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Abstract: This work assesses the behavior of organosolv lignin aggregates derived from Miscanthus x
giganteus using different ethanol concentrations (10%, 25%, 50%, and 75% by volume). The percentage
of lignin recovery was found to decrease from 75.8% to 71.4% and 25.1%, as the ethanol concentration
was increased from 10% to 25% and 50%, respectively. Increasing the ethanol concentration further to
75% led to zero recovery. The purity of the precipitated lignin was consistently found to be >90%.
Lignin derived from the dried supernatant obtained at 50% ethanol concentration resulted in high
lignin purity (51.6%) in comparison with the other ethanol concentrations used. Fourier transform
infrared spectroscopy analysis showed that the precipitated lignin and dried supernatant at 50%
ethanol concentration possessed the highest peak intensity apportioned to wavenumber of lignin as
compared to that of at 25% and 10% ethanol concentrations, and the results linked with the percentage
of lignin purity. The results of particle size analysis for precipitated lignin demonstrated particle sizes
of 306, 392, and 2050 nm for 10%, 25%, and 50% ethanol concentrations, respectively, and the remaining
supernatant with average particle sizes of 1598, 1197, and 875 nm, respectively. These results were
verified with the morphology of lignin macromolecules in scanning electron microscopy images.
Results of the particle size distribution of lignin revealed that the overall size of lignin aggregates
decreased with decreasing ethanol concentration. In summary, these findings suggest that ethanol
concentration affected the behavior of lignin aggregates in water—ethanol solution.
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1. Introduction

The demand for finite resources such as fossil fuels and natural gas are growing in most countries
in the world in spite of the current energy crisis. The increasing awareness of the need for renewable
and sustainable sources of energy has driven interest in lignocellulosic second-generation bioethanol.
Miscanthus sp., a genus comprising of about 25 species has been proven as one of the biomass crops
having high biomass energy potentials [1]. Miscanthus x giganteus (MxG), a hybrid between Miscanthus
sinensis and Miscanthus sacchrisflorus, is a promising high-yield lignocellulosic biomass crop that
is currently used as a solid fuel used in co-firing power stations [2]. When compared with other
genotypes, MxG has a wide range of potential benefits including the possibly unique and exclusive
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trait for adaptation to climate and environmental conditions, low levels of nutrients needed, soil
carbon sequestration, and ease of harvesting and handling [3—-6]. MxG also has an efficient rhizome
system, which plays a key role as a nutrient reserve for the annual shoot growth in the growing
season [7]. Miscanthus sp., which can be obtained mainly from the Europe and the United States,
has enormous potential to become a feedstock to support second-generation bioethanol production.
Similarly, the concept of biorefining has been identified as a method whereby cellulose, the substrate for
ethanol production, can be recovered along with other renewable bio-based chemical building blocks,
hemicellulose and lignin, thus potentially improving the overall economy of bioethanol production.

Within the integrated biorefinery concept, an area of research that has gained significant interest is
the processing of lignin which, as mentioned earlier, is the second most abundant natural polymer after
cellulose and hemicellulose [8]. Currently, lignin is traditionally viewed as the by-product of paper
and pulp processes. However, with the emergence of second generation bioethanol production, large
quantities of lignin will be created. Lignin isolated via different extraction methods can vary widely
in terms of chemical composition and molecular structure. The differences also affect the physical
properties such as solubility and particle size. Therefore, in the context growing interest in developing
value added uses for lignin, this work focuses on characterizing lignin extracted using a modified
organosolv method [9], particularly emphasizing the formation of aggregates. There is insufficient
information available that describes the association behavior of lignin in solution, which depends on
the solvent properties and lignin structure [10].

Understanding and interpreting the assembly of lignin macromolecules in solution are relevant
and significant, as the heterogeneity and complexity of lignin structure, unique chemical reactivity,
and the unknown molecular characteristics of lignin become the greatest bottlenecks in the utilization
of lignin in producing various useful and renewable materials in the industry [11-13]. Previously,
numerous studies on lignin aggregates have been conducted in conjunction with different types of
methods and sources of lignin such as the aggregation and assembly of alkali lignin using iodine as
probe [14], the impact of lignin source on its self-assembly in d-DMSO solution [10], and the aggregation
of acetylated lignins in N,N-dimetylacetamide in the presence of salts [15]. A crucial physicochemical
property of organosolv lignin which becomes the subject matter for this work is the higher solubility
of organosolv lignin in organic solvents [16]. Organosolv lignin has a tendency to aggregate in most
solvents, affecting the lignin recovery process, the biodegradation processes, and the preparation of
lignin-based materials.

In this work, the resulting soluble lignin extract from delignification process was fractionated
according to different ethanol solubilities under centrifugation, thereby generating two fractions:
the precipitated fraction and supernatant fraction. Characterization of the resulting fractions was
carried out by Klason lignin assay, Fourier transform infrared spectroscopy (FTIR), scanning electron
miscroscopy (SEM), and particle size analysis. Specifically, the study compared the purity, lignin
recovery, chemical structure, and especially particle size and morphology characterization for the
resulting fractions.

2. Materials and Methods

2.1. Materials

The lignocellulosic biomass used was air-dried. The MxG was provided by the Institute of
Biological, Environmental and Rural Sciences (IBERS, UK) in collaboration with Phytatec (UK) Ltd.
The biomass was harvested in Aberystwyth, Wales, United Kingdom and kept in a cool, dry, and dark
place throughout the study. Nitrogen (compressed oxygen free nitrogen, BOC, UK), and carbon dioxide
(vapor withdrawal, BOC, UK) had >99.8% purity. Sulfuric acid (72%) (Fluka-Sigma Aldrich, UK) and
absolute ethanol (Fisher Scientific, UK) were used as reagents.
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2.2. Methodology

2.2.1. Biomass Preparation

Prior to hydrolysis, the MxG was mixed in distilled water and then warmed to 50 °C to soften the
grass. The mixture was then soaked for 20 min to rehydrate the grass. The mixture was milled for
3 min 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 optimized to
yield an average particle size of 500 pm [17].

The MxG slurry was placed inside the reactor directly after the sample preparation at 120 °C.
The sequentially processed MxG obtained at 120 °C was used for biomass hydrolysis at 180 °C and
200 °C. Subsequently, the 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 for a wetting time of 5 min prior to each hydrolysis step.

2.2.2. Biomass Hydrolysis

The steps taken in extracting lignin in this work are outlined in Figure 1.

Sample preparation

Temperature: 120°C, Gas: nitrogen
10 g of MxG in 200 ml distilled water

Temperature: 180°C, Gas: nitrogen
10 g of MxG in 200 ml distilled water

s184]0Ip A sseutong

Delignification
Temperature: 200°C, Gas: carbon dioxide, 5 g of AMxG in
250 ml distilled water:ethanol (1:1)

Figure 1. Steps taken in lignin extraction.

The MxG slurry was transferred to a 500 mL stirred pressure vessel (Alloy C276, Parr, IL, USA).
The reactor was closed and pressurized 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 depressurized slowly to atmospheric pressure before the reactor was opened.
Finally, the solution and solid fibers were separated using a laboratory test sieve (BS410-1 size 45 pm,
Endecotts Ltd., England) for biomass hydrolysis at 120 °C and 180 °C. The solid fibers were placed in
the drying cabinet (65 °C) until it reached constant weight. The liquid fraction or filtrate for biomass
hydrolysis at 200 °C was recovered by vacuum filtration through a Pyrex sintered disc of porosity 2,
rinsed with mixture of distilled water: ethanol (1:1).

The MxG was treated through a three-stage temperature profile sequential batch extraction method
adapted from Hamzah et al. [9] to differentially separate extractives, hemicellulose, cellulose, and
lignin. The first step applied subcritical water (SCW) at 120 °C with an equilibrium time of 30 min 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
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30 min under 50 bar of nitrogen gas to hydrolyze 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 min, and 50 bar of carbon dioxide gas. The nitrogen gas was used in SCW
to maintain the constant pressure inside the reactor and to ensure that water remain as liquid [18].
In lignin extraction, carbon dioxide under pressure creates carbonic acid that serves as a catalyst for
hydrolysis reaction [17,19].

2.2.3. Lignin Precipitation

The lignin precipitation method was adapted from Roque [17]. The 50% ethanol concentration
of soluble lignin extract obtained after vacuum filtration was placed in a freezer at —20 °C for 2 h,
after which the ethanol concentration was adjusted to either 10% and 25% by adding distilled water,
and 75% by adding ethanol. The lignin was recovered using a J2-21 centrifuge (Beckman, Indianapolis,
IN, USA) with a JA-10 rotor at 4 °C and at 10,000 revolutions per minute with 17,700 relative centrifugal
force (RCF) for 10 min. The remaining supernatant was dried at 65 °C for further Klason lignin assay
and FTIR analysis. The resulting precipitated lignin was air-dried and stored in 2 mL Eppendorf tubes
at room temperature and later analyzed by a Klason lignin assay and FTIR analysis. The amount of
precipitated lignin was compared to the total amount of lignin in the soluble fraction (precipitated lignin
and dried supernatant), which gives the percentage of lignin recovery using Equation (1):

A

Percentage of lignin recovery (%) = A1 A % 100%, 1)
1 s

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

2.2.4. Klason Lignin Determination

After the hydrolysis experiments, the precipitated lignin and dried supernatant was analyzed for
lignin content using the Klason lignin assay following the Determination of Structural Carbohydrates
and Lignin in Biomass Laboratory Analytical Procedure (NREL/TP-510-42618) [20].

2.2.5. FTIR Analysis

The FTIR analysis was carried out on the samples without any special pre-treatment. The IR
spectra were determined using a spectrometer (FTIR-6300, JASCO, Easton, MD, USA) over a
wavenumber ranging from 4000 cm™! to 600 cm~!. The resolution was 4 cm™! and 32 scans were
averaged. The precipitated lignin and dried supernatant of different ethanol concentration were
analyzed for chemical structure characterization. Principle component analysis (PCA) was performed
using the UnscramblerTM Version 10.3 software (CAMO). Two different pre-processing methods
(smoothing followed by normalization) were performed on each of the three repeated spectrum
measurements in the regions of 4000 cm™! to 600 cm™!. Analysis of FTIR spectra datasets by PCA
determines the differences between spectra in terms of chemical structure and composition of the
samples [21].

2.2.6. SEM Analysis

SEM images of lignin and dried supernatant were captured using a Philips XL30 FEG ESEM
scanning electron microscope operating at 10 kV with various magnifications. Samples were coated
with platinum for 120 s using Emscope SC500 sputter coater prior to analysis.
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2.2.7. Particle Size Analysis

The precipitated lignin and dried supernatant were dispersed at 10 mg mL~! based on initial
concentration of ethanol-water solutions (10%, 25%, and 50% ethanol concentration). To achieve a
good colloidal dispersion, the samples were ultrasound-treated for 10 s at room temperature using
the 500W Fisher Scientific™ Model 505 Sonic Dismembrator prior to measurement. The diameter
measurement was carried out in triplicate and the average reading of the results was reported.

Malvern Zetasizer Nano ZS

Lignin particle size was performed according to the protocols described with modification [22,23].
Lignin particle size was analyzed at 23 °C. The obtained size distribution represented the dependencies
of the relative intensity of the scattered light on the hydrodynamic diameter of lignin particles.

Malvern Mastersizer 2000

A refractive index of 1.6 [24] and absorption of 0.01 for lignin were used by the instrument to
calculate the particle size distribution [25]. The mean particle size was reported in terms of D3,2 values.
The D3,2 is the surface area mean diameter and refers to the diameter of a sphere equivalent volume to
surface area of the particles in the sample.

2.2.8. Statistical Analysis

SPSS software (Version 22) was used to carry out statistical analysis. Post hoc test by Tukey’s
honest significant different (HSD) was conducted at o« = 0.05 to determine if the results obtained at
each ethanol concentration were significantly different.

3. Results and Discussion

3.1. Percentage of Lignin Recovery

Figure 2 shows an increasing trend on percentage of lignin recovery as the ethanol co-solvent
becomes more dilute. The post hoc test analysis illustrated that percentage of lignin recovery using 25%
ethanol concentration (71.4%) did not differ significantly from the 10% ethanol concentration (75.8%),
at a 95% confidence level. Lignin precipitation using 50% ethanol concentration only recovered 25.1%
lignin. Further increasing the ethanol concentration to 75% led to zero recovery. The overall statistical
analysis results were tabulated in Table 1.

B U1 N N
o O O © O
H

=N
o O

o

Percentage of lignin recovery (%)
w
o

10% 25% 50% 75%

Ethanol concentration for lignin precipitation (%)

Figure 2. Percentage of lignin recovery at different ethanol concentration.
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Table 1. Analysis of Tukeytest for the assessment of ethanol concentration.

. Percentage of Ethanol Comparison with Other Percentage .

Dependent Variable Concentration of Ethanol Concentration Sig.
o 25% 0.857
50% 10% 0.010 *

Percentage of purity 259, 50% 0.857
precipitated lignin ? 10% 0.010*
o 50% 0.010 *
10% 25% 0.010 *
o 25% 0.013 *
50% 10% 0.000 *
Percentage of purity 259, 50% 0.000 *
dried supernatant ’ 10% 0.525
o 50% 0.000 *

10% 25% 0.525
25% 0.000 *

0,

50% 10% 0.000 *
Percentage of lignin 259, 50% 0.000 *
recovery ° 10% 0.100
o 50% 0.000 *

10% 25% 0.100

Note: Numbers with asterix (*) indicate statistically significant differences at the 0.05 level.

Critical precaution needs to be taken into consideration if water is added as the mixture of solution
for delignification process. Based on the previous study within the research group, it is shown that the
optimum delignification was achieved using ethanol:water ratio (1:1) [17] and similar concentration
was used for delignification in this study. The optimal concentration of ethanol for delignification
(1:1) is in agreement with the research conducted by Pasquini et al. [26]. The utilization of 100%
ethanol is not preferred for delignification. The presence of both nucleophilic agents; water and ethanol
produce a good solvent to promote the cleavage of lignin, and the capacity to dissolve the lignin
fragments. With the addition of water, the nucleophilic agent stimulated the cleavage of the lignin but
decreased the capability of the solvent to dissolve lignin in the delignification process [26]. High water
content in the mixture of the solution for delignification may have demonstrated negative effects on
delignification due to the nature of the hydrophobic biopolymer of lignin that could trigger adsorption
of lignin fragments onto the surface of biomass fibers [27]. A suitable concentration of ethanol-water
mixtures is desirable to avoid lignin re-precipitation onto the biomass fibers, thereby reducing the
efficacy of delignification. Therefore, the best compromise between nucleophilicity and solubility of
ethanol and water mixtures could promote good delignification.

Here, a new experiment looked at the addition of water to the soluble lignin extract was carried
out after delignification for the purpose of lignin recovery study via centrifugation. In the lignin
precipitation of ethanol pulping, the removal of lignin also depends on the capacity of aqueous
ethanol solution to solubilise lignin fragments [26,28]. In a study with Alcell lignin and its solubility in
ethanol-water mixtures, it was demonstrated that lignin solubility increased as the ethanol concentration
increased until a maximum was reached at 70% ethanol concentration [29]. When lignin precipitation
is conducted by diluting liquor with water that decreased the amount of organic solvent, the solubility
of lignin decreased, thus more lignin was recovered [28,30,31]. The findings were in agreement with
the finding of Sun et al. which states that addition of anti-solvent such as ethanol, 1-propanol, and
1-butanol decreases the lignin solubility in the resultant system, therefore leading to a higher lignin
recovery [32]. In general, it seems that a 10% ethanol concentration could be proposed as the ethanol
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concentration for lignin recovery since there is no significant difference between lignin recovery using
25% and 10% ethanol addition.

3.2. Percentage of Lignin Purity

The resulting soluble lignin extract after delignification was fractionated according to different
ethanol concentration under centrifugation thereby generating two fractions: precipitated and
supernatant fraction. Both fractions were analyzed by Klason lignin assay to reveal the purity
of lignin. A comparison between the three different ethanol concentrations is presented in Figure 3.

100 ~

S - - =

2 80 -

g

&

c 60 -

R -

;_ED 40 - Precipitated lignin
%o 20 - = z Dried supernatant
E

5 0 T T 1

~ 10% 25% 50%

Ethanol concentration for lignin precipitation (%)

Figure 3. Percentage of lignin purity at different ethanol concentrations.

Overall, the purity of the obtained precipitated lignin consistently demonstrated a high purity
(290%). Such high purity lignin has enormous possibilities to be used in several industrial applications
such as polymer blends, adhesives, and corrosion inhibitors [12,16,33]. A few studies have also reported
high purity of lignin from the organosolv method, for instance, 95.4% for sugarcane bagasse [34],
91.9% for MxG [35], as well as 96.5% for shrub willow [25].

As it can be seen from Figure 3, the purity of lignin derived from dried supernatant obtained
at 50% ethanol concentration is considerably higher than that of at 25% and 10%. The high purity
lignin derived from dried supernatant obtained at 50% ethanol concentration is due to less lignin that
was precipitated as compared to other ethanol concentrations. Thus, more lignin remained with the
impurities, as discussed in the FTIR analysis (Section 3.3). Considering that high dilution may lead
to excessive energy costs if using 50% ethanol concentration, it is recommended to use 10% ethanol
concentration for lignin precipitation process since there is no significant difference in the purity of the
precipitated lignin using 50% and 25% ethanol concentrations.

3.3. FTIR Analysis

Figure 4a shows the PCA scores plot for the precipitated lignin and dried supernatant and it was
elucidated that there were two definite clusters observed and were distinguishable within each other.
Overall, the score plot for the dataset has functions, whose first two principles components explained
84% and 11% of the spectral variance, respectively. At the top are the spectra for the precipitated lignin
at different ethanol concentration. A second cluster at the bottom consists of spectra for the dried
supernatant. When comparison was made between similar types of spectra within samples, scores of
precipitated lignin (10%_L_1 and 10%_L3, 25%_L_1 and 25%_L_3, 50%_L_1 and 50%_L_2) and scores
of dried supernatant (10%_S_1 and 10%_5S_2, 25%_S_1 and 25%_5_3, 50%_S_1 and 50%_S_2) were close
to each other, indicating that the samples within similar type of spectra possess similar composition.
Thus, a spectra was chosen only from the spectra with similar types to be analyzed for FTIR analysis.
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Legend:
10%_L: Precipitated lignin of 10% ethanol concentration
25%_L: Precipitated lignin of 25% ethanol concentration

50%_L: Precipitated lignin of 50% ethanol concentration

10%_S: Dried supernatant of 10% ethanol concentration
25%_S: Dried supernatant of 25% ethanol concentration
50%_S: Dried supernatant of 50% ethanol concentration

Note: 1,2,3- repetition of spectra
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Figure 4. PCA and FTIR analysis at different ethanol concentrations. (a) PCA scores plot, (b) spectra of

precipitated lignin, (c) spectra of dried supernatant.
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The spectra of precipitated lignin at different ethanol concentration are shown in Figure 4b.
When comparison was made between the three spectra at different ethanol concentrations, the spectra
at 50% ethanol concentration had a high intensity peak as compared to the other two spectra at 25% and
10%, suggesting that a high intensity in peak indicates a high purity of lignin, especially at 3400 cm™!.
The peak at 3400 cm ™! indicated the presence of OH stretching vibrations in aromatic and aliphatic OH
groups [36,37]. 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 [38]. However, when the hydroxyl group peak is of
interest, strong water absorption (around 3000-4000 cm™!) could have influenced the results obtained
and in turn, relatively led to the misinterpretation of the data. Therefore, the conclusion of the findings
should be treated with caution, 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 cm™! and 2842 cm™! are attributed to CH stretching in aromatic
methoxyl groups and in methyl and methylene groups of side chains [37]. An asymmetry and
broadening of the peaks at 1705 cm™! and 1600 cm™! result from the weak absorption around 1640 cm ™!
and may originate from both protein impurity and water associated with lignin, respectively [37].
The appearance of wavenumber at 1220 cm™! is caused by the extraction process due to the hot
water cleaved hemiacetal linkages, thus, liberating acids during biomass treatment which facilitate
the breakage of ether linkages in biomass [39]. It is stated that the cleavage of O-acetyl groups
and uronic acid substitutions on the hemicellulose released acids such as acetic and other organic
acids which act as a catalyst, and catalyzed the formation and removal of oligosaccharides, and
further hydrolyzed hemicellulose to monomeric sugars and aldehydes [40,41]. However, cellulose
and hemicellulose appeared as contaminants as indicated by spectra wavenumbers at 897 and 1705 to
1720 cm~!. A wavenumber of 897 cm™! represents amorphous cellulose which aids hydrolysis of the
cellulose to glucose if enzymatic hydrolysis occurs [42]. The wavenumbers of 1705 to 1720 cm™! are
attributed to ester carbonyl vibration in acetyl, feryloyl, and p-coumaryl groups in hemicelluloses [43].
Wavenumbers of 2340 to 2360 cm™~! were found in all spectra and are related to OH stretching from
strong H-bonded-COOH [44].

In general, hardwoods or angiosperms are made up of guaiacyl (G) and syringl (S) units, while
softwoods or gymnosperms contain only G units. Besides, grasses contain a variety of acidic guaiacyl
units attached as esters and demonstrate more substitution of p-hydroxyphenyl units (H) such as
ferulic, hydroxycinnamic, and p-coumaric acids [45]. Lignin extracted from Miscanthus sp. contains all
three lignin monomers, G, H, and S units [7,46,47]. This data showed that the wavenumbers related
to G, H, and S units could be at 1326 cm™!(G-S units), 1265, 1030, 915 cm™! (G units), 1118, 833 cm™!
(S units), 1705-1720 cm™~! (H units), and 2938, 2842 cm ™! for H-S units.

Supernatant obtained from the fractionation of the resulting soluble lignin extract at different
ethanol concentration after centrifugation was dried for FTIR analysis (Figure 4c). In general, the
spectra of 50% ethanol concentration had more broad intensity than 25% and 10% especially for
wavenumbers apportioned to lignin. In fact, the supernatant has been proven to have the highest
purity (51.6%). The peaks for the dried supernatant related to lignin including wavenumbers of
2842, 2340, 2360, 1640, and 1326 cm~! were in weaker intensity as compared to peaks of precipitated
lignin. The weak intensity and absence of peaks (915 cm™) related to lignin were due to more lignin
precipitation and thus less lignin composition appeared in the dried supernatant. A peak of 1540 cm™,
related to an aromatic ring stretching in lignin, was found in both spectra for the precipitated lignin and
the dried supernatant [48]. In summary, from the spectra in Figure 4c, it is apparent that wavenumbers
of 897 and 1705 to 1720 cm ™! related to the contamination of cellulose and hemicellulose were in high
intensity and resulted in broader peaks at 50% ethanol concentration as compared to the 25% and 10%
ethanol concentrations, thus the lignin derived from the supernatant had a lower purity level.
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3.4. SEM Analysis

When comparing the three samples of precipitated lignin at different ethanol concentrations, SEM
images showed similarity in the presence of the lignin macromolecule globule structure of spherical
balls or droplets. The shape of the lignin macromolecule was not identical in terms of size, as shown in
Figure 5a—c. The precipitated lignin at 50% ethanol concentration had a larger lignin macromolecule
size than that of at 25% and 10%. On the other hand, the precipitated lignin at 25% and 10% ethanol
concentrations exhibited a mixture of large and small lignin macromolecules. In addition, it formed
more colloidal and amorphous lignin macromolecule structure. A representative of SEM images of
dried supernatant is exhibited in Figure 5d—f at 50%, 25%, and 10% ethanol concentrations, respectively.
SEM images at 50% ethanol concentration of dried supernatant revealed that a crystalline structure was
observed in the dried supernatant as compared to that at 25% and 10%. The dried supernatant at 25%
and 10% ethanol concentrations had less crystalline and smooth surfaces as compared to that of at 50%.

This is associated with the effect of surface area and particle size. Surface area is inversely
proportional to particle size [49]. In a study of the effect of metal chlorides on the solubility of lignin
in the black liquor of pre-hydrolysis kraft pulping, as the metal chlorides concentration increased,
the particle size of lignin increased, hence the solubility of lignin decreased due to the increasing
coagulation degree of lignin in the black liquor [50], thereby resulting in lower lignin precipitation. It
is suggested that large particle size of lignin results in lower reaction surface area for the precipitation
to take place. Therefore, less lignin is recovered.

The literature has emphasized the importance of ethanol concentration on lignin depolymerization.
Findings revealed that there is a great increase in liquid residue from 41 to 65.5% by increasing ethanol
concentration from 0 to 65 volume%. Nevertheless, the solid residue yields decreased steadily from
39% to 17% [51]. The high ethanol concentration exerted a negative impact on the recovery of solid
residue in lignin depolymerization. Therefore, the study would be more convincing if the molecular
weight of the lignin obtained at different ethanol concentrations using different established methods
such as gel permeation chromatography and size exclusion chromatography in addition to structural
morphology could be obtained. Currently, efforts to increase the use of lignin in biopolymer applications
is related to degradation or deconstruction of lignin to small monomers by depolymerization and
chemical modification of lignin to increase reactive sites into lignin molecules [52,53]. The available
reactive hydroxyl groups in lignin demonstrate possibilities for chemical modifications prior to lignin
valorization into valuable materials [54]. Thus, molecular weight determination will enable the SEM
data to be verified by independent techniques.
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Figure 5. SEM images for precipitated lignin at (a) 50% ethanol concentration, (b) 25% ethanol concentration, (c) 10% ethanol concentration, and supernatant at
(d) 50% ethanol concentration, (e) 25% ethanol concentration, (f) 10% ethanol concentration.
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3.5. Particle Size Analysis

The data characterizing the particle size of lignin and the supernatant in different ethanol
concentrations are presented in Table 2. A comparison between the three different ethanol concentrations
using a Zetasizer illustrated that lignin precipitation at 50% ethanol concentration had the highest
average particle size (2050.0 nm) as compared to that of at 25% (391.7 nm) and 10% (306.2 nm) and the
remaining dried supernatant had the lowest average particle size (875.1 nm) as compared to that of the
25% (1197.3 nm) and 10% (1598.3 nm). The particle size of respective lignin macromolecules can be
explained using the SEM image analysis (Figure 5), especially the SEM image of the precipitated lignin
at 50% ethanol concentration that clearly shows that lignin macromolecules have regular, uniform, and
large shapes as compared to that of the 25% and 10%. High average particle size of the precipitated
lignin could also be due to the agglomeration of particles which reduces the surface area available
for a precipitation reaction [55,56]. The surface area available during precipitation may influence the
interaction of attractive and repulsive forces that further affects the lignin stability in solution and the
lignin recovery process.

Table 2. Particle sizes of precipitated lignin and supernatant at different ethanol concentrations.

Particle Size

Ethanol Particle Diameter from Particle Diameter from Mastersizer
Sample Concentration Zetasizer Nano ZS (nm) 2000 (um)
(%)
Particle Size Particle 1 2 3 4
Distribution Size Dv1o Dyso Do D3,
342.0-1281.0
50 1281.0-6439.0 2050.0 5.5 98.2 257.7 18.3
91.3-1718.0
Lignin 25 3580.0-6439.0 391.7 7.0 36.2 131.7 8.6
58.8-295.3
10 295.3-2669.0 306.2 3.8 67.8 300.2 11.1
3580.0-6439.0
68.1-295.3
50 295.3-1484.0 875.1 4.5 13.3 239.6 10.3
1484.0-6439
Supernatant
25 825.0-2305.0 1197.3 3.0 9.3 86.3 6.9
10 531.2-6439.0 1598.3 41 40.7 275.6 12.6

Note: D = diameter; v = volume. 'Dy 39 = the maximum particle diameter below which 10% of the sample volume
exists. 2Dys( = the maximum particle diameter below which 50% of the sample volume exists. 3Dy9g = the maximum
particle diameter below which 90% of the sample volume exists. ‘D3, = surface area mean diameter.

The 50% and 25% ethanol concentration had bimodal distributions whereas the 10% ethanol
concentration of the precipitated lignin had multimodal distribution. The precipitated lignin at 25% and
10% ethanol concentration contains both nano- (<100 nm) and micro-size particles. The precipitated
lignin at 50% ethanol concentration had only micro-size particles. The measured supernatant particles
size at 10% and 25% ethanol concentration had a monomodal distribution whereas at 50% ethanol
concentration, the supernatant showed a multimodal distribution. The supernatant of 25% and 10%
ethanol concentration only had micro-particles whereby supernatant at 50% ethanol concentration
contained both nano- and micro-particles. The resulting difference in particle size distributions for both
precipitated lignin and supernatant may be due to the changes of physical and chemical properties;
i.e., the samples in dried form, dispersed in the solution that cause the rearrangement of lignin
macromolecules and the formation of new self-assembled structures [57].

Overall, the particle diameter of Mastersizer correlated with the patterns of particle size distribution
of Zetasizer for both the precipitated lignin and dried supernatant. In general, reducing the ethanol
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concentration from 50% to 25% via Zetasizer results in a lower range of particle size distribution.
A further reduction to 10% ethanol concentration showed that the distribution tends to move towards
the right position of the distribution, demonstrating that the lignin particles tend to form a population
of large particles within the precipitated lignin and dried supernatant.

Based on the data presented in Table 2, further distribution of Mastersizer results for precipitated
lignin and dried supernatant are discussed. For precipitated lignin, reduction of 50% to 25% ethanol
concentration showed that Dy increased in size from 5.5 um to 7.0 um and decreased to 3.8 um at
10% ethanol concentration. This indicates that the reduction of ethanol concentration from 50 to 10%
ethanol concentration created large population of small particles. In contrast, Dy5y and Dygg of the
particle population exhibited different trends, whereby reducing ethanol concentration from 50% to
25% led to a descending trend in the size of lignin particles and ascending trend from 25% to 10%
ethanol concentration. This showed that either re-aggregation of lignin particles occurred, or that
lignin tends to form large particles at 10% ethanol concentration for Dys59 and Dy of the particle
population (67.8 um and 300.2 um, respectively).

Similar findings were also observed for Dys59 and Dy of the particle population for supernatant,
which showed an increment of lignin particle size at 10% ethanol concentration when compared
to that of at 25% and 50% ethanol concentration. Dy of the particle population showed different
trends for supernatant. The particle size of 10% particle population (Dy1g) decreased from 4.5 pm
(50% ethanol concentration) to 3.0 um (25% ethanol concentration) and increased to 4.1 um
(10% ethanol concentration). A possible explanation for various lignin aggregate behaviors may
be the fact that lignin in an amphiphilic polymer contains both hydrophobic and hydrophilic segments
besides possessing self-assembly behavior [58]. The hydrophilic segments of lignin macromolecules had
an affinity to ethanol, whereas the hydrophobic segments dissociate lignin aggregate in ethanol-water
mixture [58-61].

4. Conclusions

The focus of this study is primarily trying to understand the behavior of lignin aggregates and
the study has raised important question on whether the effect of ethanol concentration influenced the
behavior of lignin aggregates. In the present study, the effect of ethanol concentration was investigated
on lignin recovery, particle size, chemical structure, and microscopy imaging properties. Findings
showed that lignin recovery increased as the ethanol concentration decreased. Since there is no
significant difference in the purity of precipitated lignin when using 50% and 25% ethanol concentration
as compared to that of at 10%, it is suggested that 10% ethanol concentration is used for lignin
recovery. Moreover, at 10% ethanol concentration, the purity of precipitated lignin was high (>90%).
The results of lignin purity correlated well with the chemical structure analysis via FTIR. Both spectra
of precipitated lignin and supernatant at 50% ethanol concentration had higher intensity peak than
25% and 10% especially for wavenumbers apportioned to lignin. The morphology images captured
via SEM imaging revealed the findings of particle size analysis.

Overall, it was demonstrated that the lignin macromolecule agglomerates which form post
extraction could be de-agglomerated by reducing the ethanol concentration from 50% to 10%. It is
hypothesized that water had an influence on hygroscopic solvents i.e., different ethanol concentration
that has different ability to attract and hold water molecules from the surrounding environment.
Solvation of ethanol and water creates non-covalent interactions, such as hydrogen, Van der Waals
and hydrophobic bonding that have a strong tendency to form aggregates with other molecules.
The relationship between the solvent concentration and the resultant lignin macromolecule is complex.
The present study is imperative and could facilitate an improved understanding on structural complexity
of lignin for lignins obtained via SCW extraction.
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