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Lignin is an industrial by-product produced from the pulping and paper industry, where the 
process generates lignin in the form of lignosulphonates. While there are many applications 
for lignin, there are all low value and attempts to add value to lignin are hindered by its 
complex physicochemical nature and the presence of sulphur. Adopting the biorefining 
concept, the study evaluates the impact of direct (DE) and sequential extraction (SE) of 
Miscanthus x giganteus using sub-critical water with associated modifiers; ethanol and carbon 
dioxide on the physical and chemical properties of the extracted lignin. Isolated lignins were 
characterised by a Fourier Transform Infrared Spectroscopy (FTIR). Although higher 
delignification was achieved by DE and SE about 81.5% and 58.0%, respectively, the lignin 
recovered from the SE process showed remarkably higher purity with 91.5%. Lignin recovery 
did not differ considerably for either processing method. FTIR revealed a qualitative reduction 
in the intensity of bonds corresponding to hydroxyl groups for the lignin derived from DE 
rather than SE processing routes. These indicated that the lignin derived from SE had potential 
for subsequent preparation in lignin value-added bio-based materials. 
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1. Introduction 
 

Lignin is amongst the most abundant natural polymers on 
earth, second only to cellulose. Lignin is found in all terrestrial 
plants and some aquatic species. Currently, the biosphere 
contains approximately 3 × 1011 tonnes of lignin with a 2 × 1010 
tonnes annual biosynthetic production rate (Ganewatta et al., 
2019). Currently, lignin is produced in large quantities as a by-
product from pulping industry and this amount will increase as 
lignocellulosic ethanol production is developed (Ten and 
Vermerris, 2015). Sulphur lignins such as Kraft and 
lignosulfonates are mainly produced by chemical pulping 
process in the form of black liquor, leaving cellulose fibers for 
pulp production. Both lignins either from Kraft and sulphite 
pulping recovered from black liquor by acidified process. 
Lignosulphonates contains sulfonic acid groups that makes 
lignin water soluble. Lignosulphonates are relatively high 
molecular weight than Kraft lignin with a broad distribution of 
polydispersity index (around 6-8) and lignosulphonates are the 
most utilised lignins for few industrial applications including 
dispersant, binders and packaging additives (Laurichesse and 
Avérous, 2014). Recently, sulphur-free lignins such as 
organosolv lignin also has been explored attributed to its high 
purity, high solubility in organic solvents, hydrophobic and a 
low macromolecular size after fractionation steps (Matsushita, 
2015). The organosolv lignin also had an advantage of 
environmental applications due to the organosolv lignin does 
not contain sulphur and suitable for chemical modification (Li 
and Takkellapati, 2019).  

In this context, the research presented focuses on lignin 
extraction from Miscanthus x giganteus (MxG) using sub-critical 
water (SCW) with associated modifiers. The method of SCW 

applied in conjunction with the proposed modified organosolv 
method. The organosolv process uses organic or aqueous 
organic solvent mixtures with inorganic acid catalysts such as 
hydrochloric and sulphuric acids on lignin extraction process 
from lignocellulosic biomass (Ouyang et al., 2018). Here, the 
proposed modifiers used to include the utilisation of ethanol-
water mixture in SCW, and addition of carbon dioxide (CO2) 
under pressure that create carbonic acid which serve as catalyst 
for hydrolysis reaction (Morais et al., 2015). In addition, the CO2 

is more environmental friendly than concentrated acids used in 
the SCW process due to CO2  is non-toxic, non-flammable and low 
cost (Attard and Hunt, 2018). Due to the low polarity of CO2, 
ethanol was used as the polar co-solvent because of its lower 
toxicity compared to other polar co-solvents. This was added to 
enhance the compounds’ solubility in the SCW (Manjare and 
Dhingra, 2019). The utilisation of 100% ethanol was not 
preferred for delignification due to the unavailability of 
nucleophilic agents. The modified organosolv method used an 
ethanol-water mixture as the organic solvents. The ethanol was 
recovered by distillation-based (Roque, 2013). With the 
addition of water, the nucleophilic agent stimulated the cleavage 
of the lignin but decreased the capability of the solvent to 
dissolve the lignin in the delignification process (Pasquini et al., 
2005). A previous study found that a 1:1 ethanol-water mixture 
achieved optimal delignification (Roque et al., 2012). 

The application of SCW associated with organosolv 
treatments have been reported in the literature. Huijgen et al. 
(2012) recovered lignin from wheat straw prior to cellulose 
enzymatic hydrolysis. They conducted SCW treatment in water 
acidifed with H2SO4 in an autoclave reactor with a regime of 
temperatures between 160 to 190°C, a reaction time between 30 
to 120 minutes to hydrolyse hemicellulose followed by the 
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organosolv method. The organosolv method (ethanol-water 
mixtures) was carried out using conditions of temperature 
between 190 to 220°C and a reaction time of 60 minutes. Hage 
et al. (2010) examined the effect of first step pretreatment using 
SCW and followed by organosolv method in ethanol-water 
solution of MxG. The results demonstrated that an increase in 
temperature of SCW process from 130 to 150°C affected the 
lignin structure for the subsequent organosolv delignification at 
170°C, whereby the SCW process could enhance the lignin 
fragmentation and foster re-polymerisation reactions. 
Amendola et al. (2012) used a two-step process: SCW 
pretreatment at 180°C for 30 minutes followed by ethanol 
organosolv at 180°C for 90 minutes for hemicelluloses and lignin 
recovery from red grape stalks. The results suggest that an 
autohydrolysis milder treatment (180°C) helped to hydrolyse 
hemicellulose, whereas the organosolv process did not give a 
consistent delignification depending on lignin precipitation 
steps by addition of acetic acid before or after the organosolv 
pretreatment. All of the studies reviewed here support the 
hypothesis that a combination of SCW with organosolv could be 
an appropriate method to recover lignin from different 
materials. 

In this study, SCW was applied at pressures up to 50 bar and 
at temperature ranges of 120°C to 200°C, depending on the 
targeted components to recover (Kalnins, 2017; Roque, 2013). 
Temperature has a pronounced influence on the conversion rate 
of the lignocellulosic biomass in SCW hydrolysis. A three-stage 
pretreatment was suggested within the research group to 
recover the major components of the lignocellulosic biomass. A 
first and second stage was conducted to remove extractives 
including non-structural compounds and to recover 
hemicellulose at the lowest extraction severity (120°C) and at 
low to medium extraction severity (180°C), respectively via the 
SCW process (Kalnins, 2017). The final stage was performed at 
the highest severity (200°C) in which organic solvents, such as 
ethanol, were added to the SCW to remove the lignin, a 
hydrophobic polymer, from the solid fraction and yield 
cellulose-enriched fibres. The remaining cellulose-enriched 
fibres were then used for cellulose-based applications within the 
research group (Barros, 2016; Muniz et al., 2018). 

This study evaluated the impact of processing MxG in two 
different routes towards delignification: (1) MxG was delignified 
via direct SCW, which yielded lignin-and hemicellulose-enriched 
soluble fractions; and (2) MxG was subjected to a sequential SCW 
mediated hydrolysis, which yielded lignin-enriched soluble 
fractions. The specific objective of this work was to compare the 
purity and chemical properties of lignin extracted from the two 
different processing routes.  

2. Materials and methods 
 
2.1 Materials 

 
The MxG was grown and harvested in Aberystwyth, Wales, 

UK, and provided by the Institute of Biological, Environmental 
and Rural Sciences (IBERS, Aberystwyth, UK) and Phytatec Ltd 
(Aberystwyth, UK). The biomass was stored in a dry and dark 
place. Nitrogen (compressed oxygen free nitrogen, BOC, UK), 
and carbon dioxide (vapour withdrawal, BOC, UK) had ≥ 99.8% 
purity. 72% sulphuric acid (Fluka-Sigma Aldrich, UK) and 
absolute ethanol (Fisher Scientific, UK) were used as reagents. 
 
2.2 Direct and sequential lignin extraction 
 

The MxG was treated through a three-stage temperature 
profile sequential batch extraction (SE) to differentially separate 
extractives, hemicellulose, cellulose, and lignin. The first step 
applied SCW at 120°C with an equilibrium time of 30 minutes 
and 50 bar of nitrogen gas to remove water-soluble extractives 

that could have interfered with the isolation and later analytical 
steps. The second step used a SCW at a regime of 180°C and a 
reaction time of 30 minutes under 50 bar of nitrogen gas to 
hydrolyse hemicelluloses prior to delignification. The final step 
involved lignin extraction via a SCW with associated modifiers 
using a 1:1 ethanol-water mixture at 200°C, a reaction time of 60 
minutes, and 50 bar of carbon dioxide gas. For DE, the MxG was 
subjected to a single treatment step, which was similar to the 
third treatment in SE, by the SCW with associated modifiers. 

2.3 Biomass preparation 
 

Prior to hydrolysis, the MxG was mixed in distilled water 
then warmed to 50°C to soften the grass. The mixture was then 
soaked for 20 minutes to rehydrate the grass. The mixture was 
milled for 3 minutes in a domestic blender to reduce the particle 
size of the material. The grinding conditions of the temperature, 
soaking time, grinding time, and the solid-to-liquid ratio were 
previously optimised to yield an average particle size of 500 μm 
(Roque, 2013).  

The MxG slurry was placed inside the reactor directly after 
the sample preparation for SE at 120°C. The sequentially 
processed MxG obtained at 120°C was used for biomass 
hydrolysis at 180°C and 200°C. The sequentially processed MxG 
was mixed in water and a 1:1 ethanol-water solution for 180°C 
and 200°C, respectively by warming to 50°C and a wetting time 
5 minutes prior to each hydrolysis step. The MxG preparation 
conditions for DE were a 1:1 ethanol-water solution warmed to 
50°C with a soaking time of 20 minutes prior to delignification. 
 
2.4 Biomass hydrolysis 
 

The MxG slurry was transferred to a 500 mL stirred 
pressure vessel (Alloy C276, Parr, IL, USA). The reactor was 
closed and pressurised with desired gas to 50 bar. The set point 
temperature was increased to the set temperature and was kept 
stable during the reaction time by a controller (4386, Parr). 
After the reaction, the reactor temperature was decreased 
through a cooling system with a cooling coil inside the pressure 
vessel in which a coolant flew at an initial -7°C. When the 
temperature fell below 50°C, the reactor was depressurised 
slowly to atmospheric pressure before the reactor was opened. 
Finally, the solid fibres were filtered and dried to constant mass 
at 65°C for SE carried out at 120°C and 180°C. The solid fibres 
for both DE and SE carried out at 200°C were also filtered and 
dried to constant mass at 65°C, and then set aside for further 
analysis. The remaining solutions for each of the treatment were 
dried at 65°C in the drying cabinet and weighed after cooling in 
a desiccator to calculate the biomass solubilisation. The 
percentage of biomass solubilisation was calculated using 
Equation 1, 

% 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 =  
𝑚𝑑

𝑚𝑖
× 100 (1) 

 
where md is the weight of dried solution (g) and mi is the initial 
weight of biomass (g). 

      
2.5 Lignin precipitation 
 

The lignin precipitation method was adapted from Roque 
(Roque, 2013). The filtrate from delignification process was 
placed in a freezer at -20°C for 2 hours. After which the ethanol 
concentration was adjusted to 25% by adding distilled water. 
The lignin was recovered using a J2-21 centrifuge (Beckman, 
Indianapolis, IN, USA) with a JA-10 rotor at 4°C and at 10000 
revolutions per minute (rpm) with 17700 relative centrifugal 
force (RCF) for 10 minutes. The remaining supernatant was 
dried at 65°C for further Klason lignin assay and Fourier 
Transform Infrared (FTIR) analysis. The resulting precipitated 



Hamzah M. H. et al. / Journal of Agricultural and Food Engineering 1 (2020) 0010 

 

 
e-ISSN: 2716-6236                                                                                                                     © 2020 The Authors. Published by SixScientia Resources 3 

lignin was air-dried and stored in 2 mL Eppendorf tubes at room 
temperature and later analysed by a Klason lignin assay and 
FTIR analysis. 
 
2.6 Klason lignin determination 
 

The MxG fibre, precipitated lignin, and dried supernatant 
were analysed for lignin content using the Klason lignin assay 
(Sluiter et al., 2012). The amount of precipitated lignin was 
compared to the total amount of lignin in the initial soluble 
fraction (precipitated lignin and dried supernatant) giving the 
percentage of lignin recovery using Equation 2, 

 

% 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑚𝑙

𝑚𝑙+𝑚𝑠
 ×  100%  (2) 

 
where ml is the amount of precipitated lignin (g) and ms is the 
amount of lignin derived from dried supernatant (g). 
 

The starting material for DE was the raw MxG without any 
pretreatment, and the starting material of SE was the MxG that 
underwent pretreatment of increasing severity prior to 
delignification. The percentage of delignification was calculated 
by comparing the lignin in the insoluble fraction to the lignin 
present in the starting material using Equation 3, 

 

% 𝑜𝑓 𝑑𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =
𝑙𝑖𝑔𝑛𝑖𝑛𝑖−𝑙𝑖𝑔𝑛𝑖𝑛𝑓

𝑙𝑖𝑔𝑛𝑖𝑛𝑖
× 100%  (3) 

    
where lignini and ligninf  are the amount of lignin (g) calculated 
by multiplying the starting biomass used for delignification and 
the final solid fibres after delignification (g), respectively, with 
the percentage of Klason lignin. 
 
2.7 FTIR analysis 
 

The FTIR analysis was carried out on the samples without 
any special pretreatment. The IR spectra were determined using 
a spectrometer (FTIR-6300, JASCO, Easton, MD, USA) over a 
wavenumber range from 4000 cm-1 to 600 cm-1. The resolution 
was 4 cm-1 and 32 scans were averaged. Precipitated lignin, 
dried supernatant, and MxG fibre before and after delignification 
from both DE and SE were analysed for their differential 
chemical structures. Principle Component Analysis (PCA) was 
performed using the UnscramblerTM Version 10.3 software 
(CAMO). Two different pre-processing methods (firstly 
smoothing then normalisation) were performed on each of the 
three repeated spectrum measurements in the regions of 4000 
to 600 cm-1. Analysis of FTIR spectra datasets by PCA for soild 
fractions (MxG fibre as starting material before and after 
delignification) and liquid fractions (precipitated lignin and 
supernatant)  determines the differences between spectra in 
terms of chemical structure and composition of the samples 
(Durak and Depciuch, 2020). 

 
2.8 Statistical analysis 
 

A SPSS software (Version 22, IBM, Armonk, NY, USA) was 
used for statistical analysis. A one-way analysis of the variance 
was carried out at α = 0.05 to compare the different processing 
routes on the lignin extraction. 

 
3. Results and Discussion 
 
3.1 Percentage of klason lignin for starting material prior 
delignification 
 

The percentage of Klason lignin was calculated for MxG 
fibres in the raw state, for materials after pre-treatment at 
120°C, and for materials after pre-treatment at 180°C, as shown 

in Figure 1. The MxG fibres in the raw state was used directly as 
the starting material for delignification of DE. For SE, the Klason 
lignin substantially increased after the first temperature step 
from 120°C and 180°C, from 28.1% and 32.5%. A difference in 
the percentage of Klason lignin in the starting materials prior to 
delignification was observed due to composition differences. 
Such purity could have been a result of water-soluble 
hemicellulose removal prior to delignification. Thus, the 
percentage of Klason lignin in the starting materials prior to 
delignification was higher for SE than DE (32.5% and 27.9%, 
respectively).  

 

 
Figure 1. Percentage of Klason lignin for raw material and MxG 
fibre for every step prior to delignification 

Overall, the SE process of increasing severity resulted in an 
increase in the concentration of lignin or more purified lignin 
after each respective stage prior to delignification due to non-
structural components such as pectins, starch, glucose, fructose, 
lipids and hemicellulose, being removed before the 
delignification step (200°C). Hemicellulose is definitely 
solubilised and removed at 180°C resulting in lignin and 
cellulose-enriched fibres used for delignification of SE 
processing routes (Pielhop et al., 2015). Compared with DE 
processing routes, the starting materials contain less purity of 
lignin since the fibres consist of other components of 
lignocellulosic biomass including hemicellulose and extractives. 
Therefore, using MxG fibre as a feedstock that is mostly free from 
extractives and hemicellulose prior to delignification enables 
pure lignin to be extracted leaving a cellulose-enriched fibre. 
 
3.2 Impact of different extraction methods on percentage of 
biomass solubilisation 
 

The impact of the different extraction methods was 
investigated by noting the relative percentage of biomass 
solubilisation. The results, shown in Figure 2, showed that the 
percentage of solubilisation from SE (45.6%) was higher than 
for DE (35.6%). The percentage of biomass solubilisation 
differed significantly between processes (p<0.05). Overall 
statistical analysis results were tabulated in Table 1. 

The total percentage of solubilisation for SE was calculated 
by adding the proportion of material post solubilisation after 
each step of the extraction at 120°C (4.3%), at 180°C (18.9%) 
and at 200°C (22.4%). The increase in solubilisation with 
temperature also suggested that more specific lignocellulosic 
biomass components could be removed or degraded from the 
liquid fraction at each step of hydrolysis. Figure 2 showed that 
the percentage of solubilisation increased as the temperature of 
solution increased. This was due to the unique properties of 
SCW which is related to polarity of water. Polarity of water is 
directly dependent upon the temperature (Alghoul et al., 2017); 
when the temperature of water increased, the polarity of water 
decreased, thus promotes dissolution of previously insoluble 
compounds (Galamba et al., 2019). In high-temperature water 
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H-bonding weakens, the degree of autoionisation of water 
increases, thus hydronium ions are generated which act as weak 
acid or catalysts in SCW processes. These ions break down 
intermolecular and intramolecular bonds between cellulose, 
hemicellulose and lignin in the biomass structure (Yang et al., 
2017). 
 Ligero et al. (2011) observed the effects of time and 
temperature upon the percentage of solubilisation for MxG, by 
direct extraction autohydrolysis. Results ranged from 31 to 37% 
at 200°C for times from 5 minutes to 60 minutes which is similar 
to the work for DE presented here. They also agreed that at 
higher temperatures, more degradation products form in the 
process liquor with maximum solubilisation at 200°C rather 
than at around 120°C and 180°C for SE. As can be seen from 
Figure 2, 4.3% solubilisation was observed at 120°C; at this 
temperature the liquid fraction contains primarily biomass 
extractives.   
 In summary, the different processing routes performed in 
the work affected the solubilisation of targeted components. 
Organosolv delignification process aims to solubilise lignin and 
hemicellulose into the aqueous phase and leaving the cellulose-
rich fibre as solid (Cybulska et al., 2017). If DE delignification 
was chosen as method to recover lignin and hemicellulose from 
cellulose fibre, separation of hemicellulose from the aqueous 
phase that also contains lignin and other extractives become 
more onerous even though lignin can be recovered from the 
aqueous phase by centrifugation. Thus, the proposed method of 
SE with increasing severity could improve the extraction of 
hemicellulose, lignin and cellulose in a biorefinery. 

 
Figure 2. Percentage of biomass solubilisation for SE and DE 

 
3.3 Impact of different extraction methods on percentage of 
delignification and lignin recovery 
 

The lignin content in the insoluble fraction was compared 
to the amount of lignin in the starting material giving the 
percentage of delignification. According to Figure 3, the 
percentage of delignification for SE (58.0%) was lower than DE 
(81.5%) at which point the percentage of delignification differed 
significantly (p < 0.05).  

 

 
Figure 3. Percentage of delignification and lignin recovery for 
SE and DE 
 

Table 2 shows the mass balance of lignin for the SE and DE 
processes that further explain the delignification percentage 
and lignin recovery. The mass of extracted lignin was almost 
similar for both DE and SE processing routes even though the 
delignification was more efficient in the DE processing route in 
terms of percentage. Similarly, a cellulose purification study 
within the research group also reported that the delignification 
was more efficient in the DE route (73%) than SE (62%), but the 
mass of extracted lignin during delignification was similar for 
both DE and SE routes (Barros, 2016).  

The first step of the SE process was performed at a low 
severity to remove extractives, whilst hemicelluloses were 
hydrolysed in the second step at a higher severity. The 
autohydrolysis prior to delignification enabled solubilisation of 
the hemicellulose and the cleavage of lignin-carbohydrate 
bonds. However, the efficiency of a subsequent delignification 
process could be affected (Hage et al., 2010). In a study 
conducted within research group using the similar extraction 
method (SE), it was shown that a substantial decrease of 
hemicellulose from 20.6% dry weight to 8.8% dry weight from 
120°C and 180°C, respectively. The resultant fibres of 
delignification for SE showed decrement of hemicellulose (4.8% 
dry weight) in comparison to DE (7.2% dry weight) (Muniz et al., 
2018). Removal of extractives and hemicellulose increased the 
mean pore size of the substrate, accessibility and improved the 
enzymatic digestibility of cellulose hydrolysis (Myat and Ryu, 
2016).  

 
Table 1. Analysis of variance of SE and DE 

  Sum of Squares df Mean Square F Sig. 
Purity of lignin derived supernatant Between Groups 138.817 1 138.817 107.581 .000 

Within Groups 5.161 4 1.290   
Total 143.978 5    

Purity of precipitated lignin Between Groups 14.045 1 14.045 264.508 .000 
Within Groups .212 4 .053   
Total 14.258 5    

Percentage of delignification Between Groups 827.905 1 827.905 3741.662 .000 
Within Groups .885 4 .221   
Total 828.790 5    

Percentage of lignin recovery Between Groups 1.540 1 1.540 .956 .383 
Within Groups 6.442 4 1.610   
Total 7.982 5    

Percentage of biomass solubilisation Between Groups 142.984 1 142.984 229.669 .000 
Within Groups 2.490 4 .623   
Total 145.474 5    
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Table 2. Mass Balance of Lignin for SE and DE 
Extraction Method Initial Lignin in Starting Material (g) Residual Lignin in Cellulose Fibres (g) Extracted Lignin (g) 

DE 1.32  0.01 0.24  0.02 1.08  0.01 
SE 1.57  0.01 0.66  0.02 0.91  0.02 

Because of autohydrolysis, the maximum extractability of 
the lignin was only achieved in a narrow range of reaction 
severity after the severe conditions of a long reaction time and 
high temperature, which consequently decreased the lignin 
reactivity, solubility, and overall delignification rate (Lehto et al., 
2016). The lower delignification percentage for SE may also be 
caused by the repolymerisation of polysaccharides degradation 
products, such as furfural from hemicellulose formed during an 
increased severe pretreatment (Galbe and Wallberg, 2019). In 
addition, the polymerisation of the carbohydrate and lignin 
degradation products formed a lignin-like material, termed 
pseudo-lignin, particularly under high severity pretreatment 
conditions. The formation of pseudo-lignin can artificially raise 
the Klason lignin content of pretreated biomass materials and 
alter the calculation for the delignification percentage (Shinde et 
al., 2018). 

Table 2 shows clear evidence that high residual lignin 
remained in the cellulose fibres during SE versus DE processing 
routes. This suggested that higher residual lignin remained 
associated with the cellulose fibres after an attempted 
delignification. High residual lignin with cellulose fibres after 
the SE delignification process could be associated with a 
covalent bond between the lignin and cellulose that made the 
lignin strongly absorb to available carbohydrates during the 
delignification process (Panda, 2016).  

An alternative hypothesis of high residual lignin with 
cellulose fibres after SE also describes that the lignin encounters 
extensive condensation or re-polymerisation during 
delignification and causes it to become intractable and 
unreactive (Glasser, 2019; Rinaldi et al., 2016). Autohydrolysis 
degrades hemicellulose and part of lignin. The acetal groups in 
biomass will be released as acetic acid and further catalyze the 
hydrolysis of hemicellulose and acidolysis of lignin along with 
lignin condensation. In addition, the lignin condensation 
reactions could result in an increased molecular weight of lignin 
that is insoluble in water-ethanol mixtures (Gillet et al., 2017). 
Thus, the amount of lignin extracted would be decreased 
because of being trapped within the cellulose fibres.  

The lignin recovery percentage for SE and DE was 70.3% 
and 69.3%, which were not significantly different with a 95% 
confidence level (p = 0.4). Lignin recovery via the centrifugation 
method resulted in two fractions, precipitation after dilution 
with water and the lignin remaining in the filtrate. Colloidal 
suspensions in the filtrate emerged but were hard to remove 
(Yasarla and Ramarao, 2013). Thus, another promising method 
has been suggested to improve the efficiency of lignin recovery 
including dissolved air flotation (Macfarlane et al., 2009). While 
the effects of different methods did not have a notable impact on 
the lignin recovery percentage, the difference in the lignin’s 
purity was examined. 
 
3.4 Impact of different extraction methods of lignin purity 
percentage 
 

As stated in the above, the soluble lignin fraction was 
fractionated according to its solubility in ethanol under 
centrifugation, thereby generating two fractions, a precipitated 
fraction and supernatant fraction. The precipitated lignin and 
dried supernatant were analysed by Klason lignin assay to 
reveal the proportional of lignin in each part. Both precipitated 
lignin and lignin derived from the dried supernatant from SE 
(91.5% and 23.7%, respectively) exhibited a significantly higher 
purity of lignin (p<0.05) than from DE which gave 88.4% and 
14.1%, respectively as presented in Figure 4.  

 
Figure 4. Percentage of lignin purity for SE and DE 

 
Organosolv lignin delivers high purity, low molecular 

weight, sulfur free products  (Zhang et al., 2020)  and several 
studies have proved the high purity of lignin of various biomass 
obtained using the organosolv method. For instance, a study of 
lignin recovery from spent liquors from ethanol-water 
fractionation of sugar cane bagasse achieved a lignin purity of 
94% (Fernando, 2010). Similarly, lignin recovered from wheat 
straw either using acetic and formic acid based organosolv or an 
ethanol based organosolv method produced 91% and 95% 
purity lignin, respectively (Wild et al., 2015). 

In this study, lignin derived from dried supernatant of SE 
exhibited higher purity than DE. Thus, it is possible to examine 
and optimise the operating conditions of the lignin precipitation 
process to recover more lignin from the process. Lignin removal 
relies not only on cleavage of ether bonds in lignin 
macromolecules but also on the capacity of aqueous ethanol 
solution to dissolve lignin fragments in the solution (Xu et al., 
2007). Few factors including solvent concentration, 
temperature, pH and turbidity affect lignin precipitation 
process. For instance, in ethanol pulping of pulp fibres, when 
ethanol concentration is reduced, lignin precipitation occurs. 
This is ascribed to ethanol evaporation or dilution of ethanol 
concentration spent liquor in washing process (Xu et al., 2007). 
In experimental work carried out on lignin recovery from spent 
liquors from ethanol-water fractionation of sugarcane bagasse, 
it was also found that temperature also affected the lignin 
precipitation process. As the temperature increased, the 
precipitation and recovered lignin yields decreased (Fernando, 
2010). 

 
3.5 FTIR analysis 
 
3.5.1 Solid fraction 
 

The score plot for the dataset as functions of the two 
principal components, PC1 (94% variance) versus PC3 (2% 
variance) is shown in Figure 5 (a). Two distinct clusters are 
observed. On the left hand side were the spectra for MxG fibre as 
starting material before delignification and MxG fibre after 
delignification for MxG which had been subjected to SE. A second 
cluster on the right hand side, consists of the spectra for MxG 
fibre before and after delignification for DE.  

Thereby, Figure 5 shows the spectra of DE and SE were 
distinguishable from each other. When comparison is made 
between samples among SE itself, (SE_FB1 and SE_FB2) and 
(SE_FA1 and SE_FA3) correlations were in the same quadrant. 
For DE, (DE_FB1 and DE_FB2) and (DE_FA1 and DE_FA3) 
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correlations were in the same quadrant too. The closer the 
spectra are in the same quadrant; the spectra possess similar 
chemical composition. Thus, only a spectra was chosen from 
spectra that have similar chemical composition to be analysed 
for FTIR analysis. 

 

3.5.1.1 Spectra of MxG fibre as starting material before 
delignification 
 

The details of reflectance wavenumbers and interpretations 
of FTIR analysis are outlined in Table 3. The spectra for the 
materials obtained from DE had a stronger intensity than from 
SE, as illustrated in Figure 5 (b). The MxG fibres used for DE were 
from materials that did not undergo any pretreatments, 
whereas the MxG for SE used materials that underwent 
pretreatments at 120C and 180C. Both materials showed the 
characteristic lignin, cellulose, or hemicellulose bands.  

In comparison with the spectra of the SE fibre, the spectra 
of DE fibre had noticeable peaks at 2938 cm-1, 2850 cm-1, 1650 
cm-1, and 897 cm-1. The peaks at 2938 cm-1 and 2850 cm-1 from 
the DE materials indicated CH stretching in aliphatic methylene 
groups that may have also originated from fatty acids present in 
the lignin preparations. This is because the MxG fibre used for 
DE contained extractives that included fatty acids, while the MxG 
fibre used for SE had these removed during the first step of the 
SE process (120C). There were carbonyl moieties unconjugated 
C=O in xylans (hemicellulose) at 1650 cm-1 for the DE materials. 
In addition, the spectra of 897cm-1 of DE had high hemicellulose 
linkage intensity related to the hemicellulose linkages. This 
showed that the MxG fibre used in DE was contaminated with 
large amounts of hemicellulose. According to Figure 5 (b), the 
intensity of the lignin peak at 1033 cm-1 (G–type aromatic C-H) 
was strongly enhanced in DE compared to the SE. Nevertheless, 
these qualitative findings need to be interpreted with caution 
due to the distortion, aberration or any pretreatment methods 
in FTIR analysis (Coates, 2000).  

 
3.5.1.2 Spectra of MxG fibre after delignification 

 
The spectra of the MxG fibre or cellulose after delignification 

was analysed and the following typical cellulose peaks were 
identified: 3400, 2938, 2850, 1650, 1430, 1375, 1318, 1201, 
1163, 1110, 1033, 1059, 897 and 670 cm-1 (Pandey, 1999). As 
shown in Figure 5 (c), comparisons were made between 
cellulose fibres of DE showed that the spectra of cellulose fibres 
of DE were sharper than for SE at 1059 cm-1, 1033 cm-1, and 
1110 cm-1. The percentage of Klason lignin for cellulose fibres in 
SE (Section 3.3) revealed that there was more residual lignin 
remaining in the cellulose fibres that made the cellulose fibres 
less pure in terms of cellulose characteristics. 

The deposited lignin in the cellulose fibres could have a 
negative impact on the enzymatic cellulose fermentation for 
subsequent bioethanol production (Luo et al., 2020). The most 
important peak at 897 cm-1 showed the amorphous type 
cellulose concentration in SE increased, and further hydrolysis 
of the cellulose to glucose by enzymatic hydrolysis was efficient 
compared to crystalline cellulose. A lower value of cellulose 
crystallinity index resulted in a higher sugar yield and faster 
hydrolysis rate (Gunny et al., 2017). 

Nevertheless, the effect of lignin recovery and crystallinity 
index towards glucose production for subsequent enzymatic 
deconstruction were very complicated and difficult to 
understand as it remains unclear at what conditions the glucose 
production would prevail depending on various factors such as 
processing parameters, chemical bonding and materials itself. 
Pu et al. (2013) suggested that moderate lignin removal by 
organosolv pretreatment and retaining few lignin will 
necessitate the cell wall structure of biomass with least 
disruption of polysaccharides, further improved cellulose 

enzymatic digestibility.  
Several lines of evidence established that lignin removal 

was not significantly affected the enzymatic hydrolysis process. 
In the study of the cell wall changes of Populus biomass in 
hydrothermally-pretreated biomass of different times at 180°C, 
DeMartini et al. (2011) reported that glucose yield via enzymatic 
hydrolysis enhanced even though lignin removal during 
hydrothermal process was minimal. In another finding within 
same group assessing SCW for cellulose hydrolysis and glucose 
production from MxG via DE and SE approach, although the 
crystallinity index of cellulose fibres after delignification for SE 
was higher than DE, the results demonstrated that SE fibres 
generated higher glucose production than DE. Thus the cellulose 
fibres were more accessible for fermentative ethanol production 
(Barros, 2016). It is therefore likely that such lignin content per 
se in the cellulose fibres did not influence biomass recalcitrance, 
instead the integration of lignin and polysaccharides within the 
cell wall, and their associations with one another and with other 
wall components lead a major contribution (DeMartini et al., 
2011; Pattathil et al., 2015). 

The peaks at 2938 and 2850 cm−1 clearly broader in DE 
rather than SE which the peaks referred to CH stretching in 
aliphatic methylene group that can originate from fatty acids 
present in the lignin preparations. The broad peak of DE may 
due to that the cellulose fibres of DE contain higher proportion 
of extractives such as sucrose, fructose, pectins and fatty acids 
compared to SE which the extractives were removed at previous 
step prior to delignification process. 

 
3.5.2 Liquid fraction 
 

The score plot of PC2 (variability; 13%) x PC1 (variability, 
85%) is shown in Figure 6 (a). There are two definite clusters in 
the PCA data. On the left hand side were the spectra for lignin 
and supernatant of SE. A second cluster on the right hand side, 
consists of spectra of lignin and supernatant for DE. These 
findings suggested that in general, the impact of operating 
parameters upon lignin and supernatant were different between 
SE and DE.  

Scores of respective samples of DE and SE were close within 
each other in the same quadrant. The same scores illustrated 
that the spectra possess similar chemical composition. When 
comparison is made between samples among SE itself, (SE_L2 
and SE_L3) and (SE_S1 and SE_S2) correlations were in the same 
quadrant. For DE, (DE_L1 and DE_L2) and (DE_S1, DE_S2 and 
DE_S3) correlations were in the same quadrant too. In general, 
the score plot can differentiate the samples according to 
different extraction methods and to answer simple questions 
such as if the spectra represent significant differences. 

The spectra of precipitated lignin, analysed by FTIR for both 
DE and SE are shown in Figure 6 (b). In general, the spectra of 
precipitated lignin for SE had stronger and broader intensity 
spectra than DE. The typical peaks at wavenumbers attributed 
to lignin were found at 3400, 1705, 1600, 1650, 1515, 1460, 
1425, 1326, 1265, 1220, 1033, 1118, 915, and 833 cm-1. Both 
lignin from different processing routes showed peaks at 2938 
cm-1 and 2850 cm-1 which correspond to C-H stretching in 
aromatic methoxyl groups and in methyl and methylene groups 
of side chains (Boeriu et al., 2004). An asymmetry and 
broadening of the spectra at 1705 cm-1 and 1600 cm-1, 

respectively appeared for both lignin. This most likely resulted 
from weak absorptions around 1650 cm-1 due to protein 
impurity and water associated with the lignin (Boeriu et al., 
2004).  

The major finding of precipitated lignin at different 
processing routes is the lignin of SE showed a wider intensity 
band at 3400 cm-1 than DE, which indicated the presence of OH 
stretching vibrations in aromatic and aliphatic OH groups 
(Alriols et al., 2010; Boeriu et al., 2004). The wider intensity of 
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Figure 5. PCA and FTIR analysis on solid fraction (a) PCA scores plot (b) MxG fibre as starting material before delignification (c) MxG fibre after delignification of DE and SE 
 
 
 
 
 
 

Legend: 
SE_FA: Sequential extraction- MxG  fibre after delignification 
SE_FB: Sequential extraction- MxG fibre before delignification 
DE_FA: Direct extraction- MxG fibre after delignification 
DE_FB: Direct extraction- MxG fibre before delignification 
**1,2,3- Repetition of spectra 

(a) 

(b) (c) 
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 Table 3. Wavenumbers and Interpretations 
Wavenumber (cm-1) Interpretation References Wavenumber (cm-1) Interpretation References 
3400 Aromatic and aliphatic hydroxyl 

groups 
(Boeriu et al., 2004) 1201 OH deformation (Boeriu et al., 2004; Pandey, 1999) 

2938, 2850 CH stretching in aromatic 
methoxyl groups and in methyl 
and methylene groups of side 
chains 

(Szczepkowski et al., 
2007)  

1163 COC asymmetric vibration (Boeriu et al., 2004; Pandey, 1999) 

1705 Weak to medium bands 
originating from unconjugated 
carbonyl/carboxyl stretching. 
Ester carbonyl vibration in 
acetyl, feryloyl, p-coumaryl, 
groups in lignin and 
hemicelluloses 

(Boeriu et al., 2004; 
Pandey, 1999) 

1118 Syringyl (S)-type aromatic C-H in-
plane deformations 

(Alriols et al., 2010) 

1650 OH bending with adsorbed 
water, Carbonyl moieties 
(unconjugated C=O in xylans 
(hemicellulose). 

(Boeriu et al., 2004; 
Pandey, 1999) 

1110 Glucose ring stretch (Pandey, 1999) 

1600, 1515, 1425 Aromatic phenylpropane 
skeleton vibrations 

(Boeriu et al., 2004) 1059 C-O stretching (Boeriu et al., 2004; Pandey, 1999) 

1460 C-H aliphatic bonds (Boeriu et al., 2004) 1033, 915 G-type aromatic C-H in-plane and 
out of the plane bending at 1033 
cm-1, the former and at 915 cm-1 

(Boeriu et al., 2004) 

1430 C-H deformation (asymmetric) (Alriols et al., 2010; 
Boeriu et al., 2004)  

897 Vibration attributed to (1→4) 
linkage (glucosidic bond between 
two glucose units) formation of 
(1→4) glucopyranose 
macromolecules (cellulose) and 
hemicellulose; increases with the 
increase of amorphous cellulose 

(Abidi et al., 2008; Boeriu et al., 2004; 
Ibrahim et al., 2011)  

1375 C-H deformation (symmetric) (Boeriu et al., 2004) 833 S-type aromatic C-H out-of-plane 
deformation 

(Boeriu et al., 2004) 

1318 CH2 wagging (Boeriu et al., 2004; 
Pandey, 1999) 

670 C-OH-out-of-plane bending mode (Boeriu et al., 2004) 

1326 S ring breathing with C-O 
stretching 
S ring plus G ring condensed 
and the vibration at 833 cm-1, 
that arise from the C-H out-of-
plane in position 2 and 6 of S 
units 

(Alriols et al., 2010; 
Boeriu et al., 2004) 

   

1265 G ring breathing with C-O 
stretching 

(Boeriu et al., 2004)    

1220 Ether bridges (Boeriu et al., 2004)    
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Figure 6. PCA and FTIR analysis on liquid fraction (a) PCA scores plot (b) Precipitated lignin (c) Supernatant of DE and SE 
 
  

Legend: 
SE_L: Sequential extraction- Precipitated lignin 
SE_S: Sequential extraction- Supernatant 
DE_L: Direct extraction- Precipitated lignin 
DE_S: Direct extraction- Supernatant 
**1,2,3-repetition of spectra 
 

(a) 

(b) (c) 
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hydroxyl groups characterisation for lignin of SE was due to the 
cleavage association of polysaccharides such as starch, 
hemicellulose and cellulose with lignin during the pretreatment 
of increasing severity (Cao et al., 2012; Wang et al., 2016). 
Removal of lignin from polysaccharides is beneficial to recover 
purified lignin, that exposing more accessible hydroxyl group of 
lignin derived from SE (Sasaki et al., 2015). The abundance of 
hydroxyl groups, demonstrating that lignin recovered can be a 
good alternative to polyols in the production of lignin polymer 
composites through lignin depolymerisation and modification at 
higher bio-replacement ratios (Mahmood et al., 2016). However, 
when the hydroxyl group peak is of interest, strong water 
absorption (around 3000-4000 cm-1) could have influenced the 
results obtained and in turn, relatively led into 
misinterpretation of the data. However, the conclusion of the 
findings should be treated with cautions, as the findings related 
to the availability of hydroxyl groups can be validated by various 
methods in future such as size exclusion chromatography and 
potentiometric titration, respectively. 

The wavenumbers of 2938 and 2850 cm-1 are attributed to 
C-H stretching in aromatic methoxyl groups and in methyl and 
methylene groups of side chains (Boeriu et al., 2004). An 
asymmetry and broadening of the spectra at 1705 and 1600 cm-

1 probably resulted from  weak absorptions around 1650 cm-1 
due to protein impurity and water associated with lignin, 
respectively (Boeriu et al., 2004). The ether bridges at 1220 cm-

1 are associated with the extraction process; SCW cleaves 
hemiacetal linkages, thus, liberating acetic acids during biomass 
treatment, which then facilitates the breakage of ether linkages 
in biomass (Behera et al., 2014). The generated acetic acids act 
as a catalyst causing autohydrolysis, the formation and removal 
of oligosaccharides, and further hydrolyse hemicellulose to 
monomeric sugars, furfural and hydroxymethylfurfural (Kim, 
2018). In addition, spectra which wavenumber apportioned to 
lignin is strongly enhanced (600 cm-1 to 1700 cm-1) in SE 
compared with DE, where these peaks are reduced. This could 
be due to a relative increase in the purity of lignin in the SE as 
hemicellulose was removed in the previous step in the 
pretreatment before the delignification process (Mosier et al., 
2005). 

The FTIR spectra of supernatant from both extraction 
methods are presented in Figure 6 (c). In comparison to DE and 
SE, the spectra of supernatant of DE had a weaker intensity than 
for SE. Most of wavenumbers in the spectra are attributed to 
lignin, but there are also those which relate to cellulose and 
hemicellulose characteristics (1705 to 1720, 1650 and 897 cm-

1). However, the intensity of the peak was low compared to the 
lignin peak. Strong intensity spectra of dried supernatant for SE 
may due to more lignin in the dried supernatant. The purity of 
lignin analysed by Klason lignin assay (Section 3.4) in dried 
supernatant for SE resulted higher (23.7%) than DE (14.1%). 

 
4. Conclusion 
 

The SE method offers valuable insight into biomass 
fractionation to recover high quality streams of each of the 
biomass major components whereby lignin and hemicelluloses 
were hydrolysed and could recover from the liquid fraction, 
leading to a relatively effective fractionation of cellulose-rich 
solid fibres. In contrast, DE produced a liquid fraction that 
comprised various components including extractives, lignin, 
hemicellulose and sugar degradation products and the major 
challenge is the hemicellulose recovery during separation 
process while maintaining the lignin structure as well as 
maximising the lignin recovery. In summary, lignin derived from 
the SE processing routes demonstrated high lignin purity and 
suitably hydroxyl groups, making the lignin produced had 
suitable characteristics for subsequent lignin depolymerisation 
and modification corresponding to lignin value-added bio-based 

materials. 
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