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Abstract The dependence on fossil fuel in recent

years has accentuated the importance of renewable

resources such as biomass. Lignocellulosic biomass

consisting mainly of cellulose, hemicellulose, and

lignin, can be potentially converted into biochemicals

and biofuels. Ionic liquid (IL) has been proven as an

efficient and green solvent for biomass dissolution and

further processing. Nonetheless, conventionally

employed IL treatment requires a longer time and

higher temperature making the overall process cost-

intensive and time-consuming. The aim of the current

research work is to develop a direct probe sonication

assisted IL method for rapid biomass dissolution

without any external heating. The effect of several

experimental parameters on biomass dissolution such

as acoustic power (20–60%), sonication time

(10–70 min), biomass particle size (500–125 lm),

initial sample loading (5, 7.5 and 10%), volume of

sample (3, 6 and 9 mL), and types of IL were

investigated and optimized. The lignocellulosic bio-

mass and regenerated biomaterials were characterized

using Fourier transform infrared spectroscopy, ther-

mogravimetric analysis, Fourier electron scanning

electron microscope, and powder x-ray diffraction to

study the effect of probe sonication assisted IL

treatment. The ultrasonic cavitation had significantly

shortened the time for complete lignocellulose disso-

lution and considerably altered the thermophysical

properties of regenerated cellulose-rich materials. The

acetate-based IL showed the best performance, able to

fully dissolved bamboo biomass in just 40 min in the

probe sonication. In conclusion, probe sonication is an

efficient method at lab scale which might need further

development in technology to make the process

economical at the industrial level for lignocellulosic

biomass treatment.
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Introduction

Chemical industries heavily depend on fossil fuel for

their resources. Therefore, to avoid a future shortage,

the importance of sustainable fuels urges the substi-

tution from finite to renewable resources. Among

many available resources, lignocellulosic biomass,

primarily consisting of cellulose, hemicellulose, and

lignin, has attracted considerable attention as a

potential alternative source for biofuels and valuable

chemicals (An et al. 2015; da Silva et al. 2013; Dong

et al. 2015).

At present, numerous studies have been performed on

the conversion of lignocellulose to various useful chem-

icals such as 5-hydroxymethylfurfural (Sarwono et al.

2017) and levulinic acid (Khan et al. 2018a), lactic acid,

sorbitol, malic acid, and mannitol. Lignocellulosic

biomass composed of three major components cellulose

(crystalline), hemicellulose (amorphous) and lignin

(amorphous). Cellulose, hemicellulose, and lignin in

lignocellulosic biomass are bonded to others by covalent

and non-covalent forces. The complex structure and

strong intra and intermolecular hydrogen bonding in

lignocellulosic biomass components hinder their disso-

lution in water and common organic solvents which

ultimately limits its conversion to other chemicals (Khan

et al. 2016). Pretreatment of lignocellulosic biomass is

required before conversion into chemicals. Pretreatment

improves the hydrolysis of lignocellulosic biomass due to

depolymerization and alteration of biomass structure.

Acid and alkali pretreatments of biomass increase the rate

of enzymatic saccharification (Muhammad et al. 2015b).

However, acid and alkali pretreatments are toxic, non-

environmentally friendly and cause corrosion.

In contrast, ionic liquids (ILs) emerged as potential

alternative solvents for pretreatment of lignocellulosic

biomass. ILs are molten salts containing bulky cations

and organic/inorganic anions, with high thermal and

chemical stability, high melting and boiling points as

well as recyclability and reusability (Khan et al. 2018b).

IL as an alternative solvent used for dissolution of

cellulose and lignocellulosic biomass (Graenacher 1934;

Swatloski et al. 2002). Meanwhile, Man et al. focused on

green amino acid-based ILs for biomass dissolution.

Among various ILs tested, 1-ethyl-3-methylimidazolium

glycinate ([Emim][Gly]) was able to dissolve biomass at

120 �C in 8 h (Muhammad et al. 2011). However, IL

pretreated biomass using conventional methods required

higher temperatures. Despite the good performance of

conventional methods, they are time-consuming and

require high temperature making the overall process

inefficient.

Ultrasonic irradiation is the newly developed

technology used for lignocellulosic biomass pretreat-

ment as it shortens pretreatment time and temperature.

Ultrasonic waves produce a cavitation bubble in the

heterogeneous system of biomass/IL mixture, which

leads to disruption of the biomass cell wall and

increasing the surface area. This will eventually result

in a more efficient lignocellulose dissolution and

conversion to chemicals (Bussemaker and Zhang

123

2136 Cellulose (2020) 27:2135–2148



2013). Sri Bala et al. demonstrated the application of

ultrasonic waves in alkaline pretreatment which

disrupted cellulose chain in a shorter time (SriBala

et al. 2016). Ninomiya et al. reported a higher

percentage of cellulose saccharification of kenaf

powder in IL was obtained from 47 to 86% in

15 min when ultrasonic waves were applied (Ni-

nomiya et al. 2012). To the best of our knowledge, the

probe sonication has not been evaluated for lignocel-

lulosic biomass dissolution, in comparison to bath

sonication. Probe sonication and bath sonication are

two different techniques of ultrasonic irradiation. In

bath sonication process, the cavitation produced is

uncontrollable throughout the bath and the intensity is

lower to have effectiveness in lignocellulosic biomass

deconstruction. In contrast,, the produced cavitation in

probe sonication is localized at specific region and

having higher intensity (Sarwono et al. 2017).

In this study, the probe ultrasonic assisted dissolu-

tion of bamboo was investigated in ILs. The bamboo

biomass was selected for the current research work

because of its fast-growing rate. Unlike wood, bamboo

can be harvested within 3–5 years instead of 15 to

20 years. Conventional methods of ILs based treat-

ment require longer dissolution time as well as higher

temperatures in the process. Therefore, we evaluate

for the first time the effect of probe sonication on ILs

based dissolution. Three ionic liquids i.e.[Emi-

m][OAc], [Emim][Cl] and [Emim][HSO4], known

for a deconstruction of lignocellulosic materials were

used. In addition, the acidity and basicity of these ionic

liquids are underlying factors to be taken into consid-

eration for probe sonication assisted ionic liquid

treatment. The hydrogen bond basicities (b) of the

selected ionic liquids are [Emim][OAc] (b = 1.06),

[Emim][Cl] (b = 0.79) and [Emim][HSO4 (b = 0.61).

The effect of process parameters such as acoustic

power, sonication time, biomass particle size, initial

biomass loading and volume of sample on the

dissolution process were investigated and optimized.

Furthermore, the effect of water on probe sonication-

based treatment was also studied. The cellulose-rich

materials (CRM) and lignin-rich materials (LRM)

were separated by adding the water and acetone

mixture into biomass/IL mixture. The untreated

lignocellulosic biomass and cellulose-rich materials

were characterized using various analytical techniques

such Fourier transform infrared (FTIR), Fourier elec-

tron scanning electron microscope (FESEM) and

thermogravimetric analysis (TGA) for detail thermo-

physical properties.

Methodology

Materials

Chemicals of analytical grade were used for the

pretreatment of biomass. 1-ethyl-3-methylimida-

zolium acetate [Emim][OAc] (Manchester Organics,

97%), 1-ethyl-3-methylimidazolium chloride

[Emim][Cl] (Merck, 98%), 1-ethyl-3-methylimida-

zolium hydrogensulfate [Emim][HSO4] (Merck,

98%), Dimethylsulfoxide (DMSO) (Merck, 99.9%),

acetone (Merck, 99.8%), acetonitrile (Merck, 99.5%),

hydrochloric acid (HCl) (Merck, 37%) and sodium

hydroxide (R&M Chemicals, 97%). All chemicals

were used without further purification. The bamboo

biomass (Gigantochloa scortcheninii, a native plant of

Malaysia known as ‘‘buluh semantan’’) was obtained

from the bamboo processing industry in Seri Iskandar,

Perak Malaysia. The bamboo was grounded into

powder and sieved into different particle sizes

(500–125 lm) by Retsch Test Sieve (model AS 200).

Biomass dissolution and regeneration of cellulose

rich materials (CRM)

In a typical experiment, bamboo biomass powder (5

wt%) having particle size 500 lm was charged into

16 mL vial containing 3 mL of IL. The experiments

were performed using Ultrasonic Vibra Cell (130 kW,

50 Hz). The sonicator probe of a 6 mm diameter was

inserted into the mixture to a point 1/3 of the total height

of the sample surface (Sarwono et al. 2017). The

mixture was sonicated at defined acoustic power,

sonication time, biomass particle size, initial biomass

loading and volume of sample to optimize the disso-

lution process. To monitor the presence of undissolved

biomass materials in a mixture, one or two drops of the

mixture were periodically taken with a pipette and

examined by microscope (Dino-Lite Digital Micro-

scope) at 30 9 magnification. The effect of water

content of ILs (5–20%, v/v) on biomass dissolution was

also investigated. To achieve complete dissolution, IL/

biomass mixture was added into 3 9 volumes of

DMSO with rapid stirring at 250 rpm and further

centrifuged at 4000 rpm for 15 min. The residues
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formed were collected, filtered and washed few times

with deionized water to remove the excess IL and

DSMO. The precipitate was dried overnight at 80 �C in

the oven and later weighed. The percentage of biomass

dissolved in ILs was calculated according to Eq. 1:

W% ¼ Wo�Wpð Þ
Wo

� �
� 100 ð1Þ

where Wo is the initial weight of bamboo biomass and

Wp is the undissolved materials.

Recovery process

The regeneration process of dissolved materials was

performed according to Muhamad et al. (Man et al.

2011) with slight modification. The resultant slurry of

biomass /IL was poured into a beaker containing

3 9 volume of acetone: water (9:1 v/v) under vigor-

ous agitation. The mixture was stirred at 300 rpm at

room temperature for 30 min. The residue formed was

filtered using a vacuum filter, thoroughly washed for

few times with acetone/water to remove excess IL and

subsequently dried in the oven overnight at 60 �C for

further characterization. The filtrate containing IL,

acetone, water, and lignin was subjected to reduced

pressure to regenerate lignin. To enhance the precip-

itation of lignin regenerated materials (LRM), 0.5 M

HCl (pH 2.0) was added to the filtrate. The LRM was

collected and repeatedly washed with distilled water to

ensure the removal of traces ionic liquids.

Recovery of ionic liquid

NaOH (0.5 M) solution was added into filtrate

containing IL, acidified water and degraded carbohy-

drate to neutralize the pH. Excess water was removed,

and acetonitrile was then added into the solution to

dissolve IL, leaving sodium chloride as precipitates.

The acetonitrile was further removed under reduced

pressure for recovery of [Emim][OAc].

Characterization of biomass and regenerated

materials

Fourier transform infrared spectroscopy (FTIR)

The functional groups for fresh biomass and IL

pretreated biomass samples were determined using

FTIR-ATR diamond crystal. All spectra were

recorded using the FTIR spectrometer (Thermo Nico-

let iS5 by Thermo Fisher Scientific, Waltham, Mas-

sachusetts, USA) in the range of 4000 to 400 cm-1

under 64 scanning.

Thermogravimetric analysis (TGA)

The thermal analysis for all samples was performed

using a thermogravimetric analyzer TGA (STA 6000

Perkin Elmer). The sample was weighed approxi-

mately 5.0 mg in crucible pans and placed in the

sample holder under 20 mL/min nitrogen flow. The

analysis was performed in temperature range from 50

to 800 �C with a heating rate 10 �C /min.

Fourier electron scanning electron microscope

(FESEM)

The morphology of samples was observed by FESEM,

in a microscopy Zeiss Supra 55 VP with an acceleration

volt of 5.00 kV under nitrogen atmosphere. The

samples were dried overnight and coated with gold.

The image zoom was 1.00 K x, 5.00 K x, and 10.0 K x.

Powder X-ray diffraction (PXRD) analysis

Untreated and probe sonication assisted ionic liquid

treated samples of bamboo biomass were analyzed

using powder X-ray diffraction (PXRD), model

Bruker D8 Advance horizontal X-ray diffractometer

equipped with Cu anode scanned within 5–35.00� 2h
with a step mode with a step of 0.01� and a rate of 1�/
min).

Results and discussion

Dissolution of biomass

The influence of selected parameters such as ultra-

sonic time, biomass particle size, initial biomass

loading and volume of biomass/IL mixture on biomass

dissolution was studied in the following detail.

Ultrasonic acoustic power

In this study, the ultrasonic acoustic power was varied

within range of 20–60% with 10% intervals shown in

Fig. 1. A higher percentage of biomass dissolution
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was observed with the increase of acoustic power from

20 to 60%. The percent dissolution of bamboo biomass

was calculated as 25.9%, 27%, 99.5% for 20%, 30%

and 40% acoustic power, respectively. Figure 1 shows

that the maximum dissolution was achieved within

50 min at 40% acoustic power. Therefore, low acous-

tic power of 40% was preferred over 50% and 60% to

avoid the damaged of fragile tips of probe sonicator.

To get more insight into dissolution, a rise in

temperature during biomass dissolution through probe

sonication was also monitored. The maximum tem-

perature reached about 86 �C, 114 �C and 125 �C with

sonication at 20%, 30% and 40% acoustic power

respectively for 40 min treatment shown in Fig. 2.

High temperature is reported to be favorable for

biomass dissolution (Carneiro et al. 2017). Miyafuji

(2015) observed that 85% (wt/wt%) of Japanese beech

wood residue remained after reaction at 90 �C for 24 h

while 80% (wt/wt) of biomass dissolution was

achieved at 110 �C for 24 h.

Period for sonication

Reaction time is an important and key parameter from

an energy point of view. To study the effect of time on

biomass dissolution, biomass with particle size

500 lm was sonicated using 40% acoustic power

irradiation for 10, 20, 30, 40 and 50 min. Figure 3

shows the microscopic images of biomass/IL mixture

taken at different time intervals of sonication. The

absence of biomass particles under microscope marks

complete dissolution of biomass. As the sonication

period increased, the presence of undissolved particles

in biomass/IL solution was reduced. A clear solution

was obtained in 50 min of probe sonication indicating

that biomass was completely dissolved.

The infusion of ultrasonic technology in biomass

dissolution shortens dissolution time in comparison to

a conventional heating method which typically

requires 3–24 h (Man et al. 2011; Socha et al. 2014).

The cavitation produced by ultrasonic tip creates a

bubble, inside of which the temperature and pressure

reach extremely high (* 5000 K and * 50 MPa)

(Kobayashi et al. 2012). The cavitation produced has

both physical and chemical effects (Hart and Henglein

1985). The physical effect is related to the mass

transfer enhancement due to the generation of intense

local convection. In case of chemical effect, the

bubble, which is due to high temperature and pressure,

it collapses adiabatically causing the release of

radicals. This proves the destruction of biomass

structure that allows rapid IL penetration into biomass.

Hence, probe sonication results in complete dissolu-

tion of biomass within 50 min as shown in Fig. 4. The

probe sonication assisted ionic liquid treatment was

also compared with conventional heating. Three

heating temperatures 120, 110 and 80 �C was selected

for treatment (5% bamboo biomass was loaded in

[Emim][OAc] IL with magnetic stirring at 300 rpm).

The dissolution attained at 120 �C and 110 �C was

12 h and 17 h respectively while at 80 �C, the mixture

was partially dissolved for 24 h. Thus, probe sonica-

tion is more effective in dissolution as compared to the

conventional heating.
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Fig. 1 Effect of acoustic power on biomass dissolution

Fig. 2 Variation temperature with reaction time and percentage

of amplitude
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Particle size of biomass

Biomass samples having different particle sizes

500–125 lm were added into a different vial contain-

ing IL and were probe sonicated to reach complete

dissolution. Figure 5 shows how the particle size

affects the dissolution time. It was observed that the

increase of biomass particle size from 125 lm to

500 lm required longer dissolution time 40 to 50 min.

The smaller size of biomass particles provides larger

surface area. This allows the IL molecule to penetrate

more into biomass chain structure thus results in

higher rate of dissolution (Brandt et al. 2013; Darji

et al. 2013). In contrast, the big biomass particle size of

500 lm hinders the diffusion of IL and consequently

leads to slow down the dissolution process (Muham-

mad et al. 2015b).

Ability of selected ILs to completely dissolve biomass

To study the effect of the anion of ILs on biomass

dissolution, three ILs containing same cation

([Emim]?) with different anions such as OAc-, Cl-

and HSO4
- were evaluated for dissolution of biomass

having particle size of 125 lm using 40% amplitude

of sonication. Among three anions tested, [OAc]-

dissolved the biomass completely in a shorter time as

Fig. 3 The microscopic images for biomass/IL solution under 9 30 magnification for different period exposed to sonication a 0 min,

b 10 min, c 20 min, d 30 min, e 40 min and f 50 min
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Fig. 4 Effect of sonication period on bamboo dissolution

(biomass particle size 500 lm in IL EmimOAc)
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compared to the other two ILs containing Cl- and

HSO4
-. This difference in the efficiency of ILs in

dissolving the biomass might be due to differences in

their viscosity and hydrogen bond basicity (b). Vis-

cosity measured for [Emim][OAc] and [Emim][Cl] at

80 �C were 0.017 Pa s and 0.065 Pa s, respectively

(Fendt et al. 2010). The viscosity value measured at

80 �C for [Emim][HSO4] was 0.105 Pa s (Poulime-

nou et al. 2014). In general, sonication prefers lower

viscosity environment to facilitate maximum transfer

of cavitation bubbles through liquid medium (Santos

et al. 2009; Wu et al. 2013). The low dissolution

efficiency of [Emim][HSO4] might be due to its high

viscosity as well as lower value of hydrogen bond

basicity (b = 0.61). The high viscosity of

[Emim][HSO4] minimizes the bubbles transfer in

heterogeneous solutions, affecting the cavitation pro-

duced by ultrasonic waves which ultimately disturb

the dissolution process. In addition to viscosity,

Muhammad et al. investigated the effect of a and b
value in Kamlet-Taft parameters on the ability of ILs

to dissolve biomass (Muhammad et al. 2015b). The b
value represents the ability of anion as H-bond

acceptor. Among the tested ILs, the IL containing

OAc- anion (Emim][OAc]) has higher b (1.06) value

than to Cl- anion [Emim][Cl] of b = 0.79, therefore

efficiently dissolves the biomass. Complete dissolu-

tion was achieved within 40 min for Emim][OAc],

while for [Emim][Cl], it prolongs to 2 h. The anion of

IL with higher b value weakens the hydrogen bonding

in lignocellulosic structure by interacting with hydro-

xyl group present in biomass thus the ionic liquid

consequently causes swelling and dissolution of

biomass (Brandt et al. 2010).

Initial loading of biomass sample into IL

To study the effect of biomass loading on dissolution

process, various amount (5, 7.5 and 10 wt%) of

biomass having a particle size of 125 lm was added

into [Emim][OAc] and sonicated. Figures 6 and 7

show the effect of biomass loading on percentage

dissolution. Increasing the amount of biomass loading

into IL reduced the percentage dissolution as graph-

ically presented in Fig. 6.

Figure 7 reveals the microscopic image of biomass/

IL mixture after dissolution at the respective time.

Undissolved particles were observed for both 7.5 and

10% biomass loading (b and c) even after passing the

optimum dissolution time. The decrement in biomass

dissolution at higher loading (7.5 and 10%) was

attributed to the saturation point of IL dissolution

capability. Adding excess biomass into IL also

increases the viscosity, therefore, hinders the mixing

and mass transfer. The viscosity of the heterogeneous

mixture is one of the limiting factors in ultrasonic

assisted dissolution (Luo et al. 2013, 2014). High

viscosity of biomass/IL mixture prevents the cavita-

tion bubbles, produced by ultrasonic tip, from being

transferred evenly to rupture the biomass structure.
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Fig. 5 Effect of biomass particle size on bamboo dissolution

(pretreatment in IL EmimOAc under 40% amplitude of

sonication)
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Fig. 6 Effect of initial biomass loading into IL (biomass

particle size\ 125 lm in IL EmimOAc, sonicated for 40 min)
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Therefore, the low dissolution percentage for biomass

loading at 7.5 and 10% was obtained.

Effect of sample volume

Three sample volumes (3, 6 and 9 mL) were evaluated

by charging in 16 mL sample vial. The mixture

(typically, 3 mL of ionic liquid, 5% (g/mL) of bamboo

powder having the particle size of 125 lm) was

sonicated at a specified amplitude with a probe

diameter of 6 mm for complete dissolution. Figures 8

and 9 show the effect of IL volume on biomass

dissolution. The result in Fig. 8 demonstrated that the

dissolution of biomass decreases with the increase of

IL volume from 3 to 9 mL. In the biomass decon-

struction process, the cavitation transfer prefers low

volume matrix in order to maximize the utilization of

direct probe sonication. Lavilla and Bendicho (2017)

stated that low volume of solution allows the maxi-

mum bubbles generated from ultrasonic tip during

sonication thus maximum penetration of IL molecules

inside biomass surface can be achieved.

The clear solution in 3 mL of IL confirms the

effectiveness of ultrasonic cavitation in a low volume

of IL as shown in Fig. 9. In contrast to 3 mL of IL,

there might be formation of area known as ‘dead zone’

when volume increased to 6 and 9 mL. The dead zone

is the region where the collapse bubbles are unable to

reach the solutes thus do not contribute to the

dissolution as shown in Fig. 9. The loading of 3 mL

IL results in 99.4% dissolution while in the case of

6 mL and 9 mL, the dissolution calculated is 89 and

73% respectively.

Effect of water content on the dissolution process

The presence of water is undesirable for the dissolu-

tion of biomass in ionic liquids (Muhammad et al.

2015b). Water molecules compete with IL for its

interaction with lignocellulosic biomass through

hydrogen bonding and hence reduce the ability of IL

to interact with lignocellulosic constituents causing a

reduction in dissolution of biomass. Contrarily, the

addition of water decreases the IL viscosity which

favored the generation of cavitation bubbles in probe

sonication for destruction of lignocellulosic structure.

In addition to viscosity reduction, water also decreases

the overall cost of pretreatment process and improves

Fig. 7 The microscopic images for biomass/IL solution under 9 30 magnification for different initial loading of biomass into IL a 5

wt%, b 7.5 wt%, c 10 wt%
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Fig. 8 Effect of IL volume (3, 6 and 9 mL) loading into 16 mL

vials (biomass particle size 125 lm in IL EmimOAc, sonicated

for 40 min)
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the recyclability of IL (Pang et al. 2016; Parthasarathi

et al. 2015). Figure 10 shows the presence of undis-

solved biomass in the solution with (85:15 wt%) and

(80:20 wt%) IL: water ratios.

Figure 11 shows that 80% and 60% of biomass

were dissolved in the mixture of IL: water (95:5 wt%)

and IL: water (90:10 wt%) respectively. The presence

of water in the mixture of IL also influences the

sonication time. In the absence of water, complete

dissolution was observed at 40 min while for IL: water

(95:5 wt%) ratio, it is prolonged to 50 min.

Dissolution and fractionation of biomass in IL

The dissolution and fractionation of biomass (particle

size 125 lm) in IL [Emim][OAc] were carried out

with 5 wt% loading of biomass and 40% acoustic

power of probe sonication. The dissolution was

assessed through the Dino-Lite microscope after

40 min of treatment. The mixture obtained is highly

viscous due to the presence of aromatic lignin

compounds and extractive from biomass (Zavrel

et al. 2009). The fractionate materials of biomass

were easily separated and regenerated by the addition

of anti-solvent such as water, ethanol, and acetone

(Lan et al. 2011; Shill et al. 2011; Singh et al. 2009).

The treated sample containing biomass and IL were

introduced into the mixture of acetone: water (9:1 v/v)

to precipitate cellulose-rich materials (CRM). The

lignin and some polysaccharides were solubilized in

the acetone water mixture. The lignin-rich material

(LRM) was obtained from the mixture by evaporating

the acetone followed by addition of HCl to adjust the

acidic pH. The yield obtained for CRM and LRM was

69.3% and 14.9% respectively of total biomass. The

lignin content of bamboo biomass is 26.45% therefore

56.3% (14.9%) of total lignin was recovered in this

treatment. Sonication causes the formation of the

microbubbles, which release energy in the form of

shockwave and causes turbulence (Rehman et al.

2013). This turbulence enhances the mixing between

biomass solid phase and IL liquid phase and alters the

structure of bamboo biomass. The cavitation destroys

the cell wall structure, increases the surface area of

bamboo biomass and facilitates IL molecule to

penetrate the structure. The breakdown of lignin-

carbohydrate bond which is caused by sonication

allows the fractionation of biomass constituents (Li

et al. 2012; Sul’man et al. 2011). The characterization

of CRM along with untreated biomass was performed

to investigate the effect of both ionic liquid and probe

sonication.

Infrared spectroscopy

The pretreatment process of biomass alters the

biomass structure as well as the surface functional

groups. Figure 12 shows the FTIR spectra of untreated

biomass (A), regenerated cellulosic materials (B) and

commercial microcrystalline cellulose (C). The OH

broad stretching was observed in all three spectra

around 3320 cm-1. The C–H stretching absorption

bands are observed at 2850 cm, while C=O stretching

present in hemicellulose at 1,735 cm-1, is not detected

Fig. 9 The microscopic images for biomass/IL solution under 9 30 magnification for different IL ? biomass solution a 3, b, 6, c 9 mL

in 16 mL vial
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in MCC spectra (C). Three characteristic peaks at

1598, 1506 and 1460 cm-1 assigned to lignin have

been removed by comparing spectra of untreated

(A) and cellulosic rich regenerated material (B) which

confirmed the removal of lignin (Muhammad et al.

2013). The other peaks in the region between 1320 to

890 cm-1 related to carbohydrates are present in all

spectra (João 2013).

Morphology of CRM

Figure 13 shows the FESEM images of untreated and

ILs pretreated biomass taken under different magni-

fication (1009, 1.00K9 and 5.00K9). Untreated

bamboo biomass sample has a compact and rigid

surface showing the intact structure of the cell wall.

The pores used for ventilation were also present.

However, after IL pretreatment, considerable changes

were observed in the morphology. The compactness of

the surface was diminished and resulted in rough

agglomerated texture. This change in texture of

bamboo biomass was due to the removal of hemicel-

lulose and lignin that holds the biomass components

(Corredor 2008; Sun et al. 2016). The fibril structure of

biomass was also diminished due to disruption of

linkage present in lignocellulose material after IL

pretreatment.

Fig. 10 The microscopic images for biomass/IL solution under 9 30 magnification for different IL: water ratio (wt%) a 95:5, b 90:10,

c 85:15 and d 80:20
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Fig. 11 Effect of IL: water ratio (wt%) on biomass dissolution

(5% of biomass loading with particle size 125 lm in IL

EmimOAc, sonicated for 40 min)
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Thermal stability

To investigate the effect of IL pretreatment on the

thermal stability of biomass, TGA analysis of biomass

samples before and after IL pretreatment was carried

out and shown in Fig. 14. TGA result showed that the

untreated biomass has higher thermal stability as

compared to IL pretreated sample. In the first stage of

decomposition from 50 to 150 �C, the weight loss is

due to the evaporation of surface moisture and volatile

organic compounds. The second region (150 to

380–440 �C) is an active pyrolysis region where the

major thermal degradation of hemicellulose and

cellulose is taking place. The third region (above

410 to 1000 �C), is concerned with lignin degradation

(Khan et al. 2016). In this region, the degradation of

lignin starts and reduction in weight loss are observed

with the increase of temperature until 1000 �C. This

thermal decomposition of lignin in wide range of

temperatures is due to heterogeneity in its compo-

nents. After IL pretreatment, the thermal stability of

biomass decreases which is due to the decrease in

lignin content. A significant change in DTG curve was

observed for untreated and IL treated biomass. The

temperature at which maximum weight loss happened

(Tmax) moves towards left side (lower temperature)

after IL pretreatment. The Tmax for untreated sample is

325 �C, which moves towards 262 �C after IL treat-

ment. This due to change in surface morphology after

pretreatment with IL. The second peak in region from

490–550 �C which is assigned to thermal decompo-

sition of lignin is completely finished after IL

pretreatment. This is due to the removal of lignin

from biomass samples after IL pretreatment (Khan

et al. 2016). Similarly, the onset temperature (To) for

untreated and IL pretreated biomass is 277.37 �C and

233.42 �C, respectively. The onset temperature rep-

resents the temperature where sample starts its degra-

dation. DTG curve showed that there was strong peak

present at temperature range of 200–390 �C. A

shoulder also appears in untreated biomass DTG

curve ranging at 381–580 �C which is attributed to

Fig. 13 FESEM images showed the morphology comparison between untreated (a–c) and treated biomass (d–f) under magnification

1009, 1.00K9 and 5.00K9

123

Cellulose (2020) 27:2135–2148 2145



temperature pyrolysis of lignin. The absence of lignin

in IL treated sample is due to removal of lignin

(Muhammad et al. 2015a; Zhang et al. 2014).

X-ray diffraction

The effect of probe sonication assisted ionic liquid

treatment on bamboo biomass has been shown in

Fig. 15. During probe sonication assisted ionic liquid

treatment, the biomass including the crystalline cellu-

lose component dissolves thereby disorientation in the

arrangement of its chain structure occurred. However,

during separation and regeneration with anti-solvent,

the cellulose chains rearranged in other crystalline

phases. In Fig. 15, the untreated bamboo patterns

(A) show the characteristic peaks with high intensities

at 2-theta values of 22.0 and 15.6 assigned to cellulose

I. While for regenerated material (B), there is only one

peak of lower intensity at 2-theta value of 20.3 that is

assigned to cellulose II (Muhammad et al. 2011).

Thus, during probe sonication assisted IL treatment

causes the change in crystallinity of cellulose I to

cellulose II (close to amorphous). A similar finding

was reported by other groups while using the conven-

tional heating for IL treatment of lignocellulosic

biomass (Iqbal et al. 2019; Sun et al. 2009).

Recyclability of IL

The recyclability of ionic liquid renders it a feasible

solvent for various engineering processes. Herein the

ionic liquid was recycled four times with a yield of

more than 95% as shown in Fig. 16. However, the

amber color of [Emim][OAc] turned to dark color due

to the degradation of lignocellulosic materials, intro-

duction of various solvents and water during dissolu-

tion and regeneration process. It has been observed

during recycling, the dissolution capacity of ionic

liquid is slightly decreased (results have been not

shown).

Conclusion

In conclusion, the probe ultrasonic technology was

found to be an efficient and time effective method for

biomass dissolution as compared to conventional

heating. In this work, the complete dissolution of

bamboo biomass in probe sonication assisted IL was

achieved within 40 min at 40% ultrasonic acoustic

power as compared to conventional heating, 12 h at

120 �C. It was observed that the biomass particle

sizes, biomass initial loading, viscosity of IL and

volume of IL in vial influenced the dissolution time.

The presence of excess water in IL above 5 wt% led to

the reduction of IL’s ability to dissolve biomass. The

pretreatment process resulted in fractionation of

69.33% of CRM and 14.99% of LRM. In FTIR

analysis of lignocellulosic biomass, the characteristic

peaks assigned to lignin disappeared after treatment

which proved that lignin was efficiently separated

during probe sonication/IL treatment and regenera-

tion. The thermal stability of the bamboo biomass after
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Fig. 14 TG and DTG curves showed the comparison of thermal

stability between untreated and treated biomass samples at
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treatment
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treatment was decreased from 277 to 233 �C. Probe

sonication/IL treatment diminished the compactness

of the materials resulting in rough agglomerated

texture of regenerated samples as observed in FESEM

analysis. Moreover, cellulose I can be mercerized to

convert it to II without dissolution, only swelling.
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