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in and quantitative sugar release
from biomass using efficient and cost-effective
pyridinium protic ionic liquids†

Azmat Mehmood Asim,a Maliha Uroos*a and Nawshad Muhammad *bc

Lignocellulosic biomass is enormously abundant around the globe. It bears huge potential for renewable

products as its components can be converted to many useful products via cheaper processes. Recently,

the component of biomass that has attracted enormous attention is lignin owing to its several aromatic

or phenolic constituents. The utilization of lignin, however, is hindered by its troublesome separation

mainly due to the difficult nature of the lignocellulosic biomass. Protic ionic liquids have great potential

for extraction of lignin from the lignocellulosic biomass to make it viable for various transformations. In

this study, protic ionic liquids comprising a pyridinium cation and a dihydrogen phosphate anion

(H2PO4
�) were prepared and used for lignin extraction and subsequent saccharification of the cellulose

pulp. The ILs exhibited appreciably high lignin yields (optimum 73%) under mild conditions (100 �C) and
shorter time (2 h). Fairly good sugar (glucose) yields (77%) verify effective delignification. The analysis of

ILs and biomass was accomplished by H-NMR, FT-IR, SEM, HSQC and GPC.
Introduction

Exploration of different domains of natural resources for
economic technologies in bioreneries is one of the most
signicant elds of chemical research. For this purpose, the
most frequently probed material is the lignocellulosic biomass.
The fascination of biomass lies in its opulence and potential for
the production of invaluable products such as cheaper energy
and number of useful renewable chemicals having numerous
applications in industries and daily life.1 Noteworthy materials,
which can be acquired from vast amounts of biomass sources
include bioethanol, bio-gas, bio-hydrogen, 5-hydroxy methyl
furfural (HMF), levulinic acid (LA), bers, lms, and nano-
composites. The enormous stocks of waste and natural mate-
rials such as crop residues, and industrial and municipal waste
are surplus. The lignocellulosic biomass contains three main
constituents known as cellulose, lignin and hemicellulose,
which are present in it in varying amounts.2 Besides the other
two main fractions, lignin is the far less investigated compo-
nent. Previously, it has been used as a low-value heating fuel,
binder and dispersant.3 However, recently, it has been
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identied as a source of numerous industrially important
materials such as adhesives,4 polyurethane,5 polyesters,6 bio-
lms7 and biologically active polyphenols (aromatics).8 Keeping
in view the above discussion lignin may be envisaged as
a probable starting material leading to green technology for
renewable products. The massive deposits of lignocellulosic
biomass make lignin the most competitive candidate for this
purpose.

Themajor challenge posed in the processing of lignocellulosic
biomass is the adamant morphology of complex network of
cellulose, lignin and hemicellulose. Isolation of lignin thus
becomes a cumbersome process yielding meager amounts of
products as detailed in the methods reported in the literature.
The kra method, alkali method and acid hydrolysis have been
the most frequently employed strategies in this regard. However,
there have been serious concerns over environmental deteriora-
tion caused by traditional methods. Therefore, a pursuit of novel
chemical technologies that would be safer to apply, economic
and facile are highly desirable in the present era.

The efficacy of mineral acids for the fractionation of ligno-
cellulosic biomass (lignin, hemicellulose and cellulose) led to
the design of protic ionic liquids for the same purpose. Many
researchers prepared protic ILs that mimic or act even better
than mineral acids, as previously found in the literature.9 da
Costa and coworkers rst demonstrated that lignocellulosic
biomass fractionation hinge on the nature of the IL used. This
study demonstrates the efficiency of protic ionic liquid [Bmim]
[HSO4] for the fractionation of wheat straw, where lignin-free
cellulosic material and pure lignin were obtained.10 Lignin
extraction from corn stover using protic ionic liquids has been
RSC Adv., 2020, 10, 44003–44014 | 44003
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Scheme 1 Synthesis of the ionic liquids and their designations.
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View Article Online
reported by Achinivu and coworkers.11 They reported up to 75%
lignin extraction by treating the biomass at 90 �C for 24 h.
Brandt et al. reported the mechanism through which the bonds
in the network of lignocellulosic biomass are broken when ionic
liquid ions interact with the biomass.12 Protic ILs disrupt the
bonds between lignin and hemicellulose and also depolymerize
lignin by cleaving b-O-4 ether, glycosidic and ester linkages. The
same research group brought an improvement in the eld by
showing that the economic large-scale production of a protic
ionic liquid ([TEA][HSO4]) based on triethanolamine (TEA)
could be achieved. This ionic liquid was used to delignify Mis-
canthus giganteus (85%), remove hemicellulose (100%) and
obtain pure pulp.13 Recently, de C. M. Miranda et al.41 have
demonstrated lignin extraction from pineapple crown using
low-cost protic ionic liquids. Out of several PILs, bis(2-
hydroxyethyl)ammonium propionate [BHEA][Pr] was found to
be the most effective ionic liquid for solubilisation of lignin and
delignication of the biomass. It afforded 90% lignin removal
from pineapple crown. A special feature of this research is the
assessment of toxic compounds in the mixture of the ILs and
biomass to evaluate the toxicity of the ionic liquids. They found
that the proportion of toxic compounds was far less, thus
featuring the PILs as less toxic solvents compared to mineral
acids, alkalis and others.14 Other examples where PILs have
been employed for pretreatment and delignicationmay also be
presented.12,15,16

Although recent research in the eld of biomass processing
using PILs has brought about signicance improvements, still
there is a need to synthesize a variety of cheaper ionic liquids for
economic bioreneries. Among other amines used for synthesis
of PILs, pyridine is a less explored reagent though it is easily
available and relatively cheap. Neutral ionic liquids synthesized
from ‘pyridine’ having alkyl side chains have been probed in the
past research. Some researchers have reported that pyridinium
ILs have high biodegradability and their mineralization occurs
at higher speeds than imidazole-based ones.17–19 Pyridine is
cheaper than most of the amines used for the synthesis of ILs.
Thus, pyridinium-based ILs offer another advantage that they
show equivalent efficiency but low cost than most of the
conventional solvents and imidazole ILs; thus allowing
economic biomass processing for bioreneries.20 Owing to low
eco-toxicology, relatively low costs and equivalent efficiency in
biomass pretreatment, PILs based on pyridine and cheaper
mineral acids can be even greener and more productive for
biomass pretreatment. The present work describes the
synthesis and use of cost-effective protic ionic liquids (PILs)
containing pyridinium cations and clusters on H2PO4

� anions
(H2PO4

�$XH3PO4, where X ¼ 0, 1, and 2) for lignin extraction
and sugar release from wheat straw and rice husk. The ionic
liquids were synthesized using simple and short methods at low
enough temperature (0–5 �C), thus making the process greener.
The acquired ionic liquids were then employed under mild
conditions (70–100 �C) for the pretreatment of wheat straw and
rice husk. The results indicate that anion-cluster-based PILs are
effective solvents for lignin removal from wheat straw and rice
husk. In addition to this, fairly high amount of glucose (77%)
was also obtained from the cellulosic rich material of biomass.
44004 | RSC Adv., 2020, 10, 44003–44014
This veries the efficacy of lignin extraction and the associated
disruption of adamant networks of cellulose and lignin.
Compositional analysis, HSQC NMR, FT-IR, H NMR, SEM and
TGA were conducted for the characterization of the synthesized
ionic liquids and fractions of biomass (cellulose and lignin).
Experimental
Materials

Pyridine (Riedel-de Haën) and 85% phosphoric acid (Sigma-
Aldrich) were purchased and used without further purica-
tion; 72% sulphuric acid and analytical grade calcium
carbonate (for compositional analysis) were purchased from
Sigma-Aldrich. Wheat straw and rice husk were purchased from
a local market in Lahore Pakistan. All the solvents, i.e. meth-
anol, acetone, and ethanol, were distilled before use.
Synthesis of ILs

Ionic liquids containing clusters of phosphoric acid molecules
and hydrogen phosphate anions (H2PO4

�$H3PO4) were
synthesized by the method already detailed in the literature.21

One mole of pyridine was treated with different numbers of
moles (1, 2 and 3 moles) of 85% H3PO4. The acid was added
drop-wise to vigorously stirred pyridine at low temperatures (0–
5 �C). The resulting solid was stirred for 1 hour at room
temperature to ensure complete protonation of the amine. Very
good yields (85–95%) of ionic liquids were obtained, which
needed no further purication. Scheme 1 shows the chemical
reaction of the synthesis and general structures and composi-
tion of different ionic liquids having varying moles of H3PO4.
H NMR data of the synthesized ionic liquids

For the position of protons denoted in the H NMR data, refer to
Fig. 1.

1H NMR (DMSO-d6, 400 MHz): P1: d 8.5–8.6 (2H, d, Hb), 7.8–
7.9 (2H, m, Hc), d 7.4–7.5 (1H, m, Hd), 8.3 (br, Ha); P2: d 8.5–8.6
(2H, m, Hb), 8.0–8.1 (1H, m, Hd), 7.4–7.5 (2H, m, Hc), 10.1–10.6
(br, Ha); P3: d 8.6–8.7 (2H, d, Hb), 8.1–8.2 (1H, m, Hd), 7.6–7.7
(2H, m, Hc), 10.5–10.6 (br, Ha).

The 1H NMR spectra are provided in the ESI,† and the
discussion on NMR peaks and structure elucidation of the ILs is
given in the Result and discussion section.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 General structure of ionic liquids showing clusters in the anion.
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Pretreatment of wheat straw and rice straw

Wheat straw and rice husk samples were ground to a powder
form using a domestic grinder and the required particle sizes
were obtained through mesh sieves (40, 60 and 150 mesh size).
The samples of various particle sizes (100 mm, 250 mm and 500
mm) in different percentages (5%, 10%, 15% and 20%) were
loaded in preheated ionic liquids (70�C–100 �C) and allowed to
stir using a magnetic stirrer. Pretreatment was performed for
a period of 30, 60, 90, and 120minutes at different temperatures
(70–100 �C) using a hot plate.

Separation of lignin and cellulose rich material

Aer pretreatment, the anti-solvent mixture (1 : 1) of acetone
and water (nine times the volume of mixture) was added to the
reaction vessel and the mixture was stirred for half an hour to
ensure complete dissolution of lignin. Cellulose rich part,
which settled down during this stirring, was ltered off, and it
was air dried. Acetone was evaporated from the ltrate at room
temperature to precipitate lignin that precipitated in brown
solid form. This was later washed three times with deionized
water to remove the ionic liquid. The lignin was separated from
the ionic liquid-water mixture by centrifugation. The resultant
solid was dried using a freeze drier.

Compositional analysis

To know the composition of untreated biomass and pretreated
pulp samples, compositional analysis was conducted following
the method in the protocol set by NREL.22 The method included
digestion of the biomass samples with 72% sulfuric acid in an
ultrasonic water bath followed by heating in an autoclave under
specic pressure. The analysis of sugars and lignin was made
according to the given reference. Detailed description of the
process is provided in the ESI.†

Saccharication

The cellulose-rich material obtained from pretreatment was
hydrolyzed using enzymes to evaluate the glucose release. The
samples were incubated using Ctec Novozymes (NS-22201) at
50 �C for 7 days at a speed of 250 rpm. The detail of sacchari-
cation is also provided in the ESI.†

Characterization

Ionic liquids, untreated biomass, pretreated samples (CRM)
and extracted lignin were characterized using various analytical
techniques including HNMR, HSQC, FT-IR, SEM and
This journal is © The Royal Society of Chemistry 2020
compositional analysis. The Fourier transform infra-red spec-
troscopy was carried out using Agilent Cary 630 FTIR and the
transmittance against wavenumber (4000 to 650 cm�1) was
recorded. The H NMR analysis of the ILs was done on Avance
AV-400 MHz with DMSO as the solvent. HSQC analysis of the
extracted lignin was also performed. For this purpose, a Bruker
600 MHz spectrometer (pulse sequence hsqcetgpsi2, a spectral
width of 10 ppm in F2 (1H) having 2048 data points and for 13C
160 ppm in F1 with 256 data points, 16 scans and 1 s inter-scan
delay) was used. GPC analysis was conducted using an Agilent
1260 Innity machine equipped with a Viscotek column set
(AGuard, A6000M and A3000M). Agilent 1260 Innity RID
detector was used for the signal monitoring. To prepare
samples for GPC analysis, each of extracted lignin (20 mg) was
dissolved in DMSO (GPC grade) and an aqueous solution of LiBr
(eluent, 1 g L�1). The resultant mixture was then ltered using
a syringe having a 0.2 mm lter. The sample ow rate was 0.4
mL min�1 at 60 �C. Ten pullulan standards (Agilent calibration
kit, 180 < Mp < 780 000) were employed to calibrate the
instrument. For surface analysis, a scanning electron micro-
scope (Model VEGA TESCON) was used with different values of
pressure and gold sputtering (magnication 200, 3000�).
Results and discussion
NMR analysis of ionic liquids

Previous studies have reported the formation of clusters in
solutions of ionic liquids and the corresponding acids.21,23 Fig. 1
contains the general structure of clustered ionic liquids, and
different protons were named Ha, Hb, and Hc. The corre-
sponding peaks for these protons are labeled in the H NMR
spectra of the ILs. The signals designated as “a” correspond to
OH protons in the clusters between the anion and molecular
H3PO4. The labels “b”, “c” and “d” represent the aromatic
protons, while “b” is closest to the ring nitrogen and d the
farthest and is the middle proton.

Themost important segment of the spectra is the peaks for OH
protons in the clusters. The position and integration of the singlet
for these protons in all the spectra are different. This is because of
the formation of hydrogen bonds between the molecules of H3PO4

and the anion H2PO4
�. The integration of this signal (at d 10.382)

in P2 is almost double as compared to the intensity of this peak (at
d 8.306) in the spectrum of P1. The variation in chemical shi is
due to the formation of hydrogen bonds between the phosphate
anion and molecules of additional moles of phosphoric acid. This
is due to additionalmoles of H3PO4 (1 : 2), which is responsible for
the formation of cluster, as shown in Fig. 1.

Similarly, in case of P3 the signal for OH (at d 10.354) has
three times higher intensity than that in P1, thus showing the
presence of two extra moles of acidic protons on the clusters
making hydrogen bonds with the hydroxyl group and negatively
charged oxygen atoms of the anion.
Compositional analysis and biomass characteristics

The compositional analysis of the original biomass and the
pretreated samples was conducted following the standard
RSC Adv., 2020, 10, 44003–44014 | 44005
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protocol established at NREL.22 The composition of the
untreated wheat straw and rice husk is demonstrated by the
graphs in Fig. 2. It can be observed that the content of lignin in
wheat straw is 21.86% (sum of 3.19% ASL and 18.67% AIL) and
that in rice husk is 17.56% (sum of ASL and AIL) while that of
glucan is 37.18 and 44.74% respectively. Total hemicellulose
(xylan plus arabinan) in wheat straw is 23.65% and in rice husk
15.08%.

The lignin removal from the biomass, as a result of
pretreatment, was calculated by comparing this content in the
treated biomass (Table 1) with that in the untreated biomass
(Fig. 2) using the following formula:

Lignin removal ¼ 100�
�
Lo � Lpre

Lo

� 100

�
%

From the results, it is apparently observed that lignin
removal for both wheat straw (77%) and rice husk (78%) is
comparable. Although lignin content in the original wheat
straw (21.86%) is higher than that in rice husk (17.56%), the
extent of lignin removal is almost the same, indicating rela-
tively facile removal of lignin from wheat straw. A comparison
of the composition of the untreated and pretreated samples of
wheat straw indicates that the glucan content is slightly higher
in rice husk in each case. Moreover, the hemicellulose removal
from rice husk (81%) is more prominent than that from wheat
straw (68%). However, the pretreatment of the rice husk is
characterized by much higher mass loss.
Fig. 2 Composition of (a) untreated wheat straw and (b) untreated rice

Table 1 Compositional analysis of wheat straw and rice husk samples p

Ionic liquid Biomass Glucan (%) Hemicel

P1 Wheat straw 41.8 11.17
Rice husk 43.6 7.66

P2 Wheat straw 44.6 9.10
Rice husk 48.5 5.48

P3 Wheat straw 46.9 5.16
Rice husk 46.4 4.46

44006 | RSC Adv., 2020, 10, 44003–44014
Effect of conditions on lignin extraction

Clustered ionic liquids were employed for delignication of two
types of biomass: wheat straw and rice husk. The processing of
biomass was conducted under varying conditions of tempera-
ture, time, biomass loading and particle size of biomass. The
lignin yields were calculated as the percentage of lignin in
untreated wheat straw and rice husk.

The percent yield of extracted lignin was calculated relative
to the amount of lignin in the original biomass (theoretical
maximum) using the following formula:

Yl ¼ Ml

Mo �MODW

100

� 100%

where Yl is the percent yield of lignin to be calculated, Ml is the
amount of lignin extracted from the biomass sample, Mo is the
percent of lignin in the original biomass and MODW is the oven-
dried amount of biomass sample initially taken.

A discussion of effect of different pretreatment conditions is
elaborated under the following sub-sections.

Effect of temperature and time

It is well established that with the elevation of temperature or
dilation of time, the extent of pretreatment is enhanced.11,24

However, there is always a threshold beyond which either the
yield of pulp and glucose or yield of lignin is negatively
affected.25 In concurrence with the ndings in the literature, the
ILs used in our study also exhibited the same trend. It can be
seen in the graphs (Fig. 3) that for both of wheat straw and rice
husk the lignin yield increased with the increase in
husk used in this study.

retreated using different ionic liquids at 100 �C for 2 h

lulose (%) Lignin (%) Ash (%) Mass loss (%)

11.14 10.2 25.69
10.80 16.4 21.54
7.98 9.1 29.22
6.65 15.8 23.57
4.49 10.8 32.35
4.76 14.4 29.98

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Lignin yields from wheat straw and rice husk at different temperatures after 120 minutes (particle size equals 100 mm, loading 5%).
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temperature. However, the results aer 100 �C are not shown, as
the yield started to descend exponentially and the quality of the
delignied pulp was also low. It is also obvious that the yield of
lignin from wheat straw is relatively high. The peak yield of
lignin corresponds to 100 �C aer pretreatment for 2 hours,
where it is 73% for wheat straw and 72% for rice husk. The
ndings in this study are coherent with the literature, where it is
found that rice husk has lower lignin content but the extent of
delignication of rice husk is comparable to that of wheat
straw.26 It was noted that above 100 �C, the quality of lignin and
pulp was more badly affected in case of rice husk, which is
apparently due to its relatively complex network structure. The
delignication, though, did not affect the glucan recovery and it
seemed to be quantitative compared to the glucan content in
the original biomass. It can be noted from Table 1 that the
corresponding amounts of glucan under all temperature
Fig. 4 Lignin yields from wheat straw and rice husk after time intervals

This journal is © The Royal Society of Chemistry 2020
conditions were appreciably good. Ionic liquid P3 afforded the
maximum delignication and lignin yield, which is apparently
due to higher acidic content (3 : 1) in the IL. It is previously
known that higher protic content results in more H-bonding
ability and better outcome from pretreatment.11,14 However,
the previous studies show that most of the ionic liquids are
more effective at higher temperatures for longer times24,26 while
here it is achieved at 100 �C within two hours.

With the increase in time duration, the extent of pretreat-
ment and the lignin yield was also enhanced as established
previously.11,25 The pretreatment was carried out for 30 min to
120 min, and the best yield was obtained at 100 �C aer
pretreatment for 2 h. Here again, it is worth mentioning that
aer 2 hours the delignication was not as much effective and it
showed degradation of both the cellulose rich material and
extracted lignin. A graphical comparison of the lignin yields
(100 �C; particle size 100 mm, 5% loading).

RSC Adv., 2020, 10, 44003–44014 | 44007

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09098k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
12

:5
6:

41
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
from wheat straw and rice husk is given in Fig. 4. At different
pretreatment time durations, the wheat straw seemed to be
relatively more productive and the IL bearing more acidic
content (P3) gave the maximum yield. When we compare these
results with the previous literature, the yields of lignin and
sugars are comparable with the advantage of short-time
pretreatment, thus making it a time-effective process. In
previous studies, results comparable to ours were achieved for
sufficiently longer times (4–24 h).13.
Effect of biomass loading and particle size

Low biomass loading is usually more compatible for better
pretreatment and effective delignication.27,28 This is reason-
able; as the amount of biomass is reduced, the contact of IL with
Fig. 5 Lignin yields from wheat straw and rice husk with different biom

Fig. 6 Lignin yields from wheat straw and rice husk having various parti

44008 | RSC Adv., 2020, 10, 44003–44014
the biomass particles becomes more effective. At higher
biomass loadings, the biomass-IL mixture becomes more
viscous thus reducing the speed of rotation (stirring) and
causing poor contact between the IL and the biomass parti-
cles.28 In this case, also, the yields are in agreement with the
previous ndings. Although the biomass loading as high as 20%
did not reduce the efficiency of the ionic liquids, the optimum
yield was obtained when 5% biomass was loaded. The type of
biomass also did not show much inuence on the extent of
pretreatment and lignin extraction. However, wheat straw gave
slightly more delignied pulp and higher lignin yields. A
comparison of lignin yields from wheat straw and rice husk is
presented in Fig. 5. It can be observed here that the optimum
yield is achieved with 5% biomass loading for both wheat straw
(73%) and rice husk (72%). With the same biomass loading, the
ass loadings at 100 �C for 2 h (particle size equals 100 mm).

cle sizes (100 �C, 2 h, 5% loading).

This journal is © The Royal Society of Chemistry 2020
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previous nding showed 81% glucose yield from cellulose-rich
material but under relatively harsh conditions.28 With the
increase in biomass loading, the delignication also becomes
less efficient.

The particle size of the biomass is also a very important
consideration with regard to biomass pretreatment. The large
particle size is strongly desired, as it does not require grinding
and particle selection prior to processing, thus making the
whole process greener in terms of energy and less time
consumption.29 Here, we studied the effect of particle size of the
biomass along with other factors. Wheat straw and rice husk
were used in different particle sizes (100, 250 and 500 mm) ob-
tained from mesh sieves. More effective lignin extraction is
achieved with small-sized particles, i.e. 100, and 250 mm. The
maximum yield corresponds to 100 mm and this is slightly
higher than that afforded by 250 mmparticles. The pretreatment
of biomass having a particle size of 250 mm results in higher
lignin amounts than that having a particle size of 500 mm. This
owes to the compatibility of size of interstices in the network of
biomass and the size of ions of the IL.29,30 We know that smaller
particles can interact with IL molecules through a greater
surface area, thus resulting in better delignication of biomass.
A comparison of the effect of particle size and the extent of
pretreatment (lignin extraction) is exhibited as graphs in Fig. 6.
Fig. 8 Scanning electron microscopic images of untreated and pre-
treated (using ionic liquid P3) wheat straw samples at different
magnifications.
Analysis of biomass and extracted lignin

Fourier transformation infra-red (FT-IR) spectroscopy. The
overlapped FT-IR spectra of original wheat straw and rice husk
and IL-treated biomass samples are shown in Fig. 7. The
cellulose in the biomass is characterized by the peaks at 3330,
2924, 1430, 1371, 1318, 1162, 1119, 1025, and 897 cm�1. Peaks
at around 897 cm�1 and 1025 cm�1 correspond to the glycosidic
linkage (at C1) and C–O–C stretching vibration in the gluco-
pyranose ring respectively.31 The C–O–C peak is apparent at
around 1025 cm�1 in the original (untreated) samples of wheat
straw and untreated rice husk. The sample pretreated using P3
(acid to base mole ratio 3 : 1) bears relatively weak peaks at
1029 cm�1 and 897 cm�1. This is attributed to the carbohydrate
Fig. 7 FT-IR spectra of untreated biomass, pretreated biomass and lign

This journal is © The Royal Society of Chemistry 2020
loss during biomass processing with the IL. The peak for the
C–O anti-symmetric stretching vibration can be observed at
about 1160 cm�1 in both wheat straw and rice husk, while the
CH2 symmetric bending is characterized by the peak at
1430 cm�1.32 It is apparent that a reduction in the intensity of
in extracted from wheat straw (a) and rice husk (b).

RSC Adv., 2020, 10, 44003–44014 | 44009
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Fig. 9 Scanning electron microscopic images of untreated and pre-
treated (using ionic liquid P3) rice husk samples at different
magnifications.
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this peak occurred in the pretreated samples, which is an
indication of reduced crystallinity affected by IL pretreatment.32

The peak at around 1325 cm�1 is assigned to the CH bending
vibration in carbohydrates and 1365 cm�1 is assigned to the CH
bending vibration in cellulose. The peak at 1506 cm�1 in the
Fig. 10 Prominent subunits, positions and bonds of lignin.

44010 | RSC Adv., 2020, 10, 44003–44014
spectrum of wheat straw is associated with the conjugated
double bonds in aromatic rings present in lignin. Obviously,
this peak (1506 cm�1) has appreciably low intensity in the pre-
treated sample: this is due to the removal of lignin in biomass
as a result of pretreatment. The aromatic ring conjugated bond
peak is present at around 1530 cm�1 in untreated rice husk, and
the spectrum in Fig. 7 shows a reduced signal for this peak in
the pretreated sample. Phenolic OH bonds in lignin are char-
acterized by the peak at 1650 cm�1. The intensity of this peak in
the pretreated biomass is also lower than that in the untreated
sample. Out of all the ionic liquids used, the P3-pretreated
sample exhibits the most pronounced reduction in signal
intensity of the peaks associated with aromatic vibrations (1506,
1530 and 1650). This is in coherence with the yields of lignin as
stated above.

The spectra of lignin extracted from wheat straw (Fig. 7a) and
rice husk (Fig. 7b) also show characteristic peaks of lignin. The
wavenumbers of signicant peaks can be designated with the
help of previous reports in the literature.3,33 The most
pronounced signals for lignin are the peaks occurring from
1500 to 1600 cm�1, and these are related to the skeletal vibra-
tions of the aromatic ring. It can be seen that lignin extracted
from rice husk bears more pronounced intensities of the signals
between 1500 and 1600 cm�1. Absorption bands at 1220 cm�1

are ascribed to the C–C stretching vibration combined with C–O
and C]O stretching vibrations. The peak at about 1160 cm�1 in
the spectra of lignin corresponds to the absorption due to C–H
in-plane vibrations and ether linkage (C–O–). The peak signals
from 800 to 850 cm�1 show C–H vibrations of guaiacyl units (out
of plane) in lignin.

Scanning electron microscopy (SEM) analysis of biomass.
Scanning electron microscopy (SEM) was performed for
untreated biomass and recovered cellulose pulps to observe
disruptions on the surface, as an evidence for pretreatment
efficiency. Previous studies have indicated that an effective
pretreatment disrupts the morphology of the surface of the
polysaccharide–lignin network.11 We also found from the SEM
images that the PILs used in this study have affected the
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Aromatic portion of the HSQC NMR spectrum: (top) wheat straw and (bottom) rice husk.
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morphological arrangement of biomass. The following gures
show the SEM results of wheat straw (Fig. 8) and rice husk
(Fig. 9). The images on the le-hand side are for untreated
This journal is © The Royal Society of Chemistry 2020
biomass and those on the right-hand side for samples obtained
aer pretreatment using the ionic liquid with the highest ratio
of acid (P3) under optimum pretreatment conditions. The
RSC Adv., 2020, 10, 44003–44014 | 44011
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Table 2 GPC data formolecular weights and polydispersity index (PDI)
of extracted lignin

Biomass Mn (Da) Mw (Da) PDI

Wheat straw 1848 10 531 5.7
Rice husk 1466 8839 6.03

Fig. 12 Graph showing glucose yields from enzymatic saccharification
(Ctec Novozymes) of different pretreated wheat straw and rice husk
samples after 7 days' incubation (50 �C, 250 rpm).
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images of untreated and pretreated samples with 500�
magnication show that the ber disintegration has occurred
for both types of biomass as a result of pretreatment, though it
is more obvious in case of rice husk. A closer view of the ber at
1000� magnication indicates surface disruptions in both
types of biomass. With 3000� magnication, we can see the
pour formation on the surfaces of pretreated samples verifying
penetration of the ionic liquids molecules into the ber
network. This is in agreement with the results obtained in the
previous studies.11,32 The akiest structure is obtained in case of
ionic liquid P3. This is further validated by yields of extracted
lignin (highest in case of P3) and the FT-IR spectra of the
biomass samples.

HSQC NMR analysis of extracted lignin. Various fragments
of lignin have specic positions in the lignin structure, while
their relative abundances are dependent on the type of lignin
and nature of biomass. The relative positions (a, b and g) and
designations of different fractions found in lignin are shown in
Fig. 10. Although lignin extracted from wheat straw and rice
husk using different methods bears slightly different ratios of
various fractions, generally it is observed that the guaiacyl
fragment has relatively high percentage than the syringyl frac-
tion of the aromatic region.34 In this study, we found that
structural features are in agreement with the results previously
reported in the literature, while some condensation of the
extracted lignin has also been observed. First, we consider the
signal corresponding to the aliphatic portion. The prominent
peaks of aliphatic fragments in HSQC NMR of the lignin
extracted (at 100 �C, 2 h) from wheat straw (a) and rice husk (b)
lie within the range of 2.5 to 5 ppm (H NMR) and 55 to 90 ppm
(C NMR) respectively. The side chains and ether linkage per-
taining to the methoxy alcohol fragment have the highest
abundance; it is followed by syringyl (S) and coniferyl (C) frac-
tions and there are some less common units as well. The g ether
linkage and b-O-4 linkage (Ab) are the most abundant ether
linkages, indicating the less harmed structure of lignin poly-
mers recovered from wheat straw. This mainly owes to the less
harsh conditions of pretreatment (100 �C, 2 h), where lignin
mostly remains intact. However, b-O-4 linkages in the lignin
extracted from rice husk are less abundant.

The aromatic portion of the HSQC NMR spectrum (90–150/
6.0–7.7 ppm) is given in Fig. 11. The contours of all the antici-
pated fragments of lignin can be seen apparently in the spectra,
where again we nd the guaiacyl fragment in relatively high
abundance. The aromatic portions of syringyl and phenyl-
coumarin fractions are also prominently visible at 6.6/95 ppm
and 7.4/130 ppm respectively. The peaks assigned to different
positions of the guaiacyl fraction of lignin are shown in the
spectra. The G2 peak may act as a reference for G2cond., G5 and
G6 as reported previously.35 The main reason behind this is that
G2 positionmostly remains intact from anymodication during
the delignication process. However, a shi from G2 to G2cond.

can take place as a result of modication in the G5 and G6

fragments in which case G2 and G2cond are taken as reference
collectively. G2cond, despite having a lower intensity than G5 and
G6, indicates that there has occurred a mild condensation at
this position. Thus, it shows a mild condensation of lignin
44012 | RSC Adv., 2020, 10, 44003–44014
during the process unlike the ndings in the previous
studies.13,36 The G5 position seems to be intact or very little
affected during the extraction process, as indicated by the
volume integral of its signal in the spectrum labelled as G5.
However, G6 has a relatively diminished signal, which exhibits
that there has occurred a substitution at this position during
the process of extraction. Due to this substitution, there is
a transformation of G2 into G2cond. as stated above.12

Gel permeation chromatography (GPC). Gel permeation
chromatography (GPC) is used for the assessment of weight-
average molecular weight (Mw), number-average molecular
weight (Mn) and polydispersity index (Pd) of extracted lignin.37

Few instances from the previous literature show that the
molecular weight of ionosolve lignin is usually lower than that
of organosolve lignin perhaps due to stronger relative interac-
tions between the solvent molecules and lignin.38,39 The anionic
part of the ILs is responsible for the interactions with different
bonds and different moieties in lignin, thus causing structural
changes. The GPC data of lignin extracted from wheat straw and
rice husk is provided in Table 2.

TheMw andMn values for wheat straw lignin are higher than
those of rice husk lignin, showing less degraded network of
wheat straw lignin. However, the PDI value for wheat straw
lignin is lower than that of rice straw lignin, which shows more
uniform nature of lignin extracted from rice husk.

Saccharication

The pulps obtained from pretreatment of wheat straw and rice
husk along with the untreated biomass were subjected to
enzymatic saccharication at 50 �C and 250 rpm. The samples
were kept under incubation for 7 days and, consequently,
This journal is © The Royal Society of Chemistry 2020
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analyzed for the concentration of glucose by the HPLC method
(Aminex HPX-87P column). The graph in Fig. 12 shows glucose
yields from pretreated samples (using ionic liquid P3) aer
different time durations. The untreated biomass was subjected
to saccharication without any treatment. The glucose yield
from untreated wheat straw and glucose was found to be 17%
and 15% of the theoretical maximum, respectively. The sugar
yield is observed to be enhanced with the increase in time of
pretreatment at the optimum temperature (100 �C). Wheat
straw gave a higher yield of glucose (77%) aer a pretreatment
for 2 h than rice husk (73%) probably due to higher deligni-
cation from wheat straw. This is in accordance with the previous
studies, where an increase in saccharication yields with the
increase in the extent of delignication is reported.25,32,40

Conclusion

The study showed that pyridinium protic ionic liquids having
clusters around the anion H2PO4

� are efficient solvents for the
extraction of lignin and sugar release from wheat straw and rice
husk. Ionic liquids afforded fairly high yields of lignin under
mild conditions, while the maximum yield was achieved at
100 �C aer 2 h pretreatment using IL having the highest
number of moles of phosphoric acid ([Py][H2PO4$H3PO4]).
Lignin yield from wheat straw (73%) is slightly higher than that
from rice husk (72%). The lignin was analysed by HSQC, FT-IR
and gel permeation chromatography (GPC). The delignication
was validated by compositional analysis and FT-IR spectra of
biomass, which showed a marked difference among the
compositions of the untreated and pretreated samples. The
SEM analysis indicated effective penetration of the ionic liquid
radicals into the biomass polymer network. Quantitative release
of glucose through saccharication of delignied wheat straw
(77%) and rice husk (73%) further veried effective
delignication.
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Chem. Technol. Biotechnol., 2012, 87, 472–480.

34 F. Zikeli, T. Ters, K. Fackler, E. Srebotnik and J. Li, Ind. Crops
Prod., 2014, 61, 249–257.

35 M. Sette, R. Wechselberger and C. Crestini, Chem.–Eur. J.,
2011, 17, 9529–9535.
44014 | RSC Adv., 2020, 10, 44003–44014
36 F. J. Gschwend, C. L. Chambon, M. Biedka, A. Brandt-Talbot,
P. S. Fennell and J. P. Hallett, Green Chem., 2019, 21, 692–
703.

37 M. E. Himmel, K. K. Oh, D. R. Quigley and K. Grohmann, J.
Chromatogr. A., 1989, 467, 309–314.

38 R. El Hage, N. Brosse, P. Sannigrahi and A. Ragauskas,
Polym. Degrad. Stab., 2010, 95, 997–1003.

39 S. Bauer, H. Sorek, V. D. Mitchell, A. B. Ibáñez and
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