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Abstract The synergistic effect of ultrasonication

with deep eutectic solvent (DES) on pretreatment of

oil palm empty fruit bunch (OPEFB) was investigated.

Three different types of DESs, namely choline chlo-

ride:lactic acid (ChCl:LA), choline chloride:urea

(ChCl:U) and choline chloride:glycerol (ChCl:G)

were applied. The performance of the pretreatment

was evaluated based on yield of reducing sugars,

lignin content, crystallinity index, structural and

morphology changes. ChCl:LA pretreated OPEFB

attained the highest yield of reducing sugars (36.7%)

under the action of ultrasonication for 15 min at

sonication power 60% (210 W) and temperature

50 �C, followed by ChCl:U (35.8%) and ChCl:G

(35.3%). Under these conditions, ChCl:LA pretreated

OPEFB showed significant change in structural and

morphology, associated with the lowest crystallinity

and lignin content. ChCl:LA promoted the pretreat-

ment process in view of its intrinsic properties of low

viscosity and low surface tension. The incorporation

of ultrasonication in DES pretreatment significantly

increased the reducing sugars yield suggested the

synergistic effect of ultrasonication with DES pre-

treatment. These signifies that ultrasound-assisted

DES pretreatment could be a promising alternative

pretreatment technique for lignocellulosic biomass.
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Introduction

Extensive research has been conducted on biomass

valorization, in view of the positive impacts created in

both economic and environmental aspects. Valoriza-

tion of agricultural waste or lignocellulosic biomass

into biofuels provides a long-term sustainable energy

as it could minimize the dependency of fossil fuels and

to mitigate the greenhouse gas emission. One of the

obstacles in biomass valorization is its low yield due to

the recalcitrance properties of the biomass. To allevi-

ate this problem, pretreatment is essential to break

down the complex structure of the biomass, facilitates

the release of sugars during enzymatic saccharification

leading to better conversion to biofuel or biochemical

products.

With the increasing demands of eco-friendly and

sustainable processing, green solvents such as ionic

liquids and deep eutectic solvents (DESs) are widely

explored in biomass processing (Lee et al. 2015; Chen

and Mu 2019; Liu et al. 2019b; Thi and Lee 2019).

DESs are of latest interest as they are easy to

synthesize, cheaper and exhibit tailor-ability proper-

ties (Chen et al. 2019b). Some DESs are also reported

to exhibit favorable properties such as low toxicity,

good thermal stability, biocompatible and biodegrad-

ability properties (Zhang et al. 2012; Chen et al.

2018, 2019b). DESs are formed through the combi-

nation of hydrogen-bond acceptor (HBA) and hydro-

gen-bond donor (HBD) from easily available natural

chemicals (Francisco et al. 2012), or two or more

molecular compounds through noncovalent interac-

tions (known as eutectic molecular liquids) (Yu and

Mu 2019), via a simple and convenient way of heating

and mixing. The intramolecular hydrogen bonds in the

DESs will facilitate the breaking of strong hydrogen

bonds in the biomass, and results in high biomass

solubility and conversion rate (van Osch et al. 2017).

These features make DES a potential solvent for

biomass processing (Chen and Mu 2019).

Thermal energy is essential during the pretreatment

process as it mediates bond breaking between

molecules in a reaction. Thermal energy can be

supplied in the form of heat using conventional

heating devices such as hot plate and heating mantles.

These techniques are rather slow and create a temper-

ature gradient within the sample (Singh et al. 2016).

Therefore, utilization of non-conventional energy

sources such as ultrasound in biomass pretreatment

was studied (SriBala et al. 2016; Subhedar and Gogate

2016; Lee et al. 2020). The pretreatment effect of

ultrasound is based on the principle of cavitation.

Cavitation is a phenomenon in which spontaneous

formation, growth, and subsequent collapse of
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microsize cavities (also known as bubbles) during the

propagation of ultrasonic waves in liquid medium

(Subhedar and Gogate 2016; Tey et al. 2019). The

implosion of these cavities produces high local

temperature and pressure gradients in microsecond

duration, creating hot-spot effect in the liquid medium

(Sawant et al. 2008; Li et al. 2020). Cavitation also

generates powerful hydromechanical shear forces in

the liquid medium, which disintegrate particles nearby

(Singh et al. 2016). These bring a substantial alteration

in biomass morphology and enhancement of biomass

surface areas, leading to a higher rate of reaction

(Mason et al. 2011).

Despite many works were conducted on ultrason-

ication for the pretreatment of lignocellulosic biomass,

only limited reports on the incorporation of DES

pretreatment with ultrasonication were found. The aim

of the present work was to study the synergetic effect

of DES pretreatment with ultrasonication on oil palm

empty fruit bunch (OPEFB). OPEFB was selected as

the subject of investigation as it has high content of

fermentable sugars and widely available in Malaysia

(Rahman et al. 2007; Thi and Lee 2019). In this work,

type III DESs with choline chloride as HBA were

applied in view of their high abundancy, cheap cost,

biodegradability and low acute toxicity (Durand et al.

2013). In particular, choline chloride:lactic acid

(ChCl:LA), choline chloride:urea (ChCl:U) and cho-

line chloride:glycerol (ChCl:G) were investigated.

The pretreatment efficacy was evaluated based on

yield of reducing sugars in enzymatic saccharification,

lignin content, structural and morphology changes in

pretreated biomass.

Materials and Methods

Materials

OPEFB was sponsored by Kwantas Oil Sdn. Bhd.,

Lahad Datu, Sabah, Malaysia. It was ground and

sieved to a particle size of approximately 0.5 mm. The

ground OPEFB was dried overnight in an oven

(Carbolite AX 120, Verder Scientific, UK) at 60 �C
for moisture removal and the dried biomass was stored

in a drying cabinet. Chemicals including choline

chloride (98.0% purity), lactic acid (88.0% purity),

pure urea and glycerol were purchased from Friende-

mann Schmidt, Malaysia.Onozuka R-10 cellulase was

from Merck (Germany). All the chemicals were used

as received without further purification.

Preparation of deep eutectic solvents (DESs)

Heating under mixing method was used in preparing

DESs (Francisco et al. 2012; Perez-Sanchez et al.

2013). ChCl:LA was prepared by mixing choline

chloride (ChCl) and lactic acid (LA) at molar ratio of

1:5. This ratio was selected as it found to be effective

in cellulose digestibility and delignification (Suopa-

järvi et al. 2019). The mixture was heated at 60 �C
with continuous stirring at 350 rpm until it turned

homogenous. The mixture was kept in screwed cap

bottle once it was cooled to room temperature. Similar

procedures were repeated for ChCl:U and ChCl:G at

molar ratio of 1:2, which reported to be able to form

eutectic mixtures.

Deep eutectic solvents (DESs) pretreatment

Pretreatment was conducted by adding 20 mg of

ground OPEPB into a test tube containing ChCl:LA

with substrate loading of 10% (w/v). Same procedure

was repeated for ChCh:U and ChCl:G. All samples

were heated in an ultrasonic bath (SK7210 HP, Kudos,

China) at 40 �C with sonication power of 60%

(210 W) for 3 h. Samples were collected throughout

the reaction. For collected samples, distilled water was

added to precipitate the OPEFBs. The samples were

filtered and the solid residues of pretreated OPEFBs

were washed with distilled water to remove DESs

residue. The pretreated OPEFBs were oven-dried at

60 �C for 24 h prior to enzymatic saccharification,

structural and morphology studies. The experiment

was repeated for different temperatures: 50 �C and

60 �C, and sonication powers: 80% (280 W) and

100% (350 W). All the experiment was performed in

duplicate.

Enzymatic saccharification

Enzymatic saccharification of pretreated OPEFBs

(solid loading of 2%, w/v) was conducted with

Onozuka R-10 cellulase enzyme solution at a concen-

tration of 30–50 FPU/g substrate in 1 mL of acetate

buffer (50 mM, pH 4.8). The saccharification reaction

was conducted in water bath (TW8, Julabo, Germany)

at 50 �C for 48 h. The hydrolysates were collected and
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heated in boiling water for 5 min before subjected to

centrifugation (SIGMA 2-6E, Sigma, Germany) at

3000 rpm for 5 min. The supernatant was collected for

3–5-dinitrosalicylic acid (DNS) assay (Miller 1959).

The yield of reducing sugars was calculated using

Eq. (1):

Yield of reducing sugars %ð Þ
¼ wRS=wpretreatedbiomass � 100 ð1Þ

wherewRS andwpretreated biomass represent the weight of

reducing sugars in the hydrolysate (mg) and weight of

pretreated OPEFB (mg), respectively.

Determination of lignin content in oil palm empty

fruit bunch (OPEFB)

Lignin content in untreated and pretreated OPEFBs

were determined following the National Renewable

Energy Laboratory (NREL) standard procedure (Slui-

ter et al. 2012). Exactly 300 mg of biomass sample

(untreated/pretreated OPEFB) was hydrolyzed with

3 mL of 72% sulfuric acid at 30 �C in a water bath for

1 h. The sample was diluted by adding 84 mL of

distilled water and the mixture was evenly mixed prior

to autoclave at 121 �C for 1 h. The autoclaved sample

was cooled to room temperature. Both liquid and solid

samples were separated by subjecting the mixture to

vacuum filtration through a filtering crucible. The

liquid sample was collected for acid soluble lignin

content determination using spectroscopic absorbance

measurement at 240 nm; while the solid residue

retained in the crucible was washed with distilled

water several times prior to acid insoluble lignin

determination through weight determination, having

had the solid sample dried at 105 �C. Total lignin
content is the summation of acid soluble lignin and

acid insoluble lignin.

Fourier transform infra-red spectroscopy (FT-IR)

analysis

Fourier transform infra-red spectroscopy (FT-IR)

(Nicolet iS5, Thermo Fisher Scientific, USA) analysis

was conducted to determine the presence of certain

functional groups in the biomass and to calculate the

crystallinity index of the untreated and pretreated

biomass. Both untreated OPEFB and pretreated

OPEFB samples were pressed into a disc with

attenuated total reflection (ATR). The technique of

ATR enabled the sample to examine directly in its

phase without further preparation. The spectrum was

attained using average of 20 scans over the range

between 800 and 4000 cm-1 in 4 cm-1 spectral

resolution. Crystallinity of OPEFB samples was

determined by measuring the total crystallinity index

(TCI) (Nelson and O’Connor 1964). The index can be

computed from the FT-IR data by taking two infrared

ratios as presented in Eq. (2):

Total crystallinity index TCIð Þ
¼ A1378cm�1= A2900cm�1 ð2Þ

where A1378 cm-1 and A2900 cm-1 represent the trans-

mittance at wavelength 1378 and 2900 cm-1

respectively.

Scanning electron microscopy (SEM) analysis

Surface morphology analysis was performed for both

untreated and pretreated OPEFBs using scanning

electronic microscopy (SEM) (Inspect S50, FEI,

Japan). The images were acquired under 20 kV

acceleration voltage and observed at magnification

of 1000 9 .

Results and discussion

Effect of pretreatment temperature and time

on yield of reducing sugars of pretreated OPEFBs

Yield of reducing sugars for the three different types of

DES pretreatments at different times and temperatures

is depicted in Fig. 1. For all the DES pretreatments,

reducing sugars yields at 40 �C were the lowest

compared to pretreatment conducted at higher tem-

peratures of 50 �C and 60 �C. Temperature dependent

pretreatment performance of DES could be due to the

effect of viscosity of the solvents. Viscosity of DESs is

greatly affected by temperature. DESs at lower

temperature of 40 �C reported to have higher viscosi-

ties (as summarized in Table 1). Considering the fact

that viscosity is an indication of intrinsic resistance to

flow, the mobility of DESs were restricted when

pretreatment was conducted at 40 �C. This led to

poorer biomass dissolution and lower yield of reduc-

ing sugars.
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Fig. 1 Yields of reducing

sugars at different

pretreatment temperatures

and times in DES

pretreatment: a ChCl:LA;

b ChCl:U; and c ChCl:G; at
constant sonication power of

60%

Table 1 Physicochemical properties (viscosity, surface tension and pH) of ChCl:LA. ChCl:U and ChCl:G

Type of DES Viscosity (mPa.s) Surface tension (mN m-1) pH

ChCl:LA (1:5) 126.6928 (at 40 �C)
69.8084 (at 50 �C)
41.7380 (at 60 �C)
Francisco et al. (2013)

For molar ratio 1:2

46.04 (at 40 �C)
45.18 (at 50 �C)
44.32 (at 60 �C)
For molar ratio 1:4

43.20 (at 40 �C)
42.65 (at 50 �C)
42.10 (at 60 �C)
Chen et al. (2019a)

1.41 (at 40 �C)
1.20 (at 50 �C)
0.99 (at 60 �C)
Skulcova et al. (2018)

ChCl:U (1:2) 238.0763 (at 40 �C)
119.8049 (at 50 �C)
68.6478 (at 60 �C)
Yadav and Pandey (2014)

52.0 (at 25 �C)
D’Agostino et al. (2011)

n.a

ChCl:G (1:2) 133.3749 (at 40 �C)
81.5895 (at 50 �C)
53.8117 (at 60 �C)
Yadav et al. (2014)

57.05 (at 40 �C)
56.53 (at 50 �C)
56.01 (at 60 �C)
Chen et al. (2019a)

4.32 (at 40 �C)
4.22 (at 50 �C)
4.12 (at 60 �C)
Skulcova et al. (2018)
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Another plausible reason is the increase in surface

tension with decrement in temperature as shown in

Table 1. Surface tension is the cohesive tension

resulted from the intermolecular attractive forces

between the molecules on the fluids’ interface, which

tends to minimize the surface area of the interface.

Higher surface tension was reported to render the

formation and growth of cavitation bubbles. But,

surface tension forces increase the rate of collapse of a

cavitation bubble (Kuvshinov 1991; Liu et al. 2009).

Therefore, pretreatment conducted at lower tempera-

ture of 40 �C was expected to have less cavitation as

bubble formation was inhibited. Besides, the energy

release from cavitation at lower pretreatment temper-

ature was lower. This is because, smaller bubbles were

reported to have lower internal temperature (Merouani

et al. 2014), and thus, lower implosion energy released

during cavitation. These factors contributed to the

least ultrasonic irradiation pretreatment efficiency at

sonication temperature 40 �C.
Increasing the pretreatment temperature during

ultrasonication effected the enzymatic saccharifica-

tion differently, depending on the types of DESs. From

Fig. 1, it can be observed that ChCl:U and ChCl:G

pretreated OPEFB had the highest reducing sugars

yields at 60 �C. In contrary, ChCl:LA pretreated

OPEFB had the highest reducing sugars yields at a

lower temperature of 50 �C. Among the DESs inves-

tigated, ChCl:LA has the lowest viscosity and surface

tension. In view of its lowest viscosity and surface

tension, ChCl:LA solvent aided biomass dissolution.

Hence, a relative lower temperature was needed in

ChCl:LA pretreatment compared to ChCl:U and

ChCl:G to attain the same reducing sugars yield. At

high sonication temperature of 60 �C, ChCl:LA

pretreated OPEFB was reported to have a lower yield

of reducing sugars compared to pretreatment con-

ducted at 50 �C.When pretreatment was conducted at

high temperature, clumping of pretreated biomass was

observed for ChCl:LA pretreatment. Clumping of

pretreated biomass significantly reduced the surface

area for enzymatic saccharification and hence a lower

conversion of biomass to sugars was attained. Same

observation was also reported in earlier work (Sai and

Lee 2019; Thi and Lee 2019), where biomass clump-

ing was observed for ChCl:LA pretreatment.

Effect of sonication power on yield of reducing

sugars of pretreated OPEFBs

Performance of ultrasonication in biomass pretreat-

ment is highly influenced by sonication power. This is

because, sonication power was reported to affect the

cavitation intensity as it controls the number of

cavitation bubbles formed, the bubble lifetime, and

the pressure pulse generated at implosion (Subhedar

and Gogate 2016). The effect of sonication power on

yield of reducing sugars is illustrated in Fig. 2. From

the figure, it was obvious that sonication power of 60%

yielded the highest amount of reducing sugars despite

the difference in sonication time, temperature and type

of DESs. Yields of reducing sugars at sonication

power 60% were at least three times greater than at

sonication power of 80% and 100%. High sonication

power was not favorable in biomass pretreatment as

excess formation of cavitation bubbles was found to be

concentrated around the transducer at high power,

which impeded the transfer of ultrasonic energy from

the transducer to the liquid medium, and subsequently

to the biomass (Gogate et al. 2011). This phenomenon

is known as ‘‘decoupling effect’’. Higher sonication

power also leads to uneconomical operation and

formation of by-products such as degraded sugars. A

higher sonication power imparts more intense

mechanical shear and malicious shock (Subhedar

and Gogate 2015), and as a result, there is a potential

for the sugars produced during pretreatment to be

degraded. Similar finding was also reported in earlier

work for organosolv pretreatment (Lee et al. 2020),

whereby sonication power 60% exhibited better

pretreatment performance compared to other sonica-

tion powers.

Performance evaluation on incorporation

of ultrasound in DES pretreatment

The performance of ultrasonication in DES pretreat-

ment was evaluated by comparing the performance of

DES pretreatment with elimination of ultrasonication

but to include conventional heating using a water bath.

Figure 3 shows the yields of reducing sugars (bar) and

lignin contents (point) in pretreated OPEFBs for

different DES pretreatments with ultrasonication and

conventional heating. From the figure, it is obvious

that DES pretreatment incorporated with ultrasonica-

tion gave relatively higher yields of reducing sugars
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compared to DES pretreatment without ultrasonica-

tion. The greatest improvement was observed for

ChCl:G, which was approximately seven times higher

when ultrasonication was introduced, followed by

ChCl:U (triple in reducing sugars yield) and ChCl:LA

(double in reducing sugars yield).

The OPEFBs were in static contact with DESs

when there was no ultrasonication. The contact of

biomass with solvent remain the same throughout the

pretreatment duration. In other words, limited active

sites were available for reaction if pretreatment was

conducted with conventional heating. To improve the

performance of DES pretreatment, stirring can be

incorporated during heating as stirring will improve

the mass transfer and hence the solvent diffusion rate

for better reaction, but this incurs extra operating cost.

On the other hand, dynamic contact between biomass

and solvent was achieved when ultrasound was

incorporated during the pretreatment. With ultrason-

ication, propagation of ultrasound waves allowed the

formation and collapse of cavities in the liquid

medium, in this case, DES. The significantly high

energy densities in the vicinity of a collapsing cavity

led to a higher rate of solid–liquid mass transfer. The

instantaneous collapse of cavities also produced strong

shear force that able to break the chemical bonds of the

biomass resulting morphology change and a lower

molecular weight polymers (Ranjan et al. 2010;

Kunaver et al. 2012). In addition, the collapse of

cavities in split second created a local hotspot due to

the insufficient time for large amount of energy

generated to be dissipated the surrounding (Kunaver

Fig. 2 Yields of reducing

sugars at different

sonication powers in DES

pretreatments: a ChCl:LA;

b ChCl:U; and c ChCl:G; at
selected temperatures of

50 �C and 60 �C, and time

of 30 min and 60 min

Fig. 3 Yields of reducing sugars (bar) and total lignin content

(point) in different DES pretreatments with ultrasonication and

conventional heating
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et al. 2012). The high temperature can also destroy the

crystalline structure of the biomass. These collectively

enhanced the rate of reaction and pretreatment

efficiency of lignocellulosic biomass.

Although there are reports found on the enhance-

ment of enzymatic saccharification performance with

degree of delignification, the results obtained in this

work did not support the claim especially in ultrason-

ication pretreatment. Despite the higher lignin con-

tents in ChCl:LA and ChCl:G pretreated OPEFBs

under ultrasonication, ChCl:LA pretreated OPEFB

gave slightly higher yield of reducing sugars than

ChCl:U pretreated OPEFB though the latter had the

lowest lignin content. This suggested that other factors

could have contributed to the enhancement of pre-

treatment performance in ultrasonication, such as,

crystallinity (Wang et al. 2020) and morphology

changes. This is because, ultrasonication works based

on the principle of cavitation which could greatly

impart the structural and morphology changes in the

biomass, as discussed earlier.

Nevertheless, DES pretreatments without ultrason-

ication exhibited an inversely proportional trend in

reducing sugars yield and lignin content. A higher

lignin content in pretreated biomass resulted in a lower

yield of reducing sugars. This suggested that degree of

delignification plays a significant role in determining

the pretreatment performance for DES pretreatment if

ultrasound was not incorporated. The performance of

DES pretreatment depends on the effectiveness of

DES in cleaving the lignin-carbohydrate complexes in

lignocellulose, which is determined by the molecular

interactions between the HBA and HBD in the DES.

In this context, ChCl:LA was the best performed

DES in biomass pretreatment, followed by ChCl:U

and ChCl:G. The sequence is agreed well with Tan

et al. (2018), whereby acidic DESs demonstrated

better efficiency in lignin extraction and biomass

fractionation than basic and neutral DESs. Liu and his

colleagues (2019c) also reported that ChCl:LA was

highly efficient in lignin dissolution. In other works by

Alvarez-Vasco et al. (2016); Fang et al. (2017) and

Procentese et al. (2015), ineffective lignin solubiliza-

tion and biomass fractionation were reported for

neutral DES of ChCl:G pretreatment. ChCl:G exhib-

ited weak competing interactions towards the linkages

in the lignin-carbohydrate complexes because the

intramolecular hydrogen bonds in ChCl:G were con-

strained by anionic hydrogen bonds (Cl--glycerol)

and cationic hydrogen bonds (Ch?-glycerol). The

strength of these hydrogen bonds were weaker com-

pared to those in lignin, following the sequence:

lignin-lignin[Cl--glycerol[Ch?-glycerol. The

weaker hydrogen bonds in ChCl:G suggesting its

inability to break the hydrogen bonds in lignin (Xia

et al. 2018). Xia and his colleagues also reported that

the absence of active protons and acidic sites in

ChCl:G contributed to its ineffectiveness to cleave

ether bond linkages in the lignin-carbohydrate com-

plexes. These collectively suggested the weak delig-

nification properties of ChCl:G.

There are also numerous studies found on the

influence of Kamlet-Taft (KT) solvatochromic param-

eters on cellulose solubility and delignification. KT

solvatochromic method is a quantitative tool to

estimate the chemical properties of DESs. There are

three KT solvatochromic parameters, i.e. hydrogen

bond acidity (a), hydrogen bond basicity (b) and

dipolarity or polarizability (p*). Liu et al. (2019a) has
introduced KT linear solvation energy relationship

(LSER) for quantifying solvent effects by correlating

the solubility and the KT solvatochromic parameters.

DESs with high a and b values reported to be effective

in lignin extraction during biomass pretreatment

(Brandt et al. 2011; van Osch et al. 2017). This is

because, DESs with high a value can easily liberate

H? ions by donating hydrogen bonds, and high b value
has high hydrogen bond accepting capacity. A linear

correlation was obtained for b and capability of the

solvent in disrupting the hydrogen bond network,

hence a higher degree of delignification and cellulose

dissolution (Brandt et al. 2011; Ren et al. 2016; van

Osch et al. 2017). However, no correlation was found

between cellulose solubility and p* (Ren et al. 2016).

Among the DESs investigated, ChCl:G has the lowest

b value of 0.49 (Pandey et al. 2017) which coincides

with its lowest delignification properties.

As discussed earlier, solvent with high viscosity

will have lower solvent mobility. This weakened the

solvent–solute interaction with lignin, resulting in the

decreased lignin extraction efficiency (Tan et al.

2019). Among all the DESs investigated, ChCl:LA

was less viscous compared to ChCl:U and ChCl:G.

Apart from this, it was reported that the presence of

hydroxyl group in DES (ChCl:G) would lead to a

higher surface tension due to their hydrogen-bonding

ability compared to carboxylic acid-based DES

(ChCl:LA) (Hayyan et al. 2013; de Maria 2014;
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Garcı́a et al. 2015). As discussed earlier, a higher

surface tension led to a lesser cavitation and a lower

implosion energy. These characteristics collectively

contribute to the better pretreatment performance of

ChCl:LA than ChCl:U and ChCl:G.

Structural study by FT-IR analysis

FT-IR analysis was conducted to study the structural

changes of OPEFBs by comparing the FT-IR spectra

of untreated and pretreated OPEFBs as shown in

Fig. 4. A strong and broad absorption was observed at

wavelength region of 3338 cm-1 for ChCl:LA (ultra-

sonication and conventional heating), ChCl:U (con-

ventional heating) and ChCl:G (conventional heating)

pretreated OPEFBs. This band was assigned to

hydrogen bond (O–H) stretching adsorption (Schwan-

ninger et al. 2004). O–H stretching region at this

wavelength of OPEFB spectra was more identical to

the O–H stretching region of cellulose I rather than

cellulose II and its relative band height increased with

cellulose content (Isroi et al. 2012). The intense band

observed in ChCl:LA (ultrasonication and conven-

tional heating), ChCl:U (conventional heating) and

ChCl:G (conventional heating) at this wavelength

suggested the high cellulose I content in the biomass.

Changes in band intensity were also found at

wavenumber 1032 cm-1 which was assigned to the

C-O stretch in cellulose and hemicellulose (Isroi et al.

2012). The increase in intensity at this wavelength

might be attributed to increment in hemicellulose

content after DES pretreatments especially in

ChCl:LA (ultrasonication and conventional heating),

ChCl:U (conventional heating) and ChCl:G (conven-

tional heating) pretreated OPEFBs. Another band

corresponded to hemicellulose is 1732 cm-1, which

describes the stretching of C=O groups in acetyl

content of hemicellulose (Zhao et al. 2010). The

presence of this band in pretreated OPEFBs signified

that DES did not remove hemicellulose during the

pretreatment process.

Band in the wavelength region of 2918 cm-1 was

assigned to symmetric vibration of the CH2 group.

These bands are similar to FT-IR spectra from

hardwood and hardwood lignin (Pandey 1999). This

indicated that the lignin structure in OPEFB was

similar to hardwood lignin. Other lignin characteris-

tics bands are at 1634 cm-1, 1375 cm-1 and

1328 cm-1, which corresponded to OH bending of

adsorbed water (Oh et al. 2005), CH deformation (Oh

et al. 2005) and syringyl units in lignin (Zhang et al.

2010). The presence of these bands indicated that

Fig. 4 FT-IR spectra for untreated and pretreated OPEFBs in different DES pretreatments with ultrasonication and conventional

heating
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lignin still present in pretreated OPEFBs, which

correlates well with the detection of lignin in all

pretreated OPEFBs as presented in ‘‘Performance

evaluation on incorporation of ultrasound in DES

pretreatment’’ section.

FT-IR spectra can be used as quantitative measure-

ment by determining the total crystallinity index (TCI)

of the biomass (Nelson and O’Connor 1964). TCI is

closely related to the crystallinity of the biomass.

Sample with a low TCI value indicates a greater

portion of amorphous domain in its biomass structure;

meanwhile a larger TCI value indicates a greater

portion of crystal domain. As shown in Table 2, all

pretreated samples had lower TCI values compared to

untreated OPEFB except ChCl:G with ultrasonication.

This confirmed the potential of DES in pretreating

OPEFB by disruption and exposing its carbohydrate

contents to enzymatic saccharification. The lowest

TCI value was attained by ChCl:LA with ultrasonica-

tion. The finding concurred with its highest yield of

reducing sugars. However, other factors such as

morphology, linkages in lignin-carbohydrates com-

plexes and their contents should be taken into consid-

eration in evaluation of pretreatment efficacy. This

was proven when OPEFBs pretreated with conven-

tional heating had lower yield of reducing sugars

despite their lower TCI values, which suggested that

crystallinity solely may not give a good prediction on

pretreatment efficacy.

Morphological study by SEM analysis

The changes in surface morphology of OPEFB during

pretreatment was evaluated using the images gener-

ated by SEM analysis. Figure 5 shows the images of

untreated and DES-pretreated OPEFBs with ultrason-

ication and conventional heating. Untreated OPEFB

images showed a relatively smooth, non-porous and

rigid surface structure. This indicated the intact of all

components of cellulose, hemicellulose and lignin in

untreated OPEFB. All ultrasound-assisted DES pre-

treated OPEFBs (Fig. 5c, e, g) showed considerably

removal of cementing substances from the fiber

surface, led to a higher porosity and a larger effective

surface area for enzymatic saccharification. The

obvious change in morphology of fiber surface after

ultrasound-assisted DES pretreatment could be due to

the disruption of hydrogen bonds, breakage the

linkages in the lignin-carbohydrate complexes, and

dissolution of parts of the hemicellulose and lignin in

the biomass. These caused the fiber surface to be

separated.

As compared to OPEFBs pretreated with DES

under ultrasonication, OPEFBs pretreated with DES

under conventional heating (Fig. 5d, f, h) had minor

change in fiber surface structure. Smaller pores and

breakage of the fiber structure were found in all DES

pretreatments under conventional heating. This

implied that the significantly high energy densities

created in the vicinity of collapsing cavities in

ultrasonication led to a higher rate of solid–liquid

mass transfer processes, modified the surface mor-

phology and enlarged the surface area of pretreated

biomass. These collectively led to better pretreatment

performance of ultrasound-assisted DES pretreatment

of OPEFB. The observed enhancement of enzymatic

saccharification is therefore likely a result of the

Table 2 Total crystallinity

index (TCI) of untreated

and pretreated OPEFBs

Sample Total crystallinity index (TCI)

Untreated OPEFB 0.986

ChCl:LA (ultrasonication) 0.964

ChCl:U (ultrasonication) 0.979

ChCl:G (ultrasonication) 0.986

ChCl:LA (conventional heating) 0.968

ChCl:U (conventional heating) 0.955

ChCl:G (conventional heating) 0.956

Fig. 5 SEM for untreated and pretreated OPEFBs in different

DES pretreatments with ultrasonication and conventional

heating: a and b untreated; c ChCl:LA with ultrasonication;

d ChCl:LA with conventional heating; e ChCl:U with ultrason-

ication; f ChCl:U with conventional heating; g ChCl:G with

ultrasonication; and h ChCl:G with conventional heating

c
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combined effect of reduced biomass crystallinity,

reduced lignin content and morphology changes.

Conclusion

The incorporation of ultrasound in DES pretreatment

had proven to exhibit better conversion of biomass to

sugars. Reducing sugars yield increased up to seven

times when ultrasound was introduced in DES

pretreatment. In this work, ChCl:LA pretreated

OPEFB had the highest reducing sugar yield of

36.7% when pretreatment was conducted for 15 min

under sonication power 60% (210 W) and temperature

50 �C. In view of the intrinsic properties of ChCl:LA

including low viscosity and surface tension, its

pretreated OPEFB had the lowest crystallinity and

showed significant morphology changed. These con-

cluded that ultrasound-assisted ChCl:LA pretreatment

could be a promising alternative pretreatment tech-

nique for lignocellulosic biomass.
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