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ABSTRACT: The valorization of industrial lignin essentially
requires fractionation resulting in lower structural heterogeneity
and polydispersity. So far, extensive fractionation approaches based
on extraction with solvents, gradient acid precipitation, and
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membrane-based filtration have been developed to reduce the .S‘*
polydispersity and heterogeneity of technical lignins. However, 2
most reports tend to overlook the lignin fraction that bonded with

carbohydrates or the so-called lignin carbohydrate complex \ 2
(LCC), which always coexists in the initial lignin sample and can %
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Selectively dissolved in solvents with high 8%

significantly affect the properties of lignin, including its
homogeneity and solubility. In this study, we evaluated the ability
of 13 organic solvents to separate lignin bonded with
carbohydrates. It was found that carbohydrates could only be
detected when the hydrogen bonding capacity (6H) of solvent was no less than 8.0 (the SH of tetrahydrofuran, THF). Based on this
result, eight lignin fractions with trace/large amounts of carbohydrates and decreased heterogeneity were obtained using an elaborate
sequential solvent extraction approach. The following properties of each lignin fraction were compared: elemental composition,
carbohydrate content, molar mass, hydroxyl group content, and thermal properties. In addition, we also studied the ability of these
lignin fractions to form lignin nanoparticles and confirmed that fractions with trace amounts of carbohydrates were able to form
uniform spherical lignin nanoparticles (LNPs) than those with large amounts of carbohydrates bonded fractions. In short, this study
provided a profound understanding of the role of the carbohydrates bonded to lignin on the fractionation of lignin by organic
solvents, further demonstrating how carbohydrates influence the characteristics of lignin.
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Bl INTRODUCTION

Lignin is the most abundant aromatic polymer derived from
wood and nonwood plants. It is acknowledged as a highly
heterogeneous polymer consisting of three different mono-
meric units (C3—C6 units), namely, p-coumaryl alcohols,
coniferyl alcohol, and sinapyl alcohol, which are disorderly
bonded together within the enzymes-mediated dehydrogen-
ation/radical coupling reaction in plants.' ™ Lignin macro-
molecules have several characteristic functional groups:
phenolic and aliphatic hydroxyls, carboxylic, methoxy, and
carbonyl groups, which offer enormous potential for chemical
modifications and thereby facilitate the valorization of lignin in
various fields.* So far, a great deal of research has been devoted
to developing ways of lignin utilization, for example, to
converting lignin into phenolic compounds using catalytic

approaches,” to preparing lignin-derived copolymer materi-
67

However, the valorization of lignin is still limited due to the
lack of well-refined lignin sources, even though millions of tons
of lignin, the byproduct of industrial lignin to be precise, are
annually retrieved from wood in pulp and paper manufacturing
and other biorefinery processes.'> The reason could be that the
structure of lignin is not only extremely complex and diverse in
its native state but that it can also be profoundly changed when
different chemical delignification methods are used during the
pulping or biorefinery processes.' On the other hand, the
industrial lignins are always complex mixtures containing
various components: chemical residues, nonlignin relevant
substances from wood extractives, numerous degradation
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als,”” and to exploring its potential in the biomedical field,

such as in the subfield of antibacterial materials,”’ nano-
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medicine, tissue engineering, "~ and so on.
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products, and especially the variable content of carbohydrates
covalently bonded with lignin, which could result in significant
discrepancies in the physicochemical properties of lignin and
then consequently influence its behavior in downstream
applications. For example, it was reported that the carbohy-
drates covalently bonded to lignin could seriously affect it
solubility in solvents.'” Moreover, it was also reported that the
needed concentration of lignin with carbohydrates to inhibit
50% of chondrocyte cell (ICS0) was higher than the required
concentration of lignin almost free of carbohydrates, which
suggested a difference in biocompatibility among lignin
fractions with or without carbohydrates.'® Thus, the potential
differences between lignin and carbohydrate covalently bonded
lignin (or the so-called lignin carbohydrate complex, LCC)
should be seriously considered regardless of the lignin
fractionation and applications.

The transformation of industrial lignin into a value-added
material by fractionation has been carried out for a long time.
One of the current research goals is to fractionate lignin
components that are controllable in terms of their molecular
distribution, as well as the abundance of different functional
groups and interunit bonds.'” Up to now, the prevalent
approaches for the fractionation of industrial lignin have
usually depended on solvent extraction including single solvent
and sequential solvent extraction, selective acid precipitation at
reduced pH values, and membrane ultrafiltration.”” Using
these methods, lignin fractions with a narrow molar mass can
be targeted; however, the coexistence of complicated and
varying LCC in both molar mass and total content makes
controlling the quality of lignin challenging. Therefore,
successful separation of lignin with/without carbohydrates is
meaningful both for decreasing the heterogeneity of lignin and
for facilitating lignin applications according to its structural
characteristics.

Studies done on the dissolution of lignin in organic solvents
have revealed interesting dissolution behaviors for lignin. By
identifying the solubility of lignin in various organic solvents,
Schuerch has concluded that solvents with a considerable
hydrogen bonding capacity or basic strength can increase the
dissolution of lignin fraction with higher molar mass.” For
example, dioxane always showed better performance than
acetone and ethers in dissolving various lignins.3 In addition,
experiments have also proven that the solubility of lignin could
increase gradually with decreasing hydrocarbon chain length in
homologous alcohols.””™*! Moreover, in order to understand
the potential influence of solvents on lignin dissolution, and to
look for a rational solvent sequence to perform lignin
fractionation, the solubility parameter theory of Hildebrand
and the Hansen solubility parameter (HSP) have been
employed to study the potential relationship between lignin
solubility and common industrial solvents, which provided
both experimental and theoretical directions for lignin
fractionation.”” According to Hildebrand theories, it was
reported that the solubility parameter of lignin is in the
range 12—28 (cal/ cm®)!/2 depending on the lignin sources and
pulping process.”” However, the Hildebrand solubility
parameter was inapplicable for polar solvents; thus, the HSP
theory (6* = 6°D + 6°P + 6°H) relating to dispersion forces
(6D), polar interactions (6P), and hydrogen bonding (6H)
was proposed for studying the correlation between lignin
solubility and solvent properties.””** However, although it was
reported that ambiguous types and quantities of carbohydrates
that are covalently bonded to lignin would greatly affect the

solubility of lignin in organic solvents,'”**** the potential

effect of carbohydrates covalently bonded with lignin on its
dissolution in various organic solvents was usually overlooked
in earlier studies,'”*® where the theories of Hildebrand and
Hansen solubility parameter were employed.

In a previous study,’® we carried out the sequential
extraction by the solvent order of methyl fert-butyl ether
(MTBE), ethyl acetate (EtOAc), ethanol (EtOH), methanol
(MeOH), acetone (dimethyl ketone, DMK), and dioxane to
study the component characteristics of industrial softwood
kraft lignin. One interesting finding was that the obvious
carbohydrate signals were only detected from the fractions
extracted by EtOH, MeOH, and dioxane, which are solvents
with a higher hydrogen bonding ability. This result indicated
that the solubility of lignin with trace/larger amounts of
covalently bonded carbohydrates varies significantly in solvents
with different hydrogen bonding abilities. In other words, it
would be possible to separate lignin without LCC contami-
nation by controlling the solvent hydrogen bonding ability. To
verify this hypothesis, in this study, we preliminarily compared
the carbohydrate content of lignin fractions that were extracted
alone by several commonly used organic solvents in lignin
chemistry. Whereafter, a new solvent sequence is proposed to
separate narrow molar mass lignin fractions with trace/large
amounts of carbohydrates. We also discuss the characteristics
variation of lignin in the thermal properties and in the
formation of lignin nanoparticles.

B MATERIALS AND EXPERIMENT

Softwood Kraft lignin (KL) powder (UPM BioPiva 350) was
obtained from UPM FOREST (Finland). According to our previous
study,”® this kind of technical grade lignin contains plenty of
impurities, such as wood extractives, carbohydrates, inorganics, and
polysulfide. Therefore, the lignin sample was first purified with acidic
water (pH, 2.5) and then repeatedly extracted by methyl tert-butyl
ether (MTBE) until no extractive signals, such as resin acids and fatty
acids, could be detected by gas chromatography—mass spectrometry
(GC—MS) from the concentrated MTBE solution.

Solvent Screening. Thirteen organic solvents, dimethyl sulfoxide
(DMSO), N,N,-dimethylformamide (DMF), dioxane, tetrahydrofuran
(THF), pyridine, acetone, MeOH, EtOH, EtOAc, isopropanol,
dichloromethane (DCM), diethyl ether, and hexane (all in HPLC
grade) were used to carry out a single-solvent extraction. In general,
300 mg of prepurified lignin was added to a 15 mL centrifuge tube,
and then, lignin was extracted with a moderate volume of the
mentioned solvents repeatedly by mechanical shaking until an almost
colorless supernatant was finally obtained. The liquid supernatant of
each solvent was collected and combined after a solid—liquid
separation by centrifugation at a speed of 12 500 rcf for S min.
Note, the lignin needed to be dispersed well by vortex or ultrasound
during each repetition, and the final residue was dried and weighted
for the calculation of fractionation yield. Due to the different boiling
points of each solvent, the fractions were concentrated by a rotary
evaporation and then dried in a vacuum oven or to remove solvents
by dialysis (DMF and DMSO only) in distilled water through a
regenerated cellulose dialysis membrane with a molar mass cutoff of
of 1000 Da. The lignin dispersed in the dialysis membrane was
collected and freeze-dried and then dried by a freeze-dryer. The
carbohydrate in each fraction was qualitatively analyzed by the acid
methanolysis method and determined with a gas chromatograph
combined with a flame ionization detector (GC-FID).

Sequential Extraction of Lignin. Based on the results of solvent
screening, DMK, EtOH, MeOH, EtOAc, and THF were used for
sequential lignin fractionation. First, 10 g of prepurified and dried KL
were first extracted by DMK repeatedly and until an almost colorless
liquid finally presented to separate lignin fraction with a trace amount
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Table 1. Properties of Organic Solvents, the Extraction Yield of Each Solvent, and the Carbohydrate Content”

Hanson solubility parameter®®

molar

volume™

solvent 8D (MPa'’?) 6P (MPa'/?) SH (MPa'/?) cm® mol ™
DMSO 18.4 16.4 10.2 71.3
DMF 17.4 13.7 17.4 77.4
dioxane 17.5 1.8 9.0 85.7
THF 16.8 5.7 8.0 81.7
pyridine 19.8 8.8 5.9 80.9

DMK 1S8.5 10.4 5.7 74

MeOH 14.7 12.3 223 40.7
EtOH 15.8 8.8 19.4 58.6
EtOAc 15.8 53 7.2 98.6
isopropanol 15.8 6.1 16.4 76.8
DCM 18.2 6.3 6.1 63.9
diethyl ether 16.4 2.9 S.1 104.8
hexane 14.9 0 0 131.6

Hildebram%;solubili? carbohydrates

parameters”™ (MPa'?)  £** (293.2k) bp34 (°C) yield (wt%) content
24.5 47.24 189 96% +
24.1 38.25 153 95% +
20.7 222 101.5 85% +
18.6 7.52" 65 82% +
21.7 13.26 115.23 83% +
19.6 20.1 56.05 67% -
29.7 32.6 64.6 55% +
26.2 253 78.29 45% +
18.2 6.08 77.11 25% -
24.5 19 82.3 8% +
20.0 8.9° 40 10% -
15.1 4.3 34.5 ny na
14.9 1.89 68.73 ny na

(6D, dispersion; 6P, polarity; 6H, hydrogen bonding; 8, solubility; ¢, dielectric constant; b,, boiling point). bat 295.2K. “at 298.0 K; ny, negligible

yield; +, large amount of carbohydrate; —, trace amount of carbohydrate; na, nonanalyzed for its lower yield. Abbreviations: dimethyl sulfoxide

DMSO); N,N-dimethyl formamide (DMF), tetrahydrofuran (THF), acetone (dimethyl ketone, DMK), methanol (MeOH), ethanol (EtOH),
Y % Y

ethyl acetate (EtOAc), and dichloromethane (DCM).

of carbohydrates (LG-TCO) and the insoluble fraction with a large
amount of carbohydrate (LG-LCO). Then, LG-TCO was divided into
four fractions by sequential extraction, namely, EtOAc-soluble (LG-
TC1), EtOH-soluble (LG-TC2), MeOH-soluble (LG-TC3), and
residue out of LG-TCO (LG-TC4). LG-LCO was sequentially
extracted by EtOH, MeOH, and THF to obtain fractions with a
high amount of carbohydrates, namely, LG-LC1, LG-LC2, and LG-
LC3. Sequential extraction by each solvent was repeated several times
until an almost colorless supernatant was obtained after the last
extraction. A 0.22 ym nylon membrane was used for liquid—solid
separation. Each fraction solution was concentrated by rotary
evaporation using a Biichi interface I-300 (S0 °C, 80 rpm/min) and
further dried in a vacuum oven (45 °C).

Lignin Fractions Characterization. Carbohydrate content by
acid methanolysis: 10 mg of each sample was hydrolyzed by acid
methanol (2 M HCI in methanol) at 105 °C for 3 h. Then, the
solution was cooled down, neutralized by small amounts of pyridine,
and dried by nitrogen flow. After that, samples were further dried in a
45 °C vacuum oven for 20 min to remove solvent thoroughly. Finally,
samples were silylated overnight at room temperature by adding 150
UL of pyridine, 150 uL of HMDS (hexamethyldisilazane), and 70 uL
of TMCS (trimethyl chlorosilane). The sugar content was determined
by GC-FID (Perkin Elmer Autosystem XL Gas Chromatograph). The
GC-FID parameters were based on previous reports: injection
volume, 1 uL; injector temperature, 250 °C; split ratio, 1:30; the
temperature of a dimethyl polysiloxane column (HP-1, Agilent
Technologies, 25 m X 0.20 mm i.d) with a thickness of 0.11 ym was
first increased from 100 to 180 °C at a rate of 4 °C/min and then
increased to 290 °C at a rate of 12 °C/min; detector temperature, 300
°C; flow rate of carrier gas (hydrogen), 0.8 mL/min.”” The collected
data was processed using the PerkinElmer TotalChrom Microsoft
Windows-based software package.

Molar Mass Distribution. Molar mass analyses were performed
on a size-exclusion chromatograph equipped with multiangle light
scattering detectors (SEC-MALS, DAWN 8, Wyatt technology)
system with Agilent PolarGel M columns (7.5 X 300 mm?). Dimethyl
sulfoxide (DMSO) containing LiBr (0.05 M) was used as an eluent.
The running parameters were as follows: sample concentration, 10
mg/mL in eluent solvents; injection volume, 100 uL; flow rate, 0.5
mL/min. All samples were filtered by a 0.22 um nylon filter.

*IP NMR and HSQC Analysis. Nuclear magnetic resonance
(NMR, Bruker 500 MHz) was used to quantify the hydroxyl group
content of each lignin fraction following a previously reported
procedure.”® Mixture solvent (A) of chloromform-ds (CDCl;) and

14590

pyridine at a ratio of (1:1.6, v/v) was used as a solvent to dissolve
fractions with a trace carbohydrate content. Mixture solvent (A’) of
DME/CDCl,/pyridine (2:1:1, v/v) was used to dissolve lignin
fractions with large carbohydrate content. A relaxation reagent of
chromium(III) acetylacetonate (Cr(acac);) (11.4 mg/mL) and an
internal standard solution of endo-n-hydroxy-S-norbornener-2,3-
dicarboximide (e-HNDI) (0.12 M) were prepared with mixture
solvent A. Each determined nuclear magnetic tube contained 20 mg of
lignin fraction, 400 uL of solvent A (or A’), 100 uL of internal
standard, SO pL of relaxation reagent, and 100 uL of 2-chloro-4,4,5,5,
tetramethyl-1,3,2-dioxaphospholane (TMDP). Moreover, 80 mg of
lignin dissolved in 650 uL of DMSO-ds was used for the
heteronuclear single quantum correlation spectrum (HSQC)
determination using the same instrument.

Elemental Composition and Lignin Content. The element
composition of C, H, and O was analyzed by a CHNS/O analyzer
(Thermo Scientific FLASH 2000). The lignin content was determined
by an acetyl bromide method according to the previous reports.”’
Briefly, around 3—5 mg of each fraction was dissolved into S mL of
glacial acetic acid containing 25% (w/w) acetyl bromide. Then, 0.2
mL of 70% perchloric acid was added before the sample was heated at
70 °C in oil bath for 30 min. After cooling down, the solution was
diluted in a buffer containing 10 mL of NaOH (2M) and 12 mL of
glacial acetic acid. Then, each sample was diluted to 50 mL by glacial
acetic acid. The lignin content was determined by UV-—vis
spectroscopy (UV2600, Shimadzu) at 280 nm. Milled softwood
lignin was used as a reference. The lignin percentage content was
calculated with the following equation.

lignin content (%) = 100% X [(Asample — Apa)/0.43 mg™'1/my,

where Agmple and Ay, are the absorbance values at 280 nm of the
sample and the blank, respectively, and mj is the mass of each lignin
sample.

Thermal Gravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC). TGA was carried out using a STD-
600 TGA analyzer from TA Instruments. The profiles were obtained
using N, in a flow of 50 mL/min from room temperature to 700 °C at
an increasing rate of 10 °C/min. DSC curves were collected via DSC-
250 (TA Instruments). The samples were heated from 0 to 200 °C at
a heating rate of 10 °C/min (isothermal hold for 1 min at 200 °C),
cool down to 0 °C with a cooling rate of 20 °C/min, and then heated
to 200 °C/min under a N, flow (100 mL/min). The second heating
scan was to analyze the glass transition temperature.

https://doi.org/10.1021/acssuschemeng.2c04498
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Figure 1. Lignin fractionation by sequential organic solvents.
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Lignin Nanoparticles Preparation and Characterization.
Two milligrams per milliliter solution of each lignin fraction was
prepared using aqueous acetone (75 wt %). Nanoparticles were
prepared by dropping 10 mL of water (S0 mL/min) into 1 mL of
lignin solution under vigorous stirring. The acetone was removed by
rotary evaporation. The particle size of each fraction was determined
by the differential light scattering (DLS) method (Zetasizer nano
series, Malvern). In addition, transmission electron microscopy
(TEM, Jeol JEM-1400 plus) was used to study the morphology of
the synthesized nanoparticles.

Bl RESULT AND DISCUSSION

Solvents Screening. To preliminarily verify the hypothesis
that a solvent with a higher hydrogen bonding ability would
accelerate the dissolution of lignin with larger carbohydrates
content, organic solvents commonly used for lignin chemistry
were individually employed to extract lignin fractions. Table 1
presents the critical physicochemical parameters of solvents,
the extraction yield by each solvent, and the qualitative
carbohydrate content. Due to careful washing and prepur-
ification, the prepurified kraft lignin almost could not be
extracted by dimethyl ether and hexane, which are solvents
with lower polarity and lower hydrogen bonding ability.”’ The
fraction yield obtained by DCM can go up to 10%, but only
rather weak carbohydrate signals were detected from its acid
methanolysis products (Figure S1). The dissolution of the
prepurified lignin in other solvents and the carbohydrate
content in each of these fractions were obviously different. In
short, the result of the carbohydrate content analysis in these
fractions indicated that the solvents with higher a 6H, such as
DMSO, DMF, dioxane, THF, MeOH, EtOH, and isopropanol,
are capable of isolating lignin with a certain amount of
carbohydrates. In contrast, the solvents with a relatively low
0H, as for DMK, EtOAc, and DCM, could only extract lignin
with a trace amount of carbohydrate. These results were
consistent with previous reports that lignin with a rather low
carbohydrate content was extracted by the solvents with a
lower hydrogen bonding ability such as ethyl acetate, DMK,
DCM, and diethyl ether.”*~** Note, as an exception, pyridine,
which has even a lower hydrogen bonding ability compared to
DCM, could extract lignin with large amounts of carbohy-
drates. One tentative explanation is that the basic solvent

contributes to the ionization and solvation of the carbohy-
drates and thus promotes the dissolution of carbohydrate-
bonded Iignin.3

In summary, the results strongly indicated that the solvents
with a higher SH (>8 in this work) could improve the
solubility of lignin with carbohydrates, while it should be borne
in mind that multiple factors, such as 6D, 6P, the molecular
size of solvent, the dielectric constant, etc., also potentially
influence the solubility of lignin with a trace/large carbohy-
drate content. These factors are not discussed in depth here
since the potential influence of hydrogen bonding ability is the
focus of this work.

Solvents Selection for Sequential Extraction. As
shown by the preliminary carbohydrate content results of the
fractions singly isolated by different solvents, a higher 6H
solvent could more likely promote the dissolution of lignin
bonded with carbohydrates. Therefore, we proceeded to
determine an optimal solvent sequence to separate lignin
fractions with different carbohydrate contents, as well as to
decrease their molar mass. For lignin fractionation by organic
solvents, the following factors should be considered: the
dissolution ability of lignin, safety, environmental and
regulatory considerations, and the cost. Hexane, diethyl
ether, dichloromethane, dioxane, and pyridine are thus not
suitable solvents and are undesirable. DMSO and DMF were
also excluded for their nonselectivity to lignin with/without
carbohydrates. Isopropanol was not employed in further
sequential extraction for its lower extraction yield from the
prepurified lignin, even if carbohydrate signals were observed
from the isopropanol-soluble fraction. Finally, THF, DMK,
MeOH, EtOH, and EtOAc were selected as feasible alternates
for lignin fractionation in this study.

DMK has been confirmed to be an excellent solvent to
selectively extract abundant amounts of fractions with a trace
amount of carbohydrates both in previous reports as well as in
this study.’>***® Since DMK could extract 67% of the lignin
fraction with a trace amount of carbohydrates by single solvent
extraction, we therefore chose DMK to separate the prepurified
lignin into two parts: acetone-soluble with a trace amount
carbohydrates (LG-TCO) and acetone-insoluble with large
amounts of carbohydrates (LG-LCO0), as shown in Figure 1. In

https://doi.org/10.1021/acssuschemeng.2c04498
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a previous study,”® we demonstrated that lignin fractions with
increasing Mw could be obtained by the solvent sequence of
EtOAc, EtOH, MeOH, acetone, and dioxane. Moreover, the
carbohydrate signals were detected from the fraction extracted
by EtOH, MeOH, and dioxane. Thus, the LG-TCO was
separated into four fractions by EtOAc (LG-TC1), EtOH (LG-
TC2), MeOH (LG-TC3), and LG-TC4. In this study, the
solvent screening results indicated that a similar fraction yield
was obtained by THF and dioxane, the two common solvents
always used in lignin chemistry. Therefore, we could infer that
THF is effective as dioxane to dissolve higher Mw lignin
molecular with/without carbohydrate. Besides, considering the
carbohydrate content increasing in the fractions extracted by
EtOH, MeOH, and THF, these solvents were employed to
fractionate LG-LCO to obtain fraction LG-LC1, LG-LC2, and
LG-LC3.

Molar Mass and Elemental Composition. Sequential
solvent fractionation is a commonly adopted strategy to narrow
down the molar mass of lignin. Figure 2 records the molar
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Figure 2. Molar mass curves of each lignin fraction, determined by

SEC-MALS. (a) Lignin fractions with trace amounts of carbohydrates,
and (b) lignin fractions with large amounts of carbohydrates

mass curves of each sample, and Table 2 displays the calculated
number- and weight-average molar mass (Mn, Mw), the yield,
the elemental content of carbon (C), hydrogen (H), and
oxygen (O), and the lignin content of each fraction. Obviously,
the molar mass of LG-TCO prior to the sequential fractionation
had a broad distribution (Mw = 11080g/mol, PDI = 2.26).
The molar mass increased gradually in the subsequent four
fractions (LG-TC1, LG-TC2, LG-TC3, and LG-TC4) with a
trace amount of carbohydrates presented. Among these
fractions, the Mw of LG-TC4, up to 10480 g/mol, suggested
that the molar mass of lignin has notable influence on lignin’s
solubility in solvents. Similarly, the molar mass of LG-LCO also
displayed a broad distribution. Among the sequentially
extracted fractions, LG-LC1 and LG-LC2 had much lower
molar masses compared to LG-LC3, whose Mw was up to
63 880 g/mol.

Softwood lignin is acknowledged as polymerized oxidation
products of monolignols of coniferyl alcohol (C,,H;,0;)
containing 66.67% C, 26.67% O, and 6.66% H, and p-coumaryl
alcohol (CoH,40,) consisting of 72% C, 21.33% O, and 6.67%
H. Moreover, it has been reported that milled wood lignin
(MWL) from softwood consists of 60—63% C, 30—33% O,
and 5.7—6.1% H.”’ 7’ Notably, kraft lignin free of carbohy-
drates and impurities should present a higher C/O ratio than
that of MWL since lignin linkages existing in kraft lignin, such
as such as phenylcoumaran, resinol, dibenzodioxin, cinnamal-
dehyde, and stilbene etc., have similar C and O content to
coniferyl alcohol or p-coumaryl alcohol.” Thus, the elemental
composition of C, H, and O could be a compelling supplement
to the presence of carbohydrates as hemicellulose with 45.5%
C, 484% O, and 6.1% H can increase the O content and
conversely decrease the C content.’' Here, the elemental
composition indicated that LG-TC1, LG-TC2, LG-TC3, and
LG-TC4 present higher C and lower O content than the
fractions with a high carbohydrates content. In addition, the
lignin contents among the trace carbohydrate content fractions
were much higher than in those with a notable carbohydrate.
This point was validly illustrated by the significant difference in
the carbon and oxygen content among lignin fractions with
trace and large carbohydrate content. It should be explained
that the lignin content over 100% among the trace
carbohydrate lignin fraction is reasonable. That is because a
higher absorbance value of kraft lignin may be ascribed to the
abundant chromophores and auxochromes groups that are
originated from the formed —CH=CH— bonds conjugated

Table 2. Calculated M,,, M,, PD], the Yield of Each Fraction, the Elemental Percentage Composition of Carbon (C), Hydrogen
(H), and Oxygen (O), and the Lignin Content Determined by Acetyl Bromide Method®

sample M, (g/mol) M, (g/mol) PDI yields”'b (%) C (wt%) H (wt%) O (wt%) lignin content (%)
LG-TCO 4905 11080 2.26 67.4 n n n n
LG-TC1 2419 2788 1.15 233 66.38 5.85 26.21 107.97
LG-TC2 2961 3687 1.25 12.1 65.13 5.83 26.37 102.94
LG-TC3 4776 5866 1.23 194 65.07 5.89 26.55 104.06
LG-TC4 8151 10480 1.28 12.5 66.25 591 26.48 108.29
LG-LCO 3465 12 180 3.52 32.6 n n n n
LG-LC1 2412 3768 1.56 0.85 63.94 5.98 28.67 87.93
LG-LC2 3794 6820 1.80 5.21 61.52 6.31 30.17 86.47
LG-LC3 15410 63 880 4.14 16.25 64.45 6.09 28.56 93.26
residue n n n 9.85 58.75 5.81 34.46 75.65

“The yield is based on the amount of initial prepurified lignin. *Due to slight mass loss during the sequence extraction and collection process, the
yield summary of all fractions was lower than 100%. “n: nondetected.
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Figure 3. GC-FID spectra of the carbohydrate signals in each lignin fraction: (a) calibration curve; (b) acetone soluble fraction (LG-TCO); and
sequentially extracted fraction out of LG-LCO, (c) LG-LC1 by EtOH, (d) LG-LC2 by MeOH, (e) LG-LC3 by THF, and (f) final residue with a

“

large carbohydrate content. “u” peaks are uncertain substance where no obvious fragments relevant to the counterpart sugar monomer were
detected by GC—MS. Ara, arabinose; Xyl, xylose; Rha, rhamnose; Gal, galactose; Glc, glucose; Man, mannose; GalA, galacturonic acid; GlcA,

glucuronic acid.

Table 3. Carbohydrate Contents in Each Lignin Fraction®

anhydrous sugar content (mg/g)

sample Ara Xyl Rha Gal
LG-TCO n n n 1.02
LG-TC1 0.41 n n 0.63
LG-TC2 1.96 n n 1.0
LG-TC3 1.84 n n 0.64
LG-TC4 1.06 n n 0.38
LG-LC1 10.82 3.67 0.57 543
LG-LC2 26.66 8.17 0.73 9.67
LG-LC3 3.75 4.08 0.24 10.30
Residue 17.59 30.05 0.34 45.22

Glc Man GalA GlcA total (mg/g)
n n 0.27 1.36 2.56
n n 0.31 0.82 2.17
0.33 n 0.28 1.01 4.63
0.25 n 0.36 0.77 3.89
1.25 n 0.33 0.81 3.83
1.02 0.86 0.24 0.92 23.53
1.69 1.48 0.45 2.51 51.36
1.05 0.62 0.38 1.63 22.52
6.57 1.52 0.16 1.28 108.83

“n: noncalculated. Note: Since sugar units connected to lignin with ether bonds cannot be cleaved by acid methanolysis, the actual carbohydrate
content can be higher than the results obtained by the acid methanolysis method.

with aromatic rings, the condensed structure by chalcones or
p,0’-dihydroxybiphenylmethanes, and the produced quinonoid
structures due to oxidative dehydrogenation during the
delignification process. Moreover, the lignin content of pure
kraft lignin should be higher than the milled wood lignin,
which always has a minor amount of carbohydrates.
Carbohydrate Content. Figure 3 presents the carbohy-
drate chromatograms of LG-LCO0, LG-LC1, LG-LC2, LG-LC3,
and the residue out of LG-LCO. Table 3 contains the

carbohydrate contents in each lignin fraction. The chromato-
gram clearly shows that only rather weak signals of
monosaccharides, mainly GlcA, GalA, and Gal, were detected
in LG-TCO0. Moreover, there were no obvious monosaccharide
signals in the fractions with trace carbohydrate content, LG-
TCl, LG-TC2, LG-TC3, and LG-TC4 (Figure S2). As
expected, all monosaccharide signals were detected from the
fractions that were isolated from LG-LCO0. However, significant
differences were observed in monosaccharide types and
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Figure 4. HSQC NMR result of lignin fractions in the oxygenated region: (a) LG-TC1, (b) LG-TC2, (c) LG-TC3, (d) LG-TC4, (e) LG-LC2, and
(f) LG-LC3. aR (6C/8H: 93.23/4.89 ppm) and SR (§C/SH: 97.49/4.24 ppm), a- and f-reducing end carbohydrate units; PG, phenyl glycoside
(Glc (6C/8H: 102.53/4.95 ppm); Man Gal), U, (6C/SH: 96.29/5.03 ppm), nonesterified uronic acids units; X;/Glc, (6C/5H: 102.33/4.28 ppm),

xylofuranoside/glucopyranoside; Ara, (SC/SH: 108.44/4.82 ppm), arabinofuranoside, and the unidentified signal (red).

Table 4. Hydroxyl Groups Content of Each Lignin Fraction, Detected by *'P-NMR

phenolic —OH (mmol/g)

Cs- guaiacyl p-hydroxylphenyl total phenolic aliphatic —OH carboxylic acid —COOH total —OH

sample substituted —OH —OH —OH (mmol/g) (mmol/g) (mmol/g)
LG-TC1 2.08 1.97 0.21 4.26 1.68 0.39 6.33
LG-TC2 1.79 1.73 0.19 3.71 2.27 0.43 6.41
LG-TC3 1.97 1.68 0.21 3.86 2.23 0.28 6.37
LG-TC4 1.86 1.55 0.22 3.63 2.04 0.26 5.93
LG-LC1 1.78 1.76 0.19 3.73 2.68 0.30 6.71
LG-LC2 1.72 1.65 0.16 3.53 2.63 0.31 6.47
LG-LC3 1.65 1.34 0.15 3.14 2.80 0.27 6.21

content among the fractions with an obvious carbohydrate
content. In LG-LC1 and LG-LC2, arabinose (Ara) is the most
abundant monosaccharide. However, in LG-LC3, which was
isolated by THF, the galactose (Gal) content is much higher
than other kinds of monosaccharides. The final residue out of
LG-LCO shows a rich content of Gal, xylose (Xyl), Ara, and
Glc. Interestingly, the distribution of these monosaccharides
has a potential relationship with the molar mass of these
fractions. The lower molar mass fractions, LG-LC1 and LG-
LC2, have a higher pentose content. In contrast, LG-LC3 with
a high molar mass is rich in galactose. Previous reports have
revealed that the covalent linkages between lignin and
carbohydrates can form various lignin-carbohydrate complexes
(LCCs) depending on the ratio of each monosaccharide, such
as a galactoglucommannan LCC, a glucan LCC, a xylan—
lignin—glucomannan network LCC, a glucomannan—lignin—
xylan network LCC, and so on.**7*® Thus, it is reasonable to
assume that various LCC fractions would be coprecipitated
with lignin from black liquor. Moreover, Lawoko et al. reported
that condensed bond discrepancies in the quantity of
arabinoxylan-bound lignin and glucomannan-bound lignin
can result in different lignification speeds during chemical
pulping.”* This could be one reason that the monosaccharides
both in types and content showed notable differences among
these carbohydrates covalently bonded lignin.

HSQC NMR and 3P NMR Results. HSQC NMR is an
intuitive technique for the identification of the carbohydrates
in lignin, which usually appears as strong cross-peaks in the
oxygenated region. Figure 4 describes the HSQC NMR spectra
of each lignin fraction. Due to the selectivity of acetone to the
lignin fraction with a trace amount of or without carbohy-
drates, there are almost no obvious carbohydrate signals in the
fraction. In contrast, the fractions obtained from the acetone
insoluble sample reveal strong carbohydrate signals, especially
at the anomeric region. Moreover, in the region of 6C/6H 55—

115/2.5—6.5 ppm, the LG-LC2 unfolds sharp peaks belonging
to pentoses (marked in green). The results are well in line with
the acid methanolysis analysis that LG-LC2 is enriched in
arabinose and xylose. In LG-LC3, the siganals for hexoses are
stronger than that of the pentoses, which is in good agreement
with the result that the total hexose (Gal, Glc, and Man)
content is higher than that of pentoses. The carbohydrate
signal in LG-LC1 was not detected by HSQC due to its low
yield. In turn, the acid methanolysis results and the C and O
percentage composition demonstrated well that EtOH is
effective in promoting the dissolution of low Mw lignin
bonded with a certain amount of carbohydrates.

3P NMR Results. The contents of functional hydroxyl
groups in each lignin fraction were calculated based on the *'P
NMR spectra by integration of the peak areas. Table 4 shows
the contents of phenolic groups, aliphatic hydroxyl groups, and
carboxyl groups. Overall, the total phenolic hydroxyl content
varies with the total phenolic and aliphatic —OH. Among
fractions with a trace amount of carbohydrates, LG-TC1 with
the lowest M,, has the highest content of total phenolic —OH
but has the lowest content of aliphatic —OH than other
fractions, which is in accordance with the general view that low
M, lignin fractions always have a high concentration of
phenolic hydroxyl group.*” An increase in molar mass does not
significantly change the total phenolic —OH content among
LG-TC2, -TC3, and -TC4. Still, the total —OH in LG-TC2
and LG-TC3 is higher due to the higher aliphatic —OH. A
probable reason is that EtOH and MeOH have strong
dissolving abilities to lignin with more aliphatic —OH that
may originate from side chains and even the trace amount of
carbohydrates. With respect to the fractions with a larger
carbohydrate content, as expected, the aliphatic —OH content
increases in LG-LC1, -LC2, and -LC3. Therefore, the
carbohydrates covalently bonded with lignin would contribute
to the aliphatic —OH content. Moreover, the abundant

https://doi.org/10.1021/acssuschemeng.2c04498
ACS Sustainable Chem. Eng. 2022, 10, 14588—14599


https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

0.0 4=
100
—— LGTCt LG-LC3
TS °
9 - Le-TC2 Q
—— LGTC3 _ 014 o LG-LC2
80 1 —— LG-TC4 © T Y
- — loiot 5 LG-LCt
) — LGLC2 < 02
= i ~-0.24 — LG-TC1 2
% 70 — LG-LC3 -g’ —— LG-TC2 g m\
£ —— Residue T —— LeTC3 3
= 607 = 034 — LeTC4 T LG-TC3
Z LG-LC1 r
50 1 \ & — LGlC2 l LG-TC2
—— LGics — - oo
401 -0.4 4 —— Residue 8
=4
5 LG-TCH c
() I ———
T T T T T -0.5 T T T T T T T T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700 40 60 80 100 120 140 160 180 200

Temperature (°C)

Temperature (°C)

Temperature (°C)

Figure S. (a) TGA, (b) DTG, and (c) DSC curves of each lignin fraction at a N, atmosphere.

carbohydrates in the high M, lignin could be a feasible
explanation for the pervasive phenomenon that a higher M,
lignin fraction would contain a much higher content of
hydroxyl groups."

Thermal Properties. Due to the abundant aromatic
backbone, lignin is moderately stable at elevated temperatures,
and this significant characteristic makes lignin a popular
candidate for developing lignin-based thermal copolymers,
blends, and composites.” Therefore, it is necessary to carry out
a fundamental study on the thermal degradation and DSC
behavior of these lignin fractions with trace/larger amounts of
carbohydrates for their potential applications.

The differences in the molar mass and carbohydrate content
considerably influence the thermal properties of each lignin
fraction. Among fractions with trace amount of carbohydrates,
LG-TC2, LG-TC3, and LG-TC4 presented similar thermal
degradation behaviors for the temperature at the mass loss of
10% (T100), 50% (Tsgy), and at the maximum rate of mass loss
(the peak of the derivative weight, Thrgmay), Shown in Figure S
and Table S. For the lowest M, LG-TC1, the Ty, and Ty

Table 5. Thermal Degradation Temperatures at Mass Loss
of 10% (T,q) and 50% (Tsq) and Maximum Mass Loss
Derivative Temperature (Tprgmay) and Final Residue
Percentage at 700 °C”

temperature (°C)

sample T1o% T's0% ToTGmax e residue (wt %)
LG-TC1 268 433 393 2 35.02
LG-TC2 310 566 390 -4 44.58
LG-TC3 300 501 392 - 41.62
LG-TC4 318 490 396 - 39.58
LG-LC1 297 477 391 -2 38.45
LG-LC2 265 489 358 -4 38.88
LG-LC3 298 495 388 -4 41.69
residue 283 398 394 nd” 36.23

“Tg is not observed. ®nd: nondetected.

were found to decreased significantly but the Tpygm. Stayed at
the same level with the higher molar mass fractions in the
range 390—400 °C. Interestingly, according to the results of
elemental analysis, the C/O ratios of the fractions with trace
amounts of carbohydrates were pretty close to each other;
however, the char mass residue (35.02%) of LG-TC1 at 700
°C was much lower compared to those of LG-TC2 (42.58%),
LG-TG3 (41.62%), and LG-TC3 (40.69%). These results
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suggested that LG-TCl, extracted by ethyl acetate, may
contain more thermally sensitive subunits.

The fractions with a larger carbohydrate content, and the
final residue especially, which has the most abundant
carbohydrates, exhibit obvious decomposition in two stages,
a minor degradation at 220—305 °C and a major degradation
at 390—400 °C, as seen in Figure Sb. Differently, LG-LC3
mainly contained lower content of hexose-based carbohydrates
and did not significantly decompose at 220—305 °C. Studies
have confirmed that the thermal degradation of polysacchar-
ides from hemicellulose such as galactomannan and arabinox-
ylan always take place at a range of 200—280 °C.** Moreover,
it has been reported that, due to different decomposition
mechanisms, there are distinct thermal degradation discrep-
ancies between pentose- and hexose-based polysacchar-
ides.*®** Thus, the minor degradation should be ascribed to
the degradation of carbohydrates in each fraction. And, this
result also suggested that the differences in the types and
contents of polysaccharides covalently bound with lignin may
mislead on the understanding of thermal degradation behavior
of pure lignin.

The glass transition temperature (Tg) is another important
parameter for describing thermal properties of lignin. However,
the T, of lignin still seems to be a controversial issue. In
general, the T, of lignin was reported to be in a range of 110—
150 °C, depending on the lignin types and lignin M,,.>
However, it was also reported that no clear change in the DSC
curve could be observed in the well-fractionated lignin.”' In
this study, DSC determination was performed to evaluate the
potential T, of each fraction, and the results are shown in
Figure Sc. Overall, an obvious endothermal event was only
recorded in LG-TC1. However, this endothermal event cannot
strongly prove that LG-TC1 has a T, temperature, because it is
difficult to figure out the underlying cause for the change, as
even phase transition or decomposition or both at a same time
are possible. TGA combined with FTIR was used for a further
analysis, and when the LG-TC1 was decomposed from room
temperature to 180 °C at a same heating speed, the detected
signals (90—170 °C) indicated that the endothermal peak may
be caused by substance decomposition or evaporation (Figure
S3). It is worth mentioning that the components removed by
MTBE showed several endothermal peaks and lower thermal
stability (Figure S4). However, the MTBE extractives consist
of various components with lower boiling points, such as fatty
acids, resin acids, and phenolic compounds relevant to lignin
or lignan (Table S3), which may lead to varying T, values if
mixed with lignin samples.

https://doi.org/10.1021/acssuschemeng.2c04498
ACS Sustainable Chem. Eng. 2022, 10, 14588—14599


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04498/suppl_file/sc2c04498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04498/suppl_file/sc2c04498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04498/suppl_file/sc2c04498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04498/suppl_file/sc2c04498_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04498?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

LG-TC1 LG-TC2 LG-TC3

204 204

Intensity (%)

LG-TC4 LG-LC2 LG-LC3

259

L

Size (d.nm)

0 11 0 . .
100
Size (d.nm)

T 1
100 1000 100
Size (d.nm)

T J 0 T ‘ 0 T 1
100 1000 100 1000

Size (d.nm) Size (d.nm)
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Influence on Lignin Nanoparticle Formation. The fast-
growing field of nanotechnology has significantly promoted the
advancement of nanomaterials in various sectors such as
agriculture, energy, and nanomedicine. Lignin is known as a
natural aromatic polymer with an excellent ability to self-
assemble into nanoparticles (LGNPs) by solvent exchange
methods. Tempting application opportunities for LGNPs in
various fields have stimulated extensive research on factors that
influence the morphology and size distribution of LGNPs. For
instance, the discrepancies in the water dropping rate,”” stirrin
speed,53 solvent for lignin dissolution,** initial concentration,’*
as well as the lignin properties (molar mass, functional groups
content)® could significantly influence the physical character-
istics of the resulted nanoparticles. However, few attention has
been paid to the influence of the carbohydrate content on the
final nanoparticles. In this work, we have successfully separated
the lignin fractions according to the carbohydrate content as
well as the molar mass. The particles from trace and highly
carbohydrate-containing lignin fractions were prepared and
characterized to understand the possible difference.

Up to now, various (aqueous) solvents, ethanol, methanol,
acetone, THF, dioxane, DMSO, etc., have been applied for
lignin dissolution for lignin nanoparticles preparation.*”*”~%!
However, acetone, especially its aqueous solution, has been
demonstrated to be an excellent solvent due to it being more
environmentally friendly and having an increased ability to
dissolve lignin and a unique ability to form uniform LGNPs by
nanopricipitation.”” Thus, in this study, aqueous acetone (75
wt %) was used as a solvent for the higher carbohydrate
content fractions that cannot be dissolved in anhydrous
acetone.

As shown in Figure 6, the size of the resulting nanoparticles
was inversely proportional to the M,,. Lignin is an amphiphilic
macromolecule due to the abundant presence of phenolic and
hydroxyl groups and its benzene structure. During the self-
assembly process, the hydrophobic parts of lignin aggregates
form a core structure due to the desolvation of the
hydrophobic parts by the progressive addition of the water.
Moreover, the hydrophobic aggregation can be stabilized by a
corona that was formed by the hydrophilic groups. In general,
the core size of a polymer spherical particles can be regulated
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by the average number of polymer chains in an aggregate.®®
Larger lignin polymers may result in smaller aggregates to form
a stable core domain, which presented as a smaller total
interfacial area and lower total interfacial energy between the
core and the antisolvent.®® In contrast, the smaller M,, fraction
may increase the average number of lignin chains in an
aggregate, which consequently increases the core size and
yields larger spherical LNPs.”’ Thus, the size discrepancy
among these nanoparticles could be observed by DLS and
TEM.

In addition, the TEM images also revealed distinct
differences in morphology. LGNPs originating from fractions
with a trace carbohydrate content exhibited a smoother surface
than those with a larger carbohydrate content, which give a
more cross-like surface structures surface and even irregular
aggregates that are observed in LG-LC3. It is well-known that
the morphology of amphiphilic copolymer nanoparticles can
be changed by factors such as the relative ratio of the
hydrophobic to hydrophilic block length and the solvent
interaction strength between solute and solvent. Compared to
fractions with a trace carbohydrate content, the presence of
abundant carbohydrates covalently bonded with lignin
undoubtedly could increase the hydrophilicity of lignin, and
this could be a reason that it was aqueous acetone rather than
anhydrous acetone that showed better solubility to LG-LC2
and LG-LC3. As a result, the nanoparticle morphologies were
different due to the potential variation in interactions between
the solvent and lignin fraction during the self-assembly process
of nanoparticles.

B DISCUSSION

Without fine separation, industrial softwood kraft lignin would
be a highly complex mixture. In addition to the unfavorable
impurities such as various wood extractives and chemical
residues, the mixture always contains lignin of varying molar
masses due to structural changes, such as cleavage of a-O-4
and $-O-4 linkages leading to the formation of low M, lignin
and condensation reactions between lignin molecules can
result in high M,, lignin. Besides, LCCs coexisting in industrial
lignin may vary randomly in type, molar mass, and even total
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content depending on wood resources, delignification
processes, and methods used for lignin enrichment, which
whereafter can influence lignin in unpredictable ways.
Therefore, the separation of lignin and LCCs from industrial
lignin is necessary when studying the solvent solubility to
lignin, the structural properties of lignin, and even lignin
applications.

Since the late 20th century, increasing research efforts have
been devoted to lignin fractionation to obtain more structurally
homogeneous fractions and to support the development of
higher value-added lignin-based products. However, the initial
physicochemical characteristics of the raw lignin to be
fractionated frequently vary, depending on the biomass sources
(softwood, hardwood, or grasses), industrial delignification
processes, and the method to lignin enrichment. Therefore,
numerous methods for fractionation have been proposed
depending on the type of technical lignin, as well as the
objectives of the applications.”*

The prevalent approaches for the fractionation of industrial
lignin are based on two main categories, solvent- and
membrane-mediated, and have been elaborately summarized
in a previous review.”> Membrane filtration is a successful
method to obtain lignin with a specific molar mass, in
accordance with the membrane cut-offs. However, lignin
fractions free of carbohydrate may not be achieved when LCC
with a high PDI is mixed in the initial lignin sample.®® Solvent
fractionation using a single solvent, a mixture of solvents, or
aqueous organic solvents is a simple procedure to extract a
lignin component. Similarly, LCC can also be extracted from
the raw lignin sample by solvents with stronger hydrogen
bonding abilities, such as ethanol, methanol, THF, and
dioxane, as has demonstrated in this study and previous
reports. For example, carbohydrate signals were always present
in the fractions that were extracted by methanol, ethanol,
dioxane, and some solvent—water cosystems.66 Besides, the
physicochemical properties of lignin fractions obtained by
single solvent extraction can vary significantly due to the
variable raw lignin source. In addition, sequential solvent
extraction, which uses solvents with different solvent
parameters to extract lignin by the precipitation of redissolved
lignin in a gradient manner, has been proven an effective
strategy to obtain more homogeneous lignin samples. Up to
date, solvent sequences, for instance, DCM — MeOH,”” DCM
— isopropanol - MeOH — mixture of MeOH/DCM,®® ethyl
acetate — isopropanol — EtOH — MeOH — actone,””* and
isopropanol — EtOH — MeOH,” have been used to decrease
the heterogeneity of lignin. And, the existence of carbohydrates
in fractions extracted by isopropanol, EtOH, and MeOH has
been confirmed. As stated in the study, the varying amounts of
carbohydrates in the lignin had a notable impact on lignin
dissolution in solvents, thermal degradation, and even on the
formation of lignin nanoparticles. Therefore, it is necessary to
remove the coexisting LCC in lignin fractionation and
valorization since lignin both from sulfite and kraft pul7ping
usually contains various lignin—carbohydrates complexes.”””

B CONCLUSION

In conclusion, lignin fractions with trace (almost carbohydrate
free) and large amounts of carbohydrates were successfully
separated from industrial softwood Kraft lignin based on their
differences in solubility by solvents with various hydrogen
bonding capacities. The characterization indicted that a
fraction with a high carbohydrate content could result in two

stages of thermal decomposition occurring due to the relative
lower thermal stability of carbohydrate. Besides, the presence
of carbohydrates residue was demonstrated to have a great
effect on the morphology of lignin nanoparticles prepared by
the solvent shift method. Given that different carbohydrate
contents have a significant effect on the physical and chemical
properties of lignin and consequently may have an impact on
lignin’s application potential in different fields, we suggest that
the role of carbohydrates covalently bonded with lignin
deserves more research.
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