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Abstract 

Background:  Lignin is the second most abundant naturally occurring biopolymer from lignocellulosic biomass. 
While there are several lignin applications, attempts to add value to lignin are hampered by its inherent complex and 
heterogenous chemical structure. This work assesses the organosolv lignin aggregates behaviour of soluble lignin 
extract derived from Miscanthus × giganteus using different ethanol concentrations (50%, 40%, 30%, 20%, 10% and 
1%). The effect of two different lignin concentrations using similar ethanol concentration on the efficacy of esterifica-
tion was studied.

Results:  Overall, particle size of lignin analysis showed that the particle size of lignin aggregates decreased with 
lower ethanol concentrations. 50% ethanol concentration of soluble lignin extract showed the highest particle size of 
lignin (3001.8 nm), while 331.7 nm of lignin particle size was recorded at 1% ethanol concentration. Such findings of 
particle size correlated well with the morphology of the lignin macromolecules. The lignin aggregates appeared to be 
disaggregated from population of large aggregates to sub-population of small aggregates when the ethanol con-
centration was reduced. Light microscopy images analysis by ImageJ shows that the average diameter and circularity 
of the corresponding lignin macromolecules differs according to different ethanol concentrations. The dispersion of 
lignin aggregates at low ethanol concentration resulted in high availability of hydroxyl group in the soluble lignin 
extract. The efficacy of the lignin modification via esterification was evidenced directly via FTIR using the similar etha-
nol concentration of soluble lignin extract at different lignin concentrations.

Conclusion:  This study provided the understanding of detail analysis on particle size determination, microscopic 
properties and structural insights of lignin aggregates at wider ethanol concentrations. The esterified lignin derived at 
5 mg/mL is suggested to expand greater lignin functionality in the preparation of lignin bio-based materials.
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Background
An integrated biorefinery is the sustainable processing 
of biomass into a spectrum of bio-based products such 
as food, feed, chemical and materials as well as bioen-
ergy including power, heat and biofuels [1]. Within the 
integrated biorefinery concept, an area of research that 
has gained significant interest is the processing of lignin 
which, as said, is the second most abundant natural poly-
mer after cellulose and hemicellulose [2, 3]. Once lignin 
is recovered, the major goal has been to develop addi-
tion added value applications. However, the processing of 
lignin is not without its problems. Despite the fact that 
it is difficult to use lignin directly in various bio-based 
material applications such as cosmetics, pharmaceuticals 
and polymer composites due to the recovery of lignin 
from the product stream, purification of lignin, the het-
erogenous structure of lignin and the reactivity of lignin 
[4–6]. This complexity means that development of isola-
tion techniques and chemical modification to produce a 
selective product is difficult.

Nevertheless, lignin could offer a substantial oppor-
tunity in enhancing the operation of a lignocellulosic 
biorefinery for high-value application using various tech-
nologies. The use of unmodified lignin in polymer mate-
rials also is limited in the field of adsorbing and carbon 
materials [7]. Numerous studies have investigated the 
incorporation of lignin into a polymeric matrix such 
as packaging film [8], polyurethane [9] and adhesives 
[10]. The bio-replacement ratios in lignin utilisation for 
biomaterials are very low in the range of 5 to 30% [11]. 
Further increasing the bio-replacement ratios resulted 
in substandard of physico-chemical properties of lignin 
biomaterials. Currently, efforts to increase the use of 
lignin in biopolymer applications is related to the deg-
radation or deconstruction of lignin to small monomers 
by depolymerisation and chemical modification of lignin 
to increase reactive sites into lignin molecules [12, 13]. 
Moreover, the available reactive hydroxyl groups in lignin 
demonstrate possibilities for chemical modifications such 
as esterification prior to lignin valorisation into valuable 
materials. The incorporation of modified lignin into poly-
esters, polymeric material is recommended to break up 
the lignin complexes structure, increase the plasticising 
ability, therefore the blends of modified lignin with poly-
mer possess good physico-chemical properties.

Lignin exists as a globular supramacromolecular struc-
ture which has many interactions such as lignin–lignin 
and lignin–polysaccharide interactions, and highly reac-
tive, that tend to form large aggregates, thereby affect 
the biomass deconstruction [14]. In lignin synthesis, the 
formation of lignin globule began with modules that con-
sist of various monomers. Then, the polymerisation of 
monomers formed supermodules and globules that made 

up a large number of supermodules [15]. In lignin aggre-
gation, Norgren et al. suggested that the modes of aggre-
gation starting from macromolecular lignin and the final 
product of fractal lignin clusters that has non-integer 
dimensionality of complex structures [16]. The modes of 
aggregation presented as dissolved macromolecules and 
few steps occurred during aggregation including lignin 
self-associates and colloidal lignin particles.

Lignin isolated via different process configuration can 
vary widely in physico-chemical properties. The sol-
vent concentration had influence on the lignin purity 
and recovery as well as the other physical, chemical and 
structural properties of lignin [6, 17]. In the context of 
growing interest in developing value-added applications 
for lignin, the relationship between solvent concentra-
tion and the resultant lignin macromolecules’ is complex. 
Associations of the lignin molecule under different con-
ditions vary: the rearrangement of the hydrogen bonds 
of hydroxyl group play major role and the availability of 
the hydroxyl group in soluble lignin extract could influ-
ence the physico-chemical properties of lignin aggregates 
in modifying and converting lignin into useful renewable 
materials. Lignin has a number of functional groups that 
can generate intermolecular and intramolecular hydro-
gen bonds, affecting its compatibility with other host 
matrices in bio-based formulation [18].

Therefore, the study explored the lignin aggregates 
deconstruction at different ethanol concentration of solu-
ble lignin extract by dilution. The investigation presented 
in this study is imperative and could facilitate improved 
understanding of structural complexity of soluble lignin 
extract behaviour obtained prior to lignin valorisation 
into valuable materials. Characterisation of the result-
ing soluble lignin extract was carried out by particle size 
analysis, light microscopy, imageJ and phenolic hydroxyl 
group analysis. Subsequently, the effect of two different 
solute or lignin concentrations using similar ethanol con-
centration on the efficacy by esterification was examined. 
This work is very important since there are no studies 
available in the literature concerning the use of soluble 
lignin extract directly after delignification or without 
recovering the lignin for lignin modification process. The 
latter was obtained by exploring the changes in chemical 
structure of modified lignin after esterification under dif-
ferent lignin concentrations, the variation in the chemi-
cal properties of lignin macromolecule was tentatively 
related to the replacement of hydroxyl groups by ester 
substituent [19]. This reduces the number of hydrogen 
bonds and causes an increase in the free volume in the 
molecule, imparting mobility of the chains on the ester 
group [20]. Information on the chemical characteristics 
of modified lignin should shed light on enhancing its 
potential uses in value-added polymeric materials.
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Methods
Materials
The lignocellulosic biomass used was air-dried Mis-
canthus x giganteus (MxG) provided by the Institute of 
Biological, Environmental and Rural Sciences (IBERS, 
UK) in collaboration with Phytatec (UK) Ltd. The bio-
mass was harvested in Aberystwyth, Wales, United King-
dom, and kept in a cool, dry and dark place throughout 
the study.

Biomass preparation
The steps taken for biomass preparation were performed 
using the methods developed within research group [21]. 
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  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 con-
ditions 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 [22].

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. The sequentially pro-
cessed 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 min prior to each hydrolysis 
step. Absolute ethanol (Fisher Scientific, UK) was used as 
reagents.

Biomass hydrolysis
The steps taken in extracting lignin in this work are out-
lined in Fig. 1. The MxG slurry was transferred to a 500-
mL stirred pressure vessel (Alloy C276, Parr, IL, USA). 
The reactor was closed and pressurised with the desired 
gas to 5 MPa. The set point temperature was increased to 
the set temperature and was kept stable during the reac-
tion 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 tem-
perature fell below 50  °C, the reactor was depressurised 
slowly to atmospheric pressure before the reactor was 
opened. Finally, the solution and solid fibres were sepa-
rated using a laboratory test sieve (BS410-1 size 45 μm, 
Endecotts Ltd, England) for biomass hydrolysis at 120 °C 
and 180  °C. The solid fibres were placed in the drying 
cabinet (65 °C) until it reached constant weight for later 
use within research group. The liquid fraction or filtrate 
for biomass hydrolysis at 200  °C was recovered by vac-
uum filtration through a Pyrex sintered disc porosity 2, 
rinsed with mixture of distilled water:ethanol (1:1).

The MxG was treated through a three-stage tempera-
ture profile sequential batch extraction method adapted 
from Hamzah et al. [23] to differentially separate extrac-
tives, hemicellulose, cellulose, and lignin. The first step 
applied subcritical water at 120  °C with an equilibrium 
time of 30 min and 5 MPa of nitrogen gas (compressed 
oxygen-free nitrogen, BOC, UK) to remove water-soluble 
extractives that could have interfered with the isolation 
and later analytical steps. The second step used a sub-
critical water at a regime of 180 °C and a reaction time of 
30 min under 5 MPa of nitrogen gas to hydrolyse hemi-
celluloses prior to delignification. The final step involved 
lignin extraction via a subcritical water with associated 
modifiers using a 1:1 ethanol–water mixture at 200 °C, a 
reaction time of 60 min, and 5 MPa of carbon dioxide gas 
(vapour withdrawal, BOC, UK).

Particle size analysis
Soluble lignin extract or known as filtrate from biomass 
hydrolysis at 200 °C containing 50% (by volume) of etha-
nol from the delignification process was used as starting 
material and diluted with water to different ethanol con-
centrations as shown in Fig.  2. The samples were ultra-
sound-treated for 10s at room temperature using 500 W 
Fisher Scientific™ Model 505 Sonic Dismembrator prior 
to measurement. The measurement of the diameters was 
carried out in triplicate and the results were reported as 
averages of reading.

Malvern Zetasizer Nano ZS
Lignin particle size was performed according to the pro-
tocol described with modification [24, 25]. Lignin particle 
size was analysed at 23  °C. The obtained size distribution 
represented the dependencies of the relative intensity of 
scattered light on the hydrodynamic diameter of lignin 

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 

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

Biom
ass hydrolysis

Fig. 1  Steps taken in extracting lignin
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particles. The intensity shows the contribution of a particle 
size mode to the intensity of scattered light.

Malvern Mastersizer 2000
A refractive index of 1.6 [26] and absorption of 0.01 for 
lignin were used by the instrument to calculate the parti-
cle size distribution [27]. Lignin particle size was analysed 
at 23 °C. 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.

Light microscopy (LM) analysis
0.01 mL of soluble lignin extract at different ethanol con-
centrations were examined under the LM (Olympus BX50, 
Japan) at 100× magnification equipped with a digital cam-
era (Motic MC35X, China).

ImageJ analysis
Using images captured by the light microscope, particle 
size analysis was conducted by ImageJ freeware (1.50v). 
Prior to particle size analysis, 10 recorded images were 
calibrated, despeckled to reduce noise and converted to 
grayscale. Image analysis captured a 2-dimensional image 
of a 3-dimensional particle and the projected area of lignin 
macromolecules (Eq.  1) enclosed by the outer contour of 
a particle from 2-dimensional image was analysed based 
on assumption that centre of mass (similar to centroid but 
brightness weighted) [28, 29]:

where A is projected area, μm2 and r is the radius of 
circle.

The circle equivalent diameter which is the diameter of 
a circle with the same area as the 2-dimensional images of 
the particle was calculated using Eq. 2 [28]:

where DCE is circle equivalent diameter and A is pro-
jected area, μm2.

(1)A = πr
2,

(2)DCE =

√

4A

π

,

The circularity, a dimensional value was determined 
based on the projected area and perimeter of the par-
ticle (Eq.  3). The circularity value is indicative of the 
importance of particle shape in the overall particle 
behaviour and interaction in terms of particle form 
and roughness, and therefore the reactivity of lignin 
macromolecules [30]. Lower circularity (C ≤ 1) indi-
cates that the lignin macromolecules are away from a 
perfectly round and smooth circle [28]:

where C is circularity, A is projected area, μm2 and P is 
perimeter, μm.

Phenolic hydroxyl group determination by ultraviolet–
visible (UV–Vis) spectroscopy
Phenolic hydroxyl group determination via UV–Vis 
was adapted according to protocol described with 
modification [31, 32]. 2  mL of soluble lignin extract 
at different ethanol concentrations is poured into two 
50-mL measuring flasks, one flask is filled to the mark 
with buffer solution at pH 6 (neutral media, buffer 
substance: potassium di-hydrogen orthophosphate and 
disodium hydrogen orthophosphate, Reagecon), and 
the second with 0.2  N NaOH (alkaline media, pH 14, 
Merck). After stirring, the solutions were poured into 
1-cm quartz cuvettes.

UV–Vis absorbance was recorded via a Cary® 50 
UV–Vis Spectrophotometers (Varian, Inc., USA) in the 
absorption region 200–450 nm, scan rate 600 nm/min, 
data interval 1 nm and average time 0.1 s. The absorb-
ance difference of the alkaline solution (ionised) with 
respect to the neutral solution (non-ionised) at 300 nm 
and 360 nm was measured. All experiments were done 
in triplicate. The average reading was calculated for 
determination of phenolic hydroxyl groups.

The concentration of total phenolic hydroxyl groups 
in mmol/g was calculated from Eqs.  4 and 5 [32, 33] 
and applied in this work:

(3)C =

√

4πA
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Fig. 2  Scheme of dilution for soluble lignin extract
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Values of ∆a (L/g/cm) were calculated according to:

where D is optical density/absorption, C is lignin concen-
tration in solution, mg/mL and l is cuvette width, 1 cm.

Synthesis of lignin fatty acid derivatives at different lignin 
concentrations
Preparation of soluble lignin extract at different lignin 
concentrations
Soluble lignin extract containing 50% (by volume) of eth-
anol from the delignification process was used as start-
ing material and diluted to different lignin concentrations 
as shown in Fig.  3. Two different lignin concentrations 
were chosen as the sample comparison for this study. The 
lignin concentration in the starting material was calcu-
lated following the determination of total solids in bio-
mass for liquid process samples [34], which gave 5  mg/
mL. The lignin concentration is expressed as mass solute 
in mg per volume solution in mL. The preparation of sec-
ond lignin concentration for diluted sample, 1  mg/mL 
using the similar ethanol concentration (50%) by volume 
was obtained using Eq. 6:

where M1 is the lignin concentration of soluble lignin 
extract at 50% ethanol concentration (5 mg/mL); V1 is the 
volume of soluble lignin extract at 50% ethanol concen-
tration (15  mL); M2 is the lignin concentration of solu-
ble lignin extract (1 mg/mL); V2 is the volume of soluble 
lignin extract at 50% ethanol concentration for 1 mg/mL, 
Y mL; and the amount of ethanol–water mixture (1:1) 
need to be added to the soluble lignin extract, X mL.

Lignin esterification
Lignin-fatty acid derivatives were synthesised using a 
method described by [35] with modification [33], which 
the soluble lignin extract was used directly for analy-
sis. Lignin esterification was performed for 5 and 1 mg/
mL of soluble lignin extract to enable comparison of the 
chemical properties of esterified lignin at both these con-
centrations. 15  mL of soluble lignin extract was placed 
into a 250-mL beaker and stirred with a magnetic stir-
rer. Pyridine (2.75 mL) (Sigma-Aldrich, United Kingdom) 
was used as catalyst and dodecanoyl chloride (0.9  mL) 
(Sigma-Aldrich, United Kingdom) was added into the 
soluble lignin extract. The reaction was carried out 
at 20  °C for 2  h, after which the solution was decanted 
directly into 650  mL of 2% ice-cold hydrochloric acid 

(4)[OHtotal] = 0.250�a300nm + 0.107�a360nm.

(5)�a = D/Cl,

(6)V2 =
(M1 × V1)

M2

,

(VWR, United Kingdom) and stirred for 5 min, result-
ing formation of a brownish ester layer at the top of a 
yellowish solution, mainly consisting of the excess acid, 
alcohol and water which separated under the ester layer. 
The ester layer was separated via a Buchner funnel with 
filter paper (Fisher Scientific, Qualitative, 150 mm), and 
washed with excess distilled water and ethanol (1:1) to 
remove unreacted fatty acids. Then, the esterified lignin 
was further directly analysed for its chemical structure 
characterisation via Fourier transform infra-red (FTIR).

FTIR analysis
FTIR analysis was performed without any pre-treatment 
for the samples. The IR spectra measurements were taken 
via a Nicolet 380 FTIR-Thermo Electron Corporation 
over a spectral range from 4000 to 600 cm−1 with resolu-
tion of 4 cm−1 and accumulation of 32 scans.

Results and discussion
Particle size analysis by Zetasizer Nano ZS
Figure 4 shows a gradual decrease in the average particle 
size of lignin macromolecules as the ethanol concentra-
tion is decreased.

Particle size distributions are shown in Fig.  5a, b for 
ethanol concentrations of 50%, 40% and 30%; and 20%, 
10%, and 1% ethanol concentrations of soluble lignin 
extract, respectively.

The behaviour is complex: bimodal distributions are 
obtained at 50% and 10% ethanol concentration, poly-
modal distributions are observed at 40 and 30% ethanol 
concentration whereas, 20 and 1% ethanol concentra-
tion have a unimodal distribution, respectively. To elu-
cidate the features of the particles in more detail, LM 
was carried out and is described further. At 50% etha-
nol concentration of soluble lignin extract, the particle 
size distribution showed population of large particle size 
between 712 and 4801 nm. Figure 6a of LM images shows 
that the population of large particles also was observed. 
Whilst the overall trend appears to be a reduction of par-
ticle size with reducing ethanol concentration, at 40% 
ethanol concentration, two different particle populations 
are observed; a population of small particle between 295 
and 495 nm. Figure 6b illustrates the evolution of lignin 
aggregates behaviour (dotted circle—small particles) of 
40% ethanol concentration of soluble lignin extract.

50% ethanol concentration
(210 mL)

Lignin concentration: 5 mg/mL

50% ethanol concentration
(Y  =15 mL +X mL)

Lignin concentration: 1 mg/mL

15 mL (ethanol:water – 1:1)

Fig. 3  Scheme of dilution for soluble lignin extract of 5 and 1 mg/mL
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When reducing from 40 to 30% ethanol concentra-
tion of soluble lignin extract, the partitioning behaviour 
of lignin aggregates can be distinguished, where popu-
lation of large particles segregated into sub-population 
of smaller particle (712 and 4145 nm; 342 and 712 nm). 
However, at 30% ethanol concentration large aggregates 
are observed, which is in accordance with the fact that 
range population of small particle increase from 295 
and 495 nm (40% ethanol concentration of soluble lignin 
extract) to, 342 and 712 nm. LM results for the 30% etha-
nol concentration are given in Fig. 6c, showing both large 
and small aggregates.

20% ethanol concentration of soluble lignin extract 
exhibited particle size distribution with a population 
large particle between 825 and 4801 nm, probably mainly 
reflecting that the particle population appears surpris-
ingly large and the behaviour of lignin aggregates at 20% 
ethanol concentration was inexplicable phenomena. The 
eccentric behaviour of 20% ethanol concentration of 
soluble lignin extract was to found to be in agreement 
with the optical microscopy imaging analysis depicted in 
Fig. 6d.

The particle size distribution at 10% ethanol concen-
tration of soluble lignin extract showed a population of 
small and large aggregates, with populations between 
169 and 6439 nm (Fig. 6e). Figure 6f shows optical image 
of 1% ethanol concentration of soluble lignin extract, 
where the particles size obtained were between 106 and 
1281 nm. The range of particle size for lignin aggregates 
of 1% ethanol concentration was apparently smaller in 
comparison to the lignin aggregates of 10% ethanol con-
centration of soluble lignin extract.

Comparison of Zetasizer Nano ZS with Mastersizer 2000
In attempt to capture the significance and comparable 
findings between the particle size analysis with Zetasizer 
Nano ZS with other instruments, a series of analysis for 

each of soluble lignin extract at different ethanol concen-
trations was performed via Mastersizer 2000. Detailed 
information regarding the particle size of soluble lignin 
extract at different ethanol concentrations is reported in 
Table 1.

The Sauter mean diameter D3,2 obtained by Mastersizer 
2000 shows a downward trend with decreasing ethanol 
concentration apart from a local increase at 10% and 20% 
ethanol concentration. There is a remarkable drop at 1% 
ethanol concentration; the value here approaches the res-
olution limit of the instrument; thus, it fails to provide an 
accurate result.

While the surface mean diameter follows a decreas-
ing trend of average particle size from 50 to 30% ethanol 
concentration due to breakdown of large particles into 
population of small particles of lignin aggregates, at 20% 
ethanol concentration the value increased up to 6.0  μm 
as the population of large lignin aggregates increased. 
The other two fractions at 10% and 1% ethanol concen-
tration of soluble lignin extract showed a marked drop; 
it may be speculated that the low ethanol concentration 
resemble complex formation of lignin aggregates, which 
affected the measurement of particle size analysis via 
Mastersizer 2000.Fig. 4  Particle size at different ethanol concentrations of soluble 

lignin extract

Fig. 5  Particle size distribution of soluble lignin extract by Zetasizer 
Nano ZS. a 50, 40 and 30% ethanol concentration. b 20, 10 and 1% 
ethanol concentration
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The 50% ethanol concentration of soluble lignin extract 
showed that Dv10 of particles population have the diame-
ter smaller than 3.0 μm, while Dv90 of particle population 
have the diameter smaller than 13.4  μm. The particles 
exhibited a tendency to form aggregates which increases 
with decrease of solute concentration from 50 to 40% 
ethanol concentration. The particle size distribution 
recorded on Mastersizer 2000 for 40% ethanol concen-
tration of soluble lignin extract indicated that Dv10 of the 
sample had diameter smaller than 7.9 μm whereas Dv90 of 
the sample had diameter smaller than 29.3 μm.

The data of Mastersizer 2000 in Table 1 indicated that 
there has a gradual decrease in particle diameter for Dv10 
of the sample from 30 to 1% ethanol concentration of 
soluble lignin extract. Nevertheless, Dv90 of the sample 
showed a decrease in particle diameter from 30 to 20% 
ethanol concentration, slight increase from 20 to 10% 
ethanol concentration, and slight decrease from 10 to 1% 
ethanol concentration of soluble lignin extract. The vari-
ation in the trends in the particle diameter profile might 
be explained by the aggregation or disaggregation of par-
ticles due to the change of particle and their subsequent 
interaction with the solvent. This includes the motion of 
solvent relative to the particles that affected the breakage 
of particle [36].

Theoretically, an increase of ethanol concentration 
resulted in more dispersion or aggregation of particles 
in the ethanol–water mixture [38, 39]. As dispersion 
increases, the particles of molecules decrease [39, 40]. 
High dispersion of lignin macromolecules also has a 

broad particle size distribution. Overall, the results in 
this study also showed discrepancies with the theory. 
The reason for this rather discrepancies result is still 
not entirely clear. A possible explanation of contradict 
lignin aggregates behaviour may be that lignin is an 
amphiphilic polymer that contains both hydrophobic 
and hydrophilic segments besides possesses self-assem-
bly behaviour [41]. The hydrophilic segments of lignin 
macromolecules had an affinity to ethanol, whereas the 
hydrophobic segments of dissociated lignin aggregate 
into spherical or rounder shape in the ethanol–water 
mixture [41–44]. The interaction between amphiphilic 
properties of lignin and mixture of solvents was very 
selective and complicated [45, 46]. A greater focus on 
lignin solubility parameters and yields of fractionated 
in ethanol–water mixture is suggested to be conducted 
in future and these results could produce interest-
ing findings that account more for hydrogen bonding 
capacity properties.

ImageJ analysis
In an attempt to evaluate the relationship between 
different ethanol concentrations with average circle 
equivalent diameter and circularity of lignin aggregates, 
analysis of LM images was carried out via the freeware 
ImageJ. The lignin aggregates behaviour, therefore, 
needs to be interpreted with caution since the lignin 
aggregation was very selective according to particu-
lar ethanol concentrations. Figure 7 shows the average 

Fig. 6  LM images of a 50% b 40% c 30% d 20% e 10% f 1% ethanol concentration of soluble lignin extract
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circle equivalent diameter and circularity against etha-
nol concentrations of soluble lignin extract.

Generally, 11.91 μm of average circle equivalent diam-
eter was observed for 50% ethanol concentration and the 
average circle equivalent diameter was reduced at 40% 
ethanol concentration of soluble lignin extract (7.43 μm). 
However, the reduction of ethanol concentration from 40 
to 30% and 20% of soluble lignin extract showed a slight 
rise in the average of circle equivalent diameter of 9.54 
and 13.34  μm, respectively. A decrease in the average 
circle equivalent diameter was identified towards low-
est ethanol concentration from 10 to 1% of soluble lignin 
extract, 5.45 and 4.18  μm, respectively. The explanation 
for the distinct aggregation phenomena is the selective 
stability of particulate matter when dissolved within a 
mixture of solvent environment [47]. The various aggre-
gation driven at different ethanol concentrations may 
be affected by particle size, shape, flexibility interaction 
between the particles as well as particles and solvent [48, 
49].

Overall, the solvation of solute including solute–sol-
vent and solvent–solvent interactions affects lignin 
aggregates’ behaviour. Furthermore, there was differ-
ence in specificities in the interaction of the lignin with 
two constituent solvents, ethanol and water [46]. The 
interaction of lignin aggregates was very complicated; 
either the solute could be demonstrated to be respon-
sible for the aggregates clustering with one component 
of solvent mixture or solvating in the mixture of sol-
vent aggregates [50]. There are various factors that drive 

particle aggregation including the type and concentra-
tion of solutes in solution as well as other environmental 
conditions, i.e. temperature, solvent type, pH, and ionic 
strength [51]. Another important factor that influences 
the tendency of particle aggregation is the attractive and 
repulsive colloidal interactions between aggregates such 
as van der Waals, steric, electrostatic, and hydrophobic 
forces [51, 52].

The average circularity parameter determines the 
divergence of a particle from a circle (C = 1) due to the 
change of particle elongation or increase of surface area 
[30]. Therefore, the average circularity describes the par-
ticle morphology of lignin macromolecules at different 

Table 1  Comparison of particle size of soluble lignin extract at different ethanol concentrations

D diameter, v volume
a Dv10 = the maximum particle diameter below which 10% of the sample volume exists
b Dv50 = the maximum particle diameter below which 50% of the sample volume exists
c Dv90 = the maximum particle diameter below which 90% of the sample volume exists
d D3,2 = surface area mean diameter

Soluble lignin extract at different 
ethanol concentrations (%)

Particle size

Particle diameter from Zetasizer Nano ZS (nm) Particle diameter from Mastersizer 2000 (μm)

Particle size distribution Particle size aDv10
bDv50

cDv90
dD3,2

50 712.4–1718.0
1718.0–4801.0

3001.8 3.0 6.7 13.4 5.4

40 295.3–458.7
615.1–1484.0
1484.0–4801.0

2743.6 7.9 16.3 29.3 3.6

30 342.0–712.4
712.4–1484.0
1484.0–4145.0

2172.9 6.0 13.1 25.8 3.7

20 825.0–4801.0 1815.7 3.5 7.10 13.2 6.0

10 164.2–531.2
531.2–6439.0

1144.9 1.9 5.9 15.0 4.8

1 105.7–1281.0 331.7 0.1 2.2 13.0 0.4

Fig. 7  Average circle equivalent diameter and average circularity at 
different ethanol concentrations by ImageJ
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ethanol concentration. The low circularity value indi-
cates that the lignin macromolecules are misshapen and 
irregular lumps rather than defined circular particles. 
The average circularity increased from 50 to 40% etha-
nol concentration of soluble lignin extract (0.65 to 0.68), 
indicating the breaking of large lumps into small pieces. 
There was a steady decreased in the average circularity 
from 30 to 20% ethanol concentration of soluble lignin 
extract (0.66 to 0.51) due to the re-aggregation of particle 
creating more large lumps. An upward trend in the aver-
age circularity was observed towards reduction of etha-
nol concentration from 10 to 1% ethanol concentration of 
soluble lignin extract, 0.70 and 0.75, respectively, which 
showed that the lignin macromolecules are more small 
and round.

When comparisons were made between the high-
est ethanol concentration (50%) and the lowest ethanol 
concentration (1%) of soluble lignin extract, the findings 
showed that dilution of soluble lignin extract from 50 
to 1% decreased the average circle equivalent diameter 
and increased the circularity. The diluted soluble lignin 
extract used by adding more water into the mixture of 
ethanol and water solution of soluble lignin extract could 
disrupt the aggregates stability, facilitate and break up 
the proportion of large lumps of lignin macromolecules 
to small fragments of aggregates. Hence, the reducing of 
lignin macromolecules can increase the surface area and 
more particles are available to react, thus speeding up the 
reaction rate for chemical processes [53].

Here, it has been suggested that the molecular struc-
ture of lignin is highly polar with a large number of 
hydroxyl (–OH) groups, have tendency for particle aggre-
gation due to the interaction of hydrogen-bonded com-
plexes such as the O–H stretching bands, O–H bonds of 
phenols and alcohol as well as C=O stretching that would 
affected the lignin and solvent interaction [45]. Therefore, 
the study would more convincing if a firm knowledge of 
the hydrogen bonding properties of hydroxyl group in 
lignin aggregates and their potential interactions with 
different ethanol concentrations in addition to structural 
assembly mechanism could be approached.

Phenolic hydroxyl group determination
The analysis of lignin functional groups, specifically phe-
nolic hydroxyl groups offers various opportunities for 
further reactions of the lignin into useful products. The 
properties of a natural polymer such as lignin make such 
an analysis difficult due to the complex structure, poly-
functional properties and limited solubility, especially 
if it has been modified chemically [32]. Nonetheless, 
there are available methods for phenolic hydroxyl group 
determination that are de facto accurate for qualitative 
or quantitative analysis. The determination of phenolic 

hydroxyl groups may also help to explain the complex 
particle size and morphology phenomena observed in the 
previous sections.

To comprehend further estimation of phenolic 
hydroxyl group present in soluble lignin extract at differ-
ent ethanol concentrations, the phenolic hydroxyl group 
contents examined by UV–Vis are presented in Fig. 8.

Figure 8 shows that the total phenolic hydroxyl group 
increased from 50 to 10% ethanol concentration of 
soluble lignin extract. Conversely, the total content of 
phenolic hydroxyl group decreased at 1% ethanol con-
centration of soluble lignin extract. This might be due 
to the samples analysed do not accurately represent the 
entire population of lignin in the ethanol–water mixture, 
which may have affected the accuracy of the method. 
Overall, the highest result of total phenolic hydroxyl 
group at 10% ethanol concentration is similar to those 
reported by Jääskeläinen et al. [53]. In the ethanol-based 
fractionation, they reveal that these units were highest 
at 10% soluble solvent concentration compared to other 
lignin fraction. One plausible theory suggests that dur-
ing the lignin depolymerisation, the β-ether linkage, the 
most prevalent inter unit connection in lignin is cleaved, 
resulted lower molar mass and a new phenolic hydroxyl 
group is introduced [53, 54]. A similar phenomenon has 
also been previously reported for different types of green 
solvent fractionation process [55, 56].

A descending trend was observed in which the aver-
age particle size obtained by Zetasizer decreased as the 
ethanol concentration decreased. The results obtained 
by Mastersizer more related to the aggregation behav-
iour based on the particle size distribution of Zetasizer. 
Overall, the results of the total determination of phenolic 
hydroxyl group delineated the results of particle size 
analysis by Zetasizer with the exception of 1% ethanol 
concentration. The results of quantitative determination 
of phenolic hydroxyl groups demonstrated a potential 
indicator of lignin potential reactivity prior modifica-
tion and further lignin valorisation [54]. These findings 
suggest that a decrease in ethanol concentration cre-
ates more sub-population of aggregates that reduces the 
average particle size and provides more availability sur-
face area of hydroxyl groups especially phenolic hydroxyl 
groups as reactive sites for further study of lignin modifi-
cation via esterification process.

Given that the fact this study was only a preliminary 
attempt to assess the effect of ethanol concentration on 
lignin aggregation behaviour, it is hardly surprising that 
the results showed a complex structural lignin macro-
molecules dispersion or assembly. It is worthwhile if the 
validation of availability of phenolic hydroxyl groups in 
the soluble lignin extract at different ethanol concentra-
tions also could be performed via other methods such as 
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potentiometric titration and nuclear magnetic resonance 
spectroscopy in future prior to lignin modification via 
esterification process.

Esterification of lignin was expected to be an easy route 
to improve the physico-chemical properties of lignin, 
thus significantly expanding lignin potential for various 
industrial applications [58]. In lignin modification pro-
cesses, it might be postulated that the high content of free 
hydroxyl groups in lignin could be substituted by ester 
groups, to provide more reactive sites for lignin reactiv-
ity. The usual approach to modify lignin via esterification 
is to dissolve lignin in a powder form into various solu-
tions such as dimethylformamide and dioxane prior to 
synthesis of esterified lignin. Here, a less costly approach 
is suggested to use directly soluble lignin extract of 
water–ethanol mixture (50% by volume of ethanol) after 
delignification of sequential extraction processing routes 
for lignin modification process. The lignin concentration 
of soluble lignin extract after delignification for sequen-
tial extraction processing routes was 5  mg/mL. It was 
recommended that the comparison for the esterification 
study was conducted between 5 mg/mL and lower lignin 
concentration than 5  mg/mL of soluble lignin extract 
using similar ethanol–water composition (50% by vol-
ume), 1  mg/mL. The comparison of esterification reac-
tion between different lignin concentrations attempted to 
demonstrate the effect of different availability of hydroxyl 
groups on chemical properties of esterified lignin.

FTIR analysis
The FTIR spectra of the resulting solid fraction of modi-
fied lignin at 5 and 1  mg/mL lignin concentration are 
compared in Fig.  9. Additional samples of liquid frac-
tion via lignin esterification were analysed for compari-
son study (1) filtrate, (2) dodecanoyl chloride; and (3) 
blank solution contains ethanol–water mixture (50% by 

volume), pyridine, dodecanoyl chloride and 2% of ice-
cold hydrochloric acid.

The wavenumbers at 3400, 2938, 2850, 1800, 1760, 
1740, and 1700  cm−1 of FTIR spectra could be used as 
physiological fingerprints to assess the efficacy of esterifi-
cation process. The presence of 3400 cm−1 (region I) was 
noted with broad intensity at 5 mg/mL (0.04) rather than 
1 mg/mL (0.03), and the wavenumber of 3400 cm−1 was 
attributed to O–H stretching of aromatic and aliphatic 
hydroxyl groups [59–61]. The peak of 3400 cm−1 at 1 mg/
mL becomes more flattened. As hypothesised, the find-
ings showed that more material or lignin concentration 
in the soluble lignin extract, the more source of O–H 
bonds in the esterified lignin.

When comparison was made to modified lignin 
prepared to 1  mg/mL, the region II and III in Fig.  9 of 
modified lignin from 5  mg/mL showed no difference 
in intensity of the peaks around 2938, 2850, 1760 and 
1740  cm−1. Strong absorptions at 2938 and 2850  cm−1 
of modified lignin (region II) at both lignin concentra-
tions arise from long chain alkyl groups (aliphatic car-
bon) which are present in fatty acid chloride, dodecanoyl 
chloride [35], and the CH stretching vibrations in methyl 
and methylene groups [62]. A clear evidence of a sharp 
intensity peak at 1760 and 1740 cm−1 (region III) at both 
lignin concentrations that related to aromatic and ali-
phatic ester bonds were observed [63]. This indicates that 
the esterification process was successful.

Given that the findings of modified lignin showed the 
esterification was successfully conducted at both lignin 
concentrations, the results from such FTIR analysis 
should thus consequently be compared with the filtrate, 
dodecanoyl chloride and blank solution of FTIR spectra 
to support the evidence of esterification efficacy. Dode-
canoyl chloride is the C12 fatty acid chloride that reacted 
with lignin to form ester. Upon filtration after esterifica-
tion process, esterified lignin was separated from the fil-
trate. The filtrate may consist of ethanol, water and 2% 
of ice-cold hydrochloric acid. The chemical modification 
via esterification was confirmed by FTIR and the spectra 
of the filtrate, dodecanoyl chloride and blank solution of 
each lignin concentration are shown in Fig. 10.

The spectra between modified lignin at both concen-
trations were compared with the spectra of dodecanoyl 
chloride. The disappearance peak of dodecanoyl chloride, 
1800 cm−1 associated to COCl and 1700 cm−1 referred to 
dodecanoyl acid in Fig. 10 (labelled as I), strongly support 
that the modified lignin does not contain any traces of 
unreacted fatty acid [35]. Figure 10 shows that the spec-
tra of filtrate had a similar chemical characterisation with 
the spectra of blank solution. Both spectra, filtrate and 
blank solution were dominated by water at 5 and 1 mg/

Fig. 8  Total phenolic hydroxyl group and average particle size at 
different ethanol concentrations
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mL lignin concentrations, in turn the spectra produced 
were overlap with other modes of interest.

In general, the findings of this study implied that esteri-
fication works well with both lignin concentrations, 5 
and 1 mg/mL of soluble lignin extract. However, the uti-
lisation of 1 mg/mL lignin concentration of soluble lignin 
extract is not feasible for lignin modification process. 
Taking into account of high dilution may lead to excessive 
energy costs in process if using 1 mg/mL lignin concen-
tration of soluble lignin extract, it is recommended the 
soluble lignin extract produced from sequential extrac-
tion processing routes that had 5 mg/mL lignin concen-
tration is used directly for lignin modification process.

Conclusion
In summary, given that the fact of this study was only a 
preliminary attempt to assess the effect of ethanol con-
centration on lignin aggregation behaviour, it is hardly 
surprising that the results showed a complex structural 
lignin macromolecules dispersion or assembly. Low aver-
age particle size could be effectively produced at lowest 
ethanol concentration of soluble lignin extract. Never-
theless, these findings need to be interpreted with cau-
tion due to the dispersion cannot lead to particle size or 
molecular weight reduction. In a study lignin aggregation 
behaviour at different ethanol concentration, the reduc-
tion of particle size and the availability of hydroxyl group 
has thrown up many questions in need of further inves-
tigation. Further research should be concentrated on the 
validation of particle size and determination of hydroxyl 
groups via different established methods. Understanding 
selective lignin behaviour offers valuable insight into bio-
replacement ratio functionalities and allows the chemical 
transformation of lignin streams in bio-based industrial 
applications.

The present study makes noteworthy contributions 
that an efficient process for completely separating main 
biomass components in a biorefinery approach produces 
soluble lignin extract that provides high availability of 
hydroxyl groups in addition to hemicellulose and cel-
lulose recovery. The available reactive hydroxyl groups 
in lignin offer exciting possibilities for lignin chemical 
modification. Moreover, a less time consuming and less 
costly method to use directly the soluble lignin extract 
instead to dissolve lignin powder in the solvent, is rec-
ommended for lignin chemical modification. The modi-
fied lignin under esterification derived using the soluble 
lignin extract directly from sequential extraction (5 mg/
mL) could be used further with increased functionalities 
in the bio-replacement ratios and facilitated the chemical 
transformation of lignin stream in bio-based industrial 
applications.
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