.68 ppm, while the signals for the Ca-oxidized S-units
(S0) were observed at dC/dH 106.3/7.21 (Fig. S5†).

In the aliphatic region of the spectrum (30–80/2–6 ppm,
Fig. 11), the most prominent peak was methoxy peak at dC/dH
56.4/3.70 ppm. The cross-peak at dC/dH 83.5/5.28 ppm was
assigned to Cb–Hb in b-O-4 moieties of S-type with a-carbonyl.67

The signals of the Cg–Hg correlation in H type units were
observed at 61.9/4.12 ppm. From the HSQC spectrum, the b-O-
aryl ether linkage in lignin was conrmed by the cross peaks at
dC/dH 72.0/4.8 and 86.0/4.2 ppm for a and b of C–H side-chain
correlations, respectively. The low signal intensity of the b-O-4
linkage indicates that in situ lignin depolymerization has also
occurred.68 The structural changes in lignin macromolecule
that occur during pretreatment have been reported by Dutta
and coworkers43 and state that b-O-4 bond is the weakest bond
in the lignin structure and lignin cleavage occurs mostly from
this bond. The cross peaks at dC/dH 87.4/5.5 and 53.2/3.5 ppm
are attributed to a and b-carbon correlations respectively for the
H unit. The hardwood lignin usually has more S subunits than
H units.65 This is also very clear from the low signal intensity for
the H subunit. The same is true for the signals of most abun-
dant b-O-4 linkages. The lower signal intensities could be
attributed to the cleavage of lignin chain from these bonds.44

The lignin condensation during pretreatment is depicted from
the resinol units, which were also detected due to the presence
of Ca–Ha correlations at dC/dH 85.7/4.6 ppm.69 This indicates
the probable condensation of lignin that occurs at high
temperature pretreatments.
Conclusion

The progressive investigation into the eld of IL-assisted
biomass processing aimed to nd a most suitable IL for
biomass processing that should be benign toward the envi-
ronment. Previous reports on TMG-based ILs have identied it
19102 | RSC Adv., 2021, 11, 19095–19105
as green. Therefore, we reported for the rst time a protic IL
tetramethylguanidinium hydrogen sulfate [TMG][HSO4]–based
ionoSolv fractionation of Acacia nilotica, a hardwood biomass
from timber industry, into cellulose- and lignin-rich fractions at
different temperatures and time periods of pretreatment. The
time range studied for pretreatment is from 0.5 hour to 4 hours
and temperature from 100 to 140 �C. The optimum treatment
condition has been found to be 140 �C and 4 hours that have
afforded maximum lignin removal and sugar release. Under
this condition, 81% of the total lignin was removed from the
biomass. The compositional and FT-IR analyses of recovered
biomass showed appreciable lignin removal, which was further
validated by the lignin yields. The recovered lignin was identi-
ed by HSQC and FT-IR and compared with the reported data
about hard wood-lignin.

The compositional analysis of the pulp recovered at 140 �C
and 4 hours showed 92.66% hemicellulose removal and the
saccharication of the pretreated pulp afforded 75% glucose as
reducing sugar. Since only glucose has been considered as the
saccharication product, the total reducing sugars (xylose,
mannose etc.) from the recovered biomass would have been far
more than this value.

The lignin recovered aer pretreatment shows similar
contents of S and G subunits based on their HSQC signal
intensity. This hard wood lignin can further be converted into
valuable chemicals. Conclusively, Acacia nilotica, being a hard-
wood, has shown great potential for lignin and fermentable
sugars aer being fractionated by the ionic liquid [TMG][HSO4].
This implies the potential of [TMG][HSO4] as a good delignify-
ing agent for the hardwood.
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F. Aubriet, S. Hoppe, P. Marchal, S. Pontvianne, N. Brosse
and A. Dufour, A Multitechnique Characterization of
Lignin Soening and Pyrolysis, ACS Sustainable Chem.
Eng., 2017, 5(8), 6940–6949, DOI: 10.1021/
acssuschemeng.7b01130.

43 T. Dutta, N. G. Isern, J. Sun, E. Wang, S. Hull, J. R. Cort,
B. A. Simmons and S. Singh, Survey of Lignin-Structure
Changes and Depolymerization during Ionic Liquid
Pretreatment, ACS Sustainable Chem. Eng., 2017, 5(11),
10116–10127, DOI: 10.1021/acssuschemeng.7b02123.

44 Y.-X. An, N. Li, H. Wu, W.-Y. Lou andM.-H. Zong, Changes in
the Structure and the Thermal Properties of Kra Lignin
during Its Dissolution in Cholinium Ionic Liquids, ACS
Sustainable Chem. Eng., 2015, 3(11), 2951–2958, DOI:
10.1021/acssuschemeng.5b00915.

45 F. J. V. Gschwend, C. L. Chambon, M. Biedka, A. Brandt-
Talbot, P. S. Fennell and J. P. Hallett, Quantitative Glucose
Release from Sowood aer Pretreatment with Low-Cost
Ionic Liquids, Green Chem., 2019, 21(3), 692–703, DOI:
10.1039/c8gc02155d.

46 A. R. Abouelela, S. Tan, G. H. Kelsall and J. P. Hallett, Toward
a Circular Economy: Decontamination and Valorization of
Postconsumer Waste Wood Using the IonoSolv Process,
ACS Sustainable Chem. Eng., 2020, 8(38), 14441–14461, DOI:
10.1021/acssuschemeng.0c04365.

47 M. Chen, F. Malaret, A. E. J. Firth, P. Verd́ıa, A. R. Abouelela,
Y. Chen and J. P. Hallett, Design of a Combined Ionosolv-
© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
Organosolv Biomass Fractionation Process for Biofuel
Production and High Value-Added Lignin Valorisation,
Green Chem., 2020, 22(15), 5161–5178, DOI: 10.1039/
d0gc01143f.
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