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INTRODUCTION

Nowadays, energy crisis is an important issue in the 
world due to the decrease in fossil fuels. Moreover, the 
combustion of  the fossil fuels is released pollutants into 
atmosphere (Perera et al., 2017). Furthermore, the increase 
in the population and the industrial development caused the 
higher energy consumption. In order to solve the problem, 
lignocellulose biomass has a performance to replace the 
conventional fossil fuels (Ahorsu et al., 2018).

The rapid growth of  oil palm industry would be increased 
by 6 million ha in the year of  2030 especially for the area of  
developing country in South-East Asia. In Thailand, palm 
oil industry is predicted to create an agricultural waste as 
empty palm fruit bunch at approximately 16 ton per year 

(Pangsang et al. 2019). A simple implementation on empty 
palm fruit bunch by burning result in a low heating value 
fuel as well as the main concern on air pollution [Chang 
et al., 2014]. This leads to the development of  lignocellulosic 
palm waste as an alternative resource for bioproducts based 
on clean and eco-friendly technology [Hassan et al., 2019]. 
Lignocelluloses biomass is agricultural residue such as 
rice straw, corncob and empty palm fruit brunch (EPFB). 
These mainly consist of  cellulose (30-50%), hemicellulose 
(20-40%), and lignin (10-30%) (Arora et al., 2020). Among 
these components, lignin has considered as a value-added 
product from the fractionation process in the biorefinery 
application. Lignin is an aromatic polymer in lignocellulosic 
biomass, which composes of  phenylpropanoid monomers, 
including coniferyl, sinapyl, and p-coumaryl alcohols. These 
structures bond together via C-O chemical linkages (such as 
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β-O-4, α-O-4, 4-O-5, etc.) and C-C (Mathew et al., 2018), 
therefore, lignin is also regarded as the alternative resource 
to produce aromatic bio-chemicals (Tarasov et al., 2018). 
Structurally, lignin varies by species, subcellular location, 
plant tissue and methods of  extraction. These extracted 
lignins are often denoted as technical lignins and different 
from native lignin physically and chemically. As a result, 
the mentioned significant differences in lignin structure, 
functionality, reactivity and heterogeneity, industrial 
utilization of  this biopolymer present significant challenges 
(Cheng et al., 2012).

Biorefinery process is the industrial process, in which 
biopolymers are isolated and converted to biofuels and 
biomaterials. Several fractionation technologies have 
been developed for the primary step in the biorefinery 
of  biomass, in which lignocellulosic components are 
fractionated. The organosolv process uses organic solvents 
to extracted lignin from biomass components, and is 
versatile to various types of  biomass. Several organic 
solvents, such as alcohols (e.g., methanol and ethanol), 
esters, and ketones, have been explored for fractionation 
of  different biomass materials. The efficiency of  separating 
different biopolymers varies among solvents. The selection 
of  solvent systems with desirable properties and selectivity 
is thus the basis in developing an organosolv process 
(Zhang et al., 2016).

Many researches have been studied for the utilization 
of  EPFB with prior separation process e.g. organosolve 
(Grande et al., 2019), bisulfite (Tan et al., 2016, hot-
compressed water (Pangsang et al. 2019), steam explosion 
(Medina et al., 2016), and acid/alkaline (Kim et al., 2012) 
for various bioproducts such as sugars (Lee et al., 2020; 
Nurfahmi et al., 2016) bioethanol (Pangsang et al. 2019) and 
biochemicals (Hafyan et al., 2020). Solvothermal process 
using a ternary mixture of  solvents comprising a short-
chain alcohol, methyl isobutyl ketone (MIBK) and water 
is reported as clean and effective method, which could be 
improved the performance by additional of  homogeneous 
acid promoter such as sulfuric acid (H2SO4), phosphoric 
acid (H3PO4). This process has been studied for single-
step isolation of  biomass components from variety of  
feedstocks (Takkellapati et al., 2018). In the fractionation 
process, the ternary mixture is disturbed via the addition 
of  water, which allows the separation of  aqueous-alcohol 
phase (hemicellulose-derived products) and lignin phase 
to the organic phase, while cellulose is obtained in the 
solid phase. Moreover, the addition of  organic acids can 
play role as solvents and catalysts in the reaction mixture. 
(Delbecq et al., 2018). 

In this work, a solvothermal process for fractionation of  
EPFB into respective components was investigated. The 

effects of  varying key reaction parameters (temperature 
and acid concentrations) was studied based on the 
performance of  fractionation process in term of  yield 
and selectivity of  cellulose and lignin fraction. Further 
physicochemical properties of  the separated biopolymer-
derived fractions were analyzed. This work provided an 
improved approach for biomass fractionation in integrated 
biorefineries.

MATERIALS AND METHODS

Materials
Empty palm fruit branch (EPFB) was harvested from 
Ban soo village, Phayao province, Thailand, milled and 
passes through 0.5-0.085 mm size screen using Retch 
ZM200 (Retsch SM2000, Hann, Germany). The samples 
were dried at 65oC for 24 h to remove the moistures. 
The chemical composition of  raw EPFB was analyzed 
according to the standard NREL protocal (Sluiter et al., 
2008). The starting material contained 39.2% cellulose, 
25.7% hemicellulose, 23.6% lignin, and 6.7% ash on a 
dry-weight basis. All chemical reagents were purchased 
from major chemical suppliers, i.e., Sigma-Aldrich, Merck, 
and Fluka.

Empty palm fruit bunch fractionation
The fractionation process was conducted according 
to previous study (Suriyachai et al., 2017). In brief, 
fractionation process was conducted in a 500-mL 
pressurized reactor (Parr Reactor 4560, Parr instrument, 
Moline, IL, USA). Solvent ratio in the solvent mixture 
was set up according to the phase diagram to obtain a 
single-phase mixture (Klamrassamee et al., 2013). Solid and 
organic solvent ratio was 10g of  empty palm fruit brunch 
per 100 mL of  single-phase mixture. Solvent mixture 
contained water (50%), ethanol (25%), methyl isobutyl 
ketone (25%) and 0.5-0.2% of  H2SO4. The reaction 
temperature (160-200oC) was set up for residence time of  
15 min with stirring at 100 rpm. The overview experiment 
of  solvothermal fractionation process is illustrated in 
Fig. 1. The outputs (glucose yield and lignin recovery) of  
fractionation process were determined according to the 
previous description.

Analytical methods
All analytical methods were conducted according to the 
description of  previous study (Suriyachai et al., 2017). In 
brief, three separated fractions were analyzed the properties 
in term of  quantity and quality of  products. 

The solid fraction was analyzed the physiochemical 
properties of  cellulose by Scanning electron microscopy 
analysis (SEM), X-ray diffraction analysis (XRD), and 
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Brunauer, Emmett, and Teller (BET). SEM was operated by 
a JSM-6301F Scanning Electron Microscope (JEOL, Tokyo, 
Japan) with an electron beam energy of  5 kV to observe 
the structure features. XRD was used an X’Pert PRO 
diffractometer (PANalytical, Almelo, The Netherlands) 
to determine the crystallinity index (CrI). The specific CrI 
was calculated according to the providing equation (Segal 
et al., 1959). BET was conducted by a Belsorp-max TPDpro 
(BEL Japan, Tokyo, Japan) with thermal conductivity 
detector (Semi-diffusion type, 4-element W-Re filament) 
to determine the available surface area. 

The aqueous fraction was determined the soluble sugars 
profiles by High Performance Liquid Chromatograph 
(HPLC) using LDC Model 4100, Shimadzu, Kyoto, Japan, 
equipped with a refractive index and a UV–Vis detector 
and an Aminex HPX-87H column (Bio-Rad, Hercules, CA, 
USA), operating at 65 °C with 5 mM H2SO4 as the mobile 
phase at a flow rate of  0.5 mL/min. 

The isolated lignin was characterized the lignin properties 
during the fractionation process by Klason lignin, 
Molecular weight determination, and Fourier‑transform 
infrared spectroscopy (FT‑IR). Klason lignin expressed 
the purity of  isolated lignin which analyzed according 
to NREL protocol. Molecular weight determination 
using a high-performance liquid chromatograph (HPLC) 
(WATER e2695, Waters, MA, USA), being equipped with 
an Agilent PLgel 10 um MIXED-B column. FT-IR using 
a Perkin-Elmer System 2000 (PerkinElmer, Waltham, 
MA, USA) to determine the functional group of  aromatic 
compounds.

RESULTS AND DISCUSSION

Effects of acid concentration in fractionation process
The effect of  reaction temperature on the efficiency of  
fractionation of  EPFB at various temperature from 160-
200oC was firstly studied, as can be seen in Fig.2. In the solid 
phase, cellulose was the mainly products, being obtained 
after fractionation process. Cellulose yields of  2.11 g to 
2.45 g were obtained from fractionation temperature of  
160 to 180 oC, respectively. Temperature affected cellulose 
yields in solid residue, because high temperatures can 
damage chemical structures of  lignin, and hemicellulose 
also caused the degradation of  carbohydrates and lignin. 
On the other hand, sulfuric acid could catalyze hydrolysis 
of  hemicelluloses as well. The increase in temperature 
from 160oC to 180 oC led to boost hemicellulose and 
lignin removal from the native EPFB. However, increasing 
reaction temperature to 200 oC showed the significant 
(p≤0.05) decrease in cellulose yields (1.64 g), as showed 
in Fig. 2a. Pentose yields were the major products found 
in the aqueous phase. Maximum pentose yields of  1.19 g 
was obtained at 200 oC for 15 min. Moreover, increasing 
temperature led to enhance inhibitory by-products (HMF 
and furfural), being showed in Fig.  2b. The increase in 
HMF and furfural was observed due to the degradation 
of  HMF and decomposition of  the pentose sugar (xylose), 
which indicates an increase in the severity of  the reaction 
conditions with higher temperature after long reaction 
time, resulting in higher by-products (Nopparat et al., 
2018). The effects of  temperature on lignin removal were 
showed in Fig.  2c. The highest lignin yields was 1.96 g 
under temperature of  200 oC for 15 min. However, lignin 

Fig 1. Overview of solvothermal fractionation process.
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yields obtained from organic phase under temperature of  
180 oC and 200 oC are not significant different (p>0.05). The 
fractionation condition of  180oC for 15 min was selected as 
the optimal condition for further experimental. It indicated 
that glucan yields in the isolated solid rank the first, 
followed by lignin yields obtaining in the aqueous-organic 
phase and pentose yields in aqueous phase. Moreover, the 
under optimal condition also showed higher purity of  the 
main products in each fraction.

Effect of H2SO4 Concentration on Products Yields
The effects of  H2SO4 concentration on glucan in the solid 
phase, pentose in the aqueous, and lignin obtaining from 
organic phase were showed in Fig.3 In the solid fraction, 
glucan is the major product. Glucan yields in the range 
of  1.46-3.17 g were obtained (Fig.2a). The highest glucan 
yields ,3.17 g, was obtained under the condition of  180 oC 
for 15 min, with 0.05% of  H2SO4. Glucan yields increased 
along with higher H2SO4 concentrations, because high 
acid concentration led to sugar degradation products (Wu 
et al., 2012). Maximum pentose yields were obtained from 
aqueous phase of  1.9 g at 180oC, 15 min, and 0.1 % H2SO4. 
The highest lignin yields obtaining from organic phase was 
2.1 g for 0.2 % H2SO4. Pentose and lignin were removed 

from the solid, because the acid concentration led to 
reduce pentose recovery, and increase in sugar degradation 
products in the aqueous phase. The degradation of  high 
temperature resulted in the degradation of  aromatic ring 
linkages between the lignin units like β-O-4/α-O-4, being 
found to be cleaved in lignin chemical structure (Brodeu 
et al., 2011). The use of  H2SO4 in the ternary solvents 
mixture allowed to increase the cleaved rate of  α- and 
β-ether linkages in lignin (Jasiukaitytė et tal., 2020), and 
resulted in the dissolution of  lignin fragments with lower 
molecular weights (Sebastien., 2019). As a result, it can 
increase hemicellulose dissolution under hydrothermal 
conditions and also swelling cellulose fibers (Cao et al., 
2013). The previous study utilized agricultural residue 
under fractionation process to produce bio-material. 
(Klamrassamee et al., 2013) investigated fractionation 
process of  eucalyptus wood chips with organosolv 
fractionation under H2SO4 promoters. Maximum glucan 
yields (in isolated solid), pentose yields (in aqueous phase), 
and lignin yields (in aqueous-organic phase) were 75.9%., 
17.8%, and 13.7%, respectively. In comparison with 

Fig  2.  Effect of fractionation temperature on EPFB components: 
(a) solid phase, (b) aqueous phase, (c) organic phase.

c
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Fig 3. Effect of H2SO4 concentration on on EPFB components (a) solid 
phase (b) aqueous phase (c) organic phase.

c

b
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previous study, the results obtained from this work showed 
higher product yields and purity.

Characterization of Lignin Recovery from Optimal 
Condition
FT-IR analysis of commercial kraft lignin and 
recovered lignin
The FT-IR analysis was done mainly to identify the presence 
of  functional groups present in commercial kraft lignin 
and recovered lignin (Fig.4). It shows the FT-IR spectra 
of  recovered lignin (spectrum a) and commercial kraft 
lignin (spectrum b). The recovered lignin and commercial 
lignin illustrated the vibration of  hydroxyl group (O-H) 
in phenolic and aliphatic compounds at 3288 and 
3330 cm-1 (Gonultas and candan, 2018). The vibrations 
at 1734 cm-1 were related to C=O stretching of  carbonyl 
group (Matthews et al., 2016). The peak at 1682 cm-1 
were associated to carbonyl group. The fingerprint region 
between 1510 cm-1 to 1460 cm-1 indicates that aromatic 
carbon atoms absorption region (Florian et al., 2019). The 
vibration of  syringyl group (S-unit) was at 1300 cm-1 in 
chemical structure. The bands at 1200 cm−1 indicates 
that these components were guaiacy group (G-unit). The 
chemical changes in band 1120 cm-1 are assigned to the 
C-O stretching of  syringyl and guaiacyl (Nadezhda et al., 
2009). The fingerprint region between 1028 cm-1 and 
1026 cm-1 comprises bands assigned to C–O vibrations 

(Samanta et al., 2018). In addition, the vibrations at 899-
897 cm-1 were related to CH out of  plane deformation in 
lignin structure.

Molecular weight distribution of lignin
Molecular weight distribution of  lignin samples is showed 
in Table 1. GPC analysis was selected to determine the 
weight average molecular weight (Mw), number-average 
molecular weight (Mn) and polydispersity index (PDI) of  
recovered lignin, comparing with commercial kraft lignin. 
The average Mw and Mn of  recovered lignin were 2528 
Da and 1550 Da, respectively. This related to PDI of  
1.63. The result showed that the similar particle size of  
recovered lignin after fractionation process. The average 
Mw and Mn of  commercial kraft lignin were 2950 Da and 
1650 Da, respectively, with PDI of  1.78. It was reported 
that the commercial lignin indicated higher distribution of  
molecular weight than that of  recovered lignin (Table 1). 
According to the previous study, recovered lignin from 

Fig 4. (FT-IR) spectra of (a) recovered lignin from the fractionation process under the optimal conditions in the comparison with (b) commercial 
kraft lignin.

Table 1: Molecular weight distribution of the commercial kraft 
lignin and the recovered lignin 
Sample Mwa (g/mol) Mnb (g/mol) Mw/Mn (PDI)c

Commercial kraft 
lignin

2528 1550 1.63

Recovered lignin 2950 1650 1.78
aWeight-average molecular weight (Mw), bNumber-average molecular 
weight (Mn),cPolydispersity index (PDI)
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sugarcane bagasse under organosolv fractionation process 
using ternary mixture (water/ethanol/ethyl acetate/r) 
showed that PDI of  recovered lignin from organic phase 
(1.663) is not significant differences to PDI of  original 
lignin. (Suriyacha et al., 2017). Moreover, in regard to 
the previous report, lignin extraction using solvothermal 
process showed less PDI value of  lignin recovery, 1.66, 
in the comparison with commercial lignin 2.39 (Liu et al., 
2019). However, the low molecular of  lignin has potential 
applications in the bio-materials, biorefinery industry and 
environmental fields (Iravani and Varma, 2020).

Characterization of isolated solid from optimal 
condition
Physical structure modifications of  EPFB were isolated by 
solvothermal under the optimal condition, as can be seen in 
Fig. 5. Being shown by SEM, the EPFB surface was intact 
and smooth with a compact and orderly arranged structure. 
The cellulose and hemicellulose were tightly wrapped by 
lignin before the fractionation. After being under optimal 
condition, the surface became rough with large amounts 
of  voids, and the wrapping structure was broken. These 
changes in the biomass microstructures were similar to 
those observed in various biomass, which were isolated 
by various methods (Ciesielski et al., 2015).

Crystallinity and surface area of  the isolated EPFB are also 
considered as important factors, influencing the efficiency 
of  solvothermal fractionation (Table  2). Increased 
crystallinity (CrI) (62.7%) was obtained for EPFB, and 
isolated by solvothermal fractionation under the optimal 
condition (180 °C, 15 min), comparing with native EPFB 
(58.1%). The increases in CrI were corresponded to 

effects of  solvothermal on the removal of  the amorphous 
xylan and lignin fractions, while it showed less effect on 
the disruption of  the highly crystalline cellulose (Fan 
et al., 2016). Increases in biomass crystallinity were 
exhibited in various biomasses, which was isolated byusing 
hydrothermal fractionation in the absence and presence 
of  acid promoters and also other fractionation methods, 
e.g., aqueous ammonia pretreatment (Sun et al., 2018, Kim 
et al., 2013). Fractionation of  EPFB resulted in increasing 
surface area compared to the native EPFB (2.7 m2/g). The 
maximum surface area, 4.8 m2/g, was observed with the 
reaction of  180 °C for 15 min.

CONCLUSION

The solvothermal fractionation was showed as an effective 
method for fractionation of  EPFB. The results indicated 
75.9%, 17.8%, and 13.7% of  the maximum glucan yields, 
pentose yields, and lignin yields, respectively. These were 
combined in the liquid phase from the fractionation step 
with less amount of  inhibitory by-product formation, 
which was lower than the level for ethanogenic yeast. 
The H2SO4 promoter possesses excellent ether linkage 
cleavage capability. The lowest molecular weight was 
found in recovery lignin residues (2528 g/mol), being 
suspected because co-extracted carbohydrate residues 
bounded to extracted lignin macromolecules. These 
results allowed us to establish the effective solvothermal 
fractionation for lignin isolation from EPFB. However, 
depending on the application of  the extracted lignin, 
the presence H2SO4 promoter will require additional 
purification treatments.
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