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Abstract

Understanding the properties of any particular biorefinery or pulping residue lignin is crucial when choosing the right
lignin for the right end use. In this paper, three different residual lignin types [supercritical water hydrolysis lignin (SCWH),
ammonium lignosulfonate (A-LS), and sodium lignosulfonate (S-LS)] were evaluated for their chemical structure, thermal
properties and water vapor adsorption behavior. SCWH lignin was found to have a high amount of phenolic hydroxyl groups
and the highest amount of p-O-4 linkages. Combined with a low ash content, it shows potential to be used for conversion
into aromatic or platform chemicals. A-LS and S-LS had more aliphatic hydroxyl groups, aliphatic double bonds and C=0
structures. All lignins had available C,/C; positions, which can increase reactivity towards adhesive precursors. The glass
transition temperature (T,) data indicated that the SCWH and S-LS lignin types can be suitable for production of carbon
fibers. Lignosulfonates exhibited considerable higher water vapor adsorption as compared to the SCWH lignin. In conclu-
sion, this study demonstrated that the SCWH differed greatly from the lignosulfonates in purity, chemical structure, thermal
stability and water sorption behavior. SCWH lignin showed great potential as raw material for aromatic compounds, carbon
fibers, adhesives or polymers. Lignosulfonates are less suited for conversion into chemicals or carbon fibers, but due to the
high amount of aliphatic hydroxyl groups, they can potentially be modified or used as adhesives, dispersants, or reinforce-
ment material in polymers. For most value-adding applications, energy-intensive purification of the lignosulfonates would
be required.
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Statement of Novelty

Supercritical water hydrolysis (SCWH) lignin is novel type
of lignin from a biorefinery process that only uses water.
Because of this, SCWH lignin is closer to its natural state
than other industrial residual lignin types. In this work,
the SCWH biorefinery lignin residue has been compared
to another less common biorefinery residual lignin type:
lignosulfonates. Chemical, thermal and vapor sorption
characterization of the residual lignin types have been
done in order to find optimal value-added application.

Introduction

Utilization of lignocellulosic raw materials provides an
excellent alternative to petroleum based ones, as they are
sustainable, do not compete with food sources, and can
have a positive impact on reduction of global greenhouse
emissions. Value-adding applications are desired espe-
cially for lignins from biorefinery processes, due to the
increase in conversion of biomass into transportation fuels
that will generate substantially more lignin than necessary
to power the operation [1].

Valorization of lignin, however, is challenging due to
its amorphous and robust structure [2]. Besides the origin
of the lignin, the extraction method plays a key role in
the final lignin structure [2—4]. Like other lignin types
obtained from chemical pulping processes (e.g. kraft
lignin, and the less common soda and organosolv lignins),
the lignins from the sulfite process (lignosulfonates) con-
tain low amount of p-O-4 linkages (less than 10%) and
high amounts of C—C bonds [3, 5]. However, unlike kraft
and hydrolysis lignin, lignosulfonates are water-soluble
over almost the entire pH-range [3] and are currently used
as dispersants for various applications [6]. They provide
up to 90% of commercial lignin and have annual world-
wide production of approximately 1.8 million tons [7].
Characterization studies have shown that lignosulfonates
have high molecular weight and contain high amounts of
sulfonate groups. Both of these properties are crucial in
determining their dispersing efficiency and use for other
applications [8—11]. Controlling the molecular weight of
lignosulfonates can be done by various techniques, such
as separation, depolymerization, and chemical modifica-
tion [12]. Characterization studies have led to the partial
elucidation of the structure of lignosulfonates, however
much of their overall global structure and shape is still
not well known.

Sulfur used in both kraft and sulfite pulping processes,
however, is an environmental concern [2]. Because of
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this, more environmentally friendly solvents are wished
for, especially as they enable co-production of a sugar
stream for fermentation. Organosolv and steam explosion
processes are more suitable than sulfur-based pulping
processes in that respect, but the most environmentally
friendly solvent is water. Water above its critical point can
act as the reactant or catalyst for breaking down biomass
[13, 14]. Supercritical water can dissolve and hydrolyze
lignin for potential production of phenolic chemicals or
for upgrading lignin for fuels [15]. The temperature and
reaction time greatly affects the depolymerization pathway
and rate of the hydrolysis [16]. Like the chemical pulp-
ing processes, the main reactions in supercritical water
hydrolysis are cleavage of the f-O-4 linkages and propane
side chains and demethoxylation [17, 18].

Annually, more than 50 million tons of lignin worldwide
are used as a combustion fuel in pulp mills while a very
small portion of lignin (around 2 wt%) is used commercially,
mainly in low-value applications [19, 20]. There are three
pathways to create value-added products from lignin: (i) Due
to the large amounts of aromatic structures present in lignin,
it can be depolymerized into aromatic or platform chemicals.
Fragmentation of lignin into smaller aromatic compounds
offers a significant market potential, but it is less developed
than the use of lignin as a macromolecule [21]. (ii) Lignin as
an unchanged macromolecule is used as additive or polymer
blend [2]. (iii) Lignin consists of about 50-60% of carbon,
and can thus be directly used as a precursor for carbon mate-
rials such as activated carbons and carbon fibers [22].

Aromatic compounds such as benzene, toluene, xylenes,
phenols and vanilin can be depolymerized from lignin by
combining solvotic extraction with reductive depolymeriza-
tion [23]. Low molecular weight and high amount of reac-
tive groups (e.g. carbonyl groups) have a positive impact on
the depolymerization process [24]. The amount of p-O-4
linkages in the lignin also correlates closely with the yields
of syringyl, guaiacyl and p-hydroxyphenyl aromatic prod-
ucts [25]. However, especially for lignins from chemical
processes, the amount of p-O-4 linkages is typically so
low, that mild cleavage methods (oxidative, reductive and
redox-neutral methods) do not have a major effect [3]. If
depolymerization is desired, conditions capable of breaking
the C—C bonds, such as pyrolysis, hydrogenolysis and treat-
ment with supercritical water, need to be applied [3]. These
processes are often less selective and lead to highly complex
chemical compositions that need to be further catalytically
converted to the desired end-products [26]. Lignin gasifica-
tion, for example, depolymerizes the lignin into syngas that
can be used to generate electricity, pure hydrogen, or other
chemicals [2, 3].

In adhesive, additive and polymer applications, lignin is
used in its macromolecular state [2]. The chemical struc-
ture and thermal behavior of lignin determines its suitability
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towards these different applications. The most developed
adhesive application for lignin is replacement of phenols
in phenol-formaldehyde adhesives [27]. Besides active
sites, the amount of aliphatic and phenolic hydroxyl groups
increase the reactivity of lignin towards synthetic adhesive
precursors such as aldehydes, tannins, phenols and isocy-
anates [28, 29]. The number of available reactive groups
(e.g. COOH, phenolic and aliphatic hydroxyl groups) also
determines the reinforcement effect of lignin in different
polymer blends. Grafting of lignin is often required to make
it compatible with polymers such as polylactic acid, polypro-
pylene, and polyvinyl alcohol [30]. Macromolecular lignin
can have several potential functions in polymeric materi-
als, such as UV degradation or thermo-oxidation stabilizer,
lubricant, hydrophobing agent, plasticizer, adsorbent for
wastewater purification or starting material for green hydro-
gels [31, 32].

In the production of carbon fibers from lignin, thermal
properties are the critical parameters. In the most common
production method, lignin is melt-spun into fiber and then
oxidatively thermostabilized and carbonized. This requires
that the glass transition temperature (T,) of the materials is
low enough for the melt flow technique, but high enough for
fast fiber stabilization. Baker et al. determined an optimal T,
between 130-150 °C for low molecular weight distribution
lignin [33]. A low amount of contaminants is also required
in order to produce fibers with good mechanical strength
[34]. The precursor for carbon fiber today is polyacrylonitrile
(PAN), and lignin has the potential to be used as an alterna-
tive to PAN in order to make the process a lot cheaper. Car-
bon fibers already have a wide range of applications, such
as automobile industry, civil engineering, aircrafts and sport
goods [35, 36]. Activated carbons are characterized by their
surface area and size of pores, and are great adsorbents of
organic and inorganic substances. Lignin and lignin-based
chars are a good choice for the production of activated car-
bons after physical or chemical activation [37, 38]. Lignin
has also been used for the production of carbon black, which
is used as pigment and tire additive [32].

In addition to lignin production in the pulp and paper
industry, lignocellulosic biorefinery, mainly for produc-
tion of biofuel, is expected to generate large quantities of
lignin in the future [39]. Valorization of all fractions, and
especially lignin, is thus required to achieve a sustainable
economy and to reduce our carbon footprint. As there are
numerous potential uses for lignin, ranging from chemical
platforms to filler materials, it is important to understand
the chemical structure and fundamental properties of the
lignin in question, and its potential for different applications.
The main aim of this work was to characterize two types of
lignosulfonate, ammonium and sodium, as well as supercriti-
cal water hydrolyzed lignin through elemental analysis, 1*C
nuclear magnetic resonance (13C NMR), Fourier transform

infrared (FTIR) spectroscopy, thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and auto-
mated vapor sorption (AVS) analysis. These characteriza-
tions should provide further understanding of the mentioned
industrial residual lignin types in order to help developing
value-added polymers and bioproducts.

Materials and Methods
Materials

Ammonium lignosulfonate (A-LS) and sodium lignosul-
fonate (S-LS) samples were obtained as by-products of com-
mercial biorefinery processes and received from the sup-
plier in dry powder form. Both lignosulfonates were derived
mainly from fermented Norway spruce (Picae abies) wood
sulphite liquor. The supercritical water hydrolysis (SCWH)
lignin was sourced from another industrial partner as a side
product of a smaller non-commercial biorefinery batch,
and delivered in dry powder form. The composition of the
SCWH lignin was 65-85% lignin, 10-25% carbohydrates
and < 10% water. The woodmix used for the biorefinery pro-
cess was mainly Scots pine (Pinus sylvestris) with minor
traces of other wood species. Lignin residues were spray
dried, but not otherwise modified.

Gel Permeation Chromatography (GPC)

Weight average molecular weight, MW, and dispersity
index (PI) of SCWH lignin was determined by GPC using
a Thermo Scientific chromatograph, equipped with an iso-
cratic Dionex UltiMate 3000 pump and a RefractoMax 521
refractive index detector. The separation was carried out at
30 °C within four Phenogel GPC columns from Phenom-
enex, with 5 um particle size and 105, 103, 100 and 50 A
porosities, respectively, located in an UltiMate 3000 Ther-
mostated Colum Compartment. Tetrahydrofuran (THF) was
used as mobile phase at a flow rate of I mL min~'. Samples
were prepared dissolving them in THF at 1 wt% and filtering
using nylon filters with 2 um pore size. MW, Mn and PI were
reported as weight average polystyrene standards.

Elemental Analysis

The carbon, hydrogen, oxygen, nitrogen and sulfur contents
of the lignins were determined by elemental analysis using a
EuroVector EA 3000 atomic absorption spectrometer (Pavia,
Italy) by heating the samples at 980 °C with a constant flow
of helium.
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Fourier Transform Infrared (FTIR) Spectrometry

Fourier transform infrared (FTIR) spectrometry of the lignin
samples were recorded on a P-Elmer equipment (Seer Green,
United Kingdom). Each spectrum was recorded in a fre-
quency range of 400-4000 cm™' using potassium bromide
(KBr) disc with 1% (w/w) lignin in powder form. The KBr
was previously oven-dried to reduce interference of water.
A background spectrum was collected before measurements.

13C Nuclear Magnetic Resonance (NMR)
Spectroscopy

The chemical structure of the lignin samples were ana-
lyzed with solid-state '*C NMR using a Bruker Avance III
400 MHz equipment (Billerica, MA, USA). The spectra
were recorded using a decoupled sequence at '3C frequency
of 100.6338 MHz at 25 °C. Samples were measured at a
spinning rate of 10 kHz, averaging 4096 scans with a recy-
cling delay of 10 s, a time domain of 2 K, and a spectral
width of 30 kHz.

Thermogravimetric Analysis (TGA)

The thermal stability of the lignin samples was analyzed
using a NETZSCH STA 409PC instrument (Bayern, Ger-
many), as described previously [40, 41]. Around 5 mg of
oven-dried sample (24 h at 50 °C) were heated from 30
to 800 °C at a rate of 10 °C/min under a flowing nitrogen
atmosphere.

Differential Scanning Calorimetry (DSC)

The glass transition temperatures (T,) of the lignins
were determined using a DSC analyzer (Mettler Toledo
DSC3 +equipment, Columbus, OH, USA). Samples were
heated from — 80 to 250 °C at a heating rate of 20 °C min~"
under a nitrogen flow of 10 mL/min. Approximately 5 mg of
oven-dried sample (24 h at 50 °C) was used for each analy-
sis, as explained previously [40].

Automated Vapor Sorption (AVS) Analysis

The water vapor sorption behavior of the lignins was deter-
mined using an AVS apparatus (Q5000 SA, TA Instruments)
as reported previously [41, 42]. Approximately 8 mg of
each lignin sample was exposed to relative humidity (RH)
increased from 0 to 90% in step sequences of 10% and of
5% trom 90 to 95% RH. The instrument maintained a con-
stant target RH until the mass change in the sample (dm/
dt) was less than 0.01% per minute over a 10 min period.
The target RH, actual RH, sample mass and running time
were recorded every 30 s during the adsorption run. The
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equilibrium moisture content (EMC) of the each lignin was
calculated based on their equilibrium weight at each given
RH step throughout the adsorption run.

Figures

All figures were done using Microsoft Excel and Microsoft
Word.

Results and Discussion

Gel Permeation Chromatography (GPC)
and Elemental Analysis.

The SCWH lignin had number average molecular weight,
Mn, of 577 Da, and weight average molecular weight, MW,
of 1065 Da, and thus polydispersity (Mn/ﬁw) of 1.84,
referred to calibration with polystyrene standards. The
low average molecular weight indicates severe fragmenta-
tion of the lignin polymers. Molecular weight of the tested
SCWH lignin was even lower than what has previously been
reported for SCWH lignins (MW 3369 Da and 2003 Da, and
Mn 1216 Da and 1009 Da) [17]. Direct comparison to ligno-
sulfonates could not be performed, as the THF-based GPC
method is not suitable for the commercial highly polar ligno-
sulfonates, which are not soluble in organic solvents such as
THF. The supplier reported average molecular weight ranges
of 37.000-53.000 g/mol for A-LS and 35.000-51.000 g/mol
for S-LS measured using GPC. For dispersant applications,
high molecular weight is important factor as it results in
smaller particle size of the liquid being dispersed [43]. The
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Fig. 1 Solid state '>*C NMR spectra of a) supercritical water hydrol-
ysis lignin (SCWH), b) ammonium lignosulfonate (A-LS) and c)
sodium lignosulfonate (S-LS). Signals with most significant differ-
ences are marked with vertical lines
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molecular weights of lignosulfonates were greater than that
of SCWH, even though the values are not directly compa-
rable due to different determination methods. The results of
elemental composition of SCWH, A-LS and S-LS lignins
are present in Table 1.

The results indicated a considerable amount of carbon
content in SCWH lignin (59.0%). The carbon content of
A-LS and S-LS were 43.7% and 41.1%, respectively. This is
in accordance to previous studies [39, 44], which reported
a low carbon content for lignosulfonate lignins. The oxygen
content of the lignins reduced in the order from SCWH>S-
LS>A-LS. S-LS illustrated the highest O/C ratio in com-
parison with the other lignin types, which makes it least
suitable for energy-oriented utilization. A small amount of
nitrogen was found in A-LS lignin (4.0%), which might be
due to the presence of ammonium in the extraction method.
The nitrogen content of the other two samples can vary due
to differences in the raw material source or protein presence
[39]. The amount of other compounds calculated by sub-
tracting from 100% include mainly inorganic materials. The
low amount of impurities in SCWH (5.4%) provides good
possibilities for value-added applications for this lignin type
while the high amount in lignosulfonates (20.4 for A-LS
and 21.0% S-LS) is a known limiting factor [2]. S-LS had
slightly higher sulfur content (6.0%) than A-LS (5.5%).
Lignosulfonates with high sulfur content have been found to
be better dispersants for cement and coal-water slurry [45].

Chemical Structure

The chemical structures of SCWH, A-LS and S-LS were
analyzed by means of solid state '3C NMR (Fig. 1).
SCWH lignin showed no significant signals in the area
200-160 ppm, indicating a low amount of C=0 structures
[46]. The presence of respective peaks at 177.5 ppm and
181.0 ppm in A-LS and S-LS might be attributed to the C=0
bonds in Ar—CHO or R-O-CO-CHj. These signals can also
be traced to the dehydration reaction of lignin side chains
in acidic conditions (Hibbert’s ketone) [47]. A shoulder to
the C,,O peak could be detected at 144.0 ppm for A-LS and
at 144.2 ppm for S-LS that could be connected to sulfonate
(C-S=03) structures.

In the C,,~C region, the strongest signal for SCWH
lignin was at 129.9 ppm, while it was at a lower value for
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Fig.2 FTIR spectra of supercritical water hydrolysis lignin (SCWH),
ammonium lignosulfonate (A-LS) and sodium lignosulfonate (S-LS).
Signals with most significant differences are marked with vertical
lines

the lignosulfonates (at 129.0 ppm for A-LS and 127.4 ppm
for A-LS). The lower value can be due to interferences from
doublebond structures such as C in Ar-CH=CH-CHO
or Ar—-CH=CH-CH,OH [46, 48]. SCWH lignin showed
an intense signal at 104.9 ppm that was missing in A-LS
and S-LS. This can refer to C,/C4 carbons of syringyl-type
(S-type) lignins, indicating that unlike the SCWH lignin nei-
ther lignosulfonate had S-type lignin [49]. The observation
of two peaks at 82.6 and 87.5 ppm in SCWH can be attrib-
uted to the Cg in guaiacyl (G-unit) -O-4 units and to C, in
G-unit -5 units, respectively [40]. The distinct C, signals at
74.2 and 72.6 ppm in SCWH lignin can refer to either p—f or
B-aryl ester structures [49]. The chemical shift at 62.3 ppm
in SCWH can correspond to the C, in G-unit -5 or -1 units
[46]. The A-LS lignin exhibited two signals at 70.2 ppm and
65.4 ppm. Identical peaks were observed in S-LS lignin but
the peak intensity was higher at 65.1 ppm than the one at
70.7 ppm. These can originate from the C, in $-O-4 struc-
ture with interference from a-C=0 and from a- carbon in
G type B-0O-4 linkage, respectively [48]. Spectrum of S-LS
also showed a signal at 24.6 ppm that can be connected to
the CH; or CH, group in saturated aliphatic chains [48].
The -0O-4, B-5, B-1, and p—p type of linkages were more
obvious in the SCWH lignin than the lignosulfonates, while
the lignosulfonates exhibited a considerable amount of dou-
blebonds in the aliphatic chain. The presence of C=0 bonds

Table 1 Elemental analysis of Lignin type %C %H %N %0 %S %other** O/C ratio
supercritical water hydrolysis
lignin (SCWH), ammonium SCWH 59.0 6.3 0% 29.3 0* 5.4 0.50
lignosulfonate (A-LS) and A-LS 437 5.5 40 209 5.5 20.4 0.48
sodium lignosulfonate (S-LS)

S-LS 41.1 45 0.3 27.1 6.0 21.0 0.66

*Quantity too low to be determined

**%other was calculated by subtracting from 100%
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was confirmed in the A-LS and S-LS lignin samples, but not
in the SCWH lignin.

FTIR absorption band assignment and spectra of SCWH,
A-LS and S-LS lignin samples are shown in Table 2 and
Fig. 2. Hardwood lignins can have different amounts of
G-units (guaiacyl) and S-units (syringyl), while softwood
lignin mainly has G-units. The typical G-bands are at 1270,
1125, 855, and 810 cm™" and the typical S-bands are at
1326, 1115, and 825 cm™". There were no peaks observed at
1115 cm™! (aromatic C-H in-plane deformation of S-ring),
at 825 cm™' (C-H out-of-plane deformation in C, and C¢ of
S-unit) or at 843 cm™! (C-H out-of-plane deformation in C,
and Cg of S unit) in A-LS and S-LS lignin samples [50, 51],
confirming a lack of S-type lignin in the lignosulfonates.
In SCWH lignin, the only S-band vibration observed was
at 1326 cm™!, indicating a small amount of S-type lignin.
Small amounts of syringylpropane units in softwood lignins
have been previously reported [52]. Thetypical G-ring vibra-
tions were strong in all lignins, especially the vibration at
1270 cm™! (G-ring breathing) [53].

The absorption bands between 3410 and 3460 cm™!
were attributed to the aromatic and aliphatic OH groups.
A-LS lignin showed slightly lower stretching vibration of
the OH group than the other lignin types, which might be
due to ammonium group. The peaks at 2938 and 2842 cm™!
were due to the CH stretching of both the aromatic meth-
oxyl groups as well as the methyl and methylene in the side
chains. The vibration at 1600, 1515, and 1425 cm™! corre-
sponded to the aromatic ring vibration of the phenyl propane
9C skeleton [50].

The SCWH lignin and the A-LS lignin showed peaks
at 17051720 cm™!, which is related to the unconjugated
carbonyl stretching vibration [56]. These peaks cannot be
identified in S-LS lignin due to the strong aromatic skeletal
vibrations in connection to the C=0 signal at 1600 cm~!.
The ratio of absorbance of the C=0 signal at 1600 cm™"
(A 400) to the aromatic “standard” ring vibration of the phe-
nyl propane 9C skeleton at 1515 cm™! (A}s15) [53] was 1.18
for S-LS, but only 0.63 for A-LS and 0.64 for SCWH, which
indicates a much higher amount of C=0 groups in the S-LS.

Table2 FTIR absorption band assignments of supercritical water hydrolysis lignin (SCWH), ammonium lignosulfonate (A-LS) and sodium

lignosulfonate (S-LS) [50, 54, 55]

Band (cm™) Assignments SCWH A-LS S-LS
3412-3460 O-H stretching (phenolic and aliphatic OH) 3445 3409 3433
O-H stretching (phenolic and aliphatic OH) 3214
2960-2925 C-H stretching (CH; and CH,) 2932 2939 2937
2850-2840 C-H stretching (OCH;) 2839 2836 2842
1771 Aromatic acetoxy group - 1772 -
1705-1720 C=O0 stretching (unconjugated carbonyl) 1707 1703 -
1650 C=O0 stretching (conjugated) 1656 - -
~1600 C=C stretching (aromatic skeleton) with C=0 stretching 1600 1603 1604
~1513 C=C stretching (aromatic skeleton) 1513 1512 1512
1460 C-H deformation (asymmetric in CH; and CH,) combined with C-H in-plane deformation 1464 1463 1464
~1425 C=C stretching (aromatic skeleton) with C—H in-plane deformation (aromatic skeleton) 1424 1429 1421
1365-1370 H-O in-plane deformation (phenolic OH) and C—H in methyl groups 1367 - -
1325-1330 S-ring breathing with C=0 stretching or G-ring substituted in Cs 1332 - -
1266-1270 G-ring breathing with C-O stretching 1269 1266 1264
1215-1220 C—C with C-O and C=O stretching 1220 1206 1210
1195-1168 S=O0 stretching (symmetric) - 1173 1180
1166 C=0 (conjugated ester groups) 1159 1162 -
1140 Aromatic C-H in-plane deformation (G-ring) - - 1141
1115 Aromatic C-H in-plane deformation (S-ring) 1122 - -
1086 C-0 deformation (secondary alcohols and aliphatic esters) 1077 1087 1088
1030-1035 Aromatic C-H in-plane deformation with C—O deformation (primary alcohol and ether) and 1030 1036 1043
C=O0 stretching (unconjugated)

915-925 C-H out-of-plane bending (aromatic ring) 930 927 929
853-858 C-H out-of-plane bending (C,, Cs, and C4 of G-ring) 857 866 863
817-832 C-H out-of-plane bending (C,, Cs, and C4 of G-ring) 815 814 815
620 Sulphonic groups (S-O) - 616 -
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The 1515 cm™! band was used for determination as it has the
least interference from overlapping effects [57].

The cleaving of a-0-4 and p-O-4 linkages leaves many
non-etherified phenolic OH groups in lignin, which can be
visible in the 1365 cm™! band. The SCWH lignin showed
a strong signal at 1367 cm™! and 1220 cm™' which can be
associated with the C—C with the C—O and C=O stretch-
ing [50]. Comparing the absorbance of the OH signals
around 3430 cm ™" and the phenolic OH signals at 1365 and
1328 cm™! gives information about the relative amounts of
aliphatic and phenolic OH groups [53]. The FTIR spectra
indicated more phenolic OH groups in the SCWH lignin,
and more aliphatic OH groups in the A-LS and S-LS lignin
samples.

Thermogravimetric Analysis (TGA)

The thermal decomposition of lignin samples was evalu-
ated using thermogravimetric (TGA) and derivative thermo-
gravimetric (DTG) analyses. Figure 3a illustrates the weight
losses of the lignin samples with increasing temperature,
and Fig. 3b shows the first derivatives of the TG curves that
provide information on the rate of mass change with the
decomposition temperatures of samples.

Initial weight losses were observed at temperatures below
160 °C, which can be ascribed to the removal of physically
bound moisture from the lignin samples [58]. SCWH lignin
showed highest degradation temperature (T,,.,) as compared
with the A-LS and S-LS lignins. The respective T, of

Fig.3 a Thermograms (TG)
and b derivate of thermograms

(@

SCWH, A-LS and S-LS were 314, 231 and 217 °C (Table 3).
S-LS lignin showed lower mass change and higher residual
mass than A-LS and SCWH. This can be attributed to the
higher decomposition degree of S-LS caused by the more
severe pulping process [59, 60], and partially to the exist-
ence of inorganic impurities [39], as indicated in the results
of the elemental analysis. The DTG curves demonstrate the
maximum temperatures at which weight loss occurred in the
lignin polymers. As indicated in Table 3, the first maximum
degradation temperatures (T,,,,;) in A-LS and S-LS were at
266 and 257 °C, respectively. These could be associated with
degradation of impurities and hemicelluloses [61]. SCWH
showed T, at 369 °C and second maximum degradation
temperature (T ,,,,) at 395, while the T,,,,, in A-LS was at
376 °C and in S-LS at 322 °C. This 350-400 °C range can
be related to the fragmentation of inter-unit linkages and
releasing of monomeric phenols [62]. Unlike the other lignin
samples, S-LS showed a third maximum degradation tem-
perature (T,,,,3) at 760 °C. Loss of mass above 500 °C could
be caused by the degradation of aromatic rings [62] or by the
release of CO from degenerating C—O—C and C=O bonds
[39]. High amounts of C=0 groups in S-LS is supported by
the findings from elemental analysis, FTIR, and 3C NMR.

Differential Scanning Calorimetry (DSC)
Figure 4 shows the glass transition temperatures (T,) of

the lignin samples after removing thermal history. The T,
of SCWH and S-LS were found to be 150.5 and 152.1 °C,

(b)

. 100 - - 27
(DTG) of supercritical water o
hydrolysis lignin (SCWH), 90 + T 07 '.\ ——
ammonium lignosulfonate . 80 A - \ >
(A-LS) and sodium lignosul- X 70 A %o 2 1
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g 50 4 ¢ 6
40 1 £
30 A 2 81
20 T T T 810 . . . S
0 200 400 600 800 0 200 400 600 800
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Table 3 Degradation . Type of lignin Onset (°C) Mass change Major degradation temperatures Residual
temperatures f(.)r S}lpe?rcrltlcal 200-600 °C (%) (°C) mass
water hydrolysis l}gnm (%)
(SCWH), ammonium Toaxi Toax2 Tmax3
lignosulfonate (A-LS) and
sodium lignosulfonate (S-LS) SCWH 314 60.9 369 395 - 31.2
A-LS 231 50.4 266 376 - 352
S-LS 217 35.8 257 322 760 443
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Fig.4 DSC curves of supercritical water hydrolysis lignin (SCWH),
ammonium lignosulfonate (A-LS) and sodium lignosulfonate (S-LS)
with labeled T,’s

respectively. In the literature, T, values of different lignin
types varies between 90 and 180 °C [62], the determined T,
values for SCWH and S-LS lignins were therefore relatively
high. High T, values can be explained by higher molecular
weight and stiffer chains [63]. A-LS lignin did not show a T,
which might be due to the hydrophilicity of this lignin type,
as water is a disturbing factor in Tg determination [53]. Tg is
important parameter in processes using extrusion, such as
carbon fiber production [33]. Although DSC is an accepted
method for determining the Tg of lignin [64], difficulties with
the method have been discussed previously [62].

Automated Vapor Sorption (AVS) Analysis

Lignin is a relatively hydrophobic polymer due to the pres-
ence of phenyl groups on its basic chain unit. Water mol-
ecules are capable of breaking the hydrogen bonds between
lignin molecules and form separate hydrogen bonds with

Fig.5 a Equilibrium moisture
content (EMC) in adsorption
and b moisture increment of
supercritical water hydrolysis
lignin (SCWH), ammonium
lignosulfonate (A-LS) and
sodium lignosulfonate (S-LS)
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available hydroxyl groups (bound water). When hydroxyl
sites are saturated, additional water molecules (free water)
aggregate through intermolecular hydrogen bonding [65].
Lignin moisture sorption isotherms have been determined
previously by using gravitational methods and dynamic
vapor sorption [66, 67].

The water vapor sorption of the three lignin types is
shown in Fig. 5a. Lignosulfonate lignins exhibited higher
equilibrium moisture content (EMC) as compared to the
SCWH lignin at the whole RH range, and especially at
the RHs above 60%. SCWH showed an EMC of 6.5% at
95% RH, while the respective EMC values of A-LS and
S-LS were 46.7% and 55.9%. The moisture increment of
the SCWH lignin was low and varied little over the entire
RH range (Fig. 5b). In the case of lignosulfonates, moisture
increment slightly decreased from O to 40% RH in A-LS
lignin, then gradually increased from 40 to 60%, and then
strongly increased above 60%. S-LS lignin, however, showed
almost constant increment up to 30% RH, then slight incre-
ment from 30 to 40% RH and sharp increment from 40 to
90% RH. Greater moisture increment was observed for all
samples in the range of 80-90% RH than in the RH range of
90-95%. The latter can be due to a reduction in a number of
accessible OH groups. The different EMC behavior of the
lignins might be attributed to the presence of less phenolic
hydroxyl groups and more available OH groups, and/or to
the highly amorphous structure of lignosulfonate lignins.
This leads to increased elastic swelling of the lignin polymer
upon higher RHs, and subsequently to more accommoda-
tion possibility for water molecules in lignosulfonates [68].
Larger amounts of carbohydrates in lignosulfonates than in
SCWH lignin, as indicated by the elemental analysis and
TGA, may also be an additional reason.

The relative stable sorption behavior of SCWH lignin
implies a less moisture dependent hydromechanical response
[69], which makes this material promising as reinforcement
in polymer composites [70]. The adsorption characteristics

—~
(=3
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have a close relationship with the solution behaviors of
lignosulfonates [71]. Thus, the favorable water absorptivity
of A-LS and S-LS should be beneficial for their solution
behavior and applied performance at solid-liquid interfaces
in systems involving coal/ water, air/liquid interfaces and
metallic oxides [45, 72].

Conclusions

As the supply of residual lignin from pulping industries
and biorefineries increases, the information presented in
this study on the properties of different lignin types will
contribute to the growing effort to recover these renewable
resources for higher-value utilization, as opposed to simply
burning them for internal energy generation. The overall
results showed that SCWH lignin differed greatly from the
lignosulfonates A-LS and S-LS in chemical structure, ther-
mal properties and water sorption behavior. It was found to
have more pB-R linkages than the lignosulfonates, where R
can be f, aryl ester (e.g. -O-4), 5 or 1 carbon. High amounts
of B-O-4 linkages as well as the low molecular weight make
it interesting to consider conversion of SCWH lignin into
aromatic compounds. For lignosulfonates, little effect is
expected from the milder depolymerization methods. Full
depolymerization into platform chemicals might be possible
for the lignosulfonates, but would require removal of the
impurities detected in relative high amounts by elemental
analysis and TGA.

Based on '>)C NMR and FTIR, all lignins had mainly
G-units, and only SCWH lignin showed indications of con-
taining some S-units. Relatively high reactivity can thus
be expected, as G-units have more free reactive sites than
S-units. This is important in adhesive applications, such as
phenol replacement in phenol formaldehyde resins [27, 73].

According to the FTIR results, the total hydroxyl con-
tent was similar for all lignins, whereas SCWH lignin had
higher phenolic hydroxyl and lignosulfonates higher ali-
phatic hydroxyl content. Aliphatic hydroxyl groups are ben-
eficial for modifications such as acetylation and alkylation of
lignins. A high total content of hydroxyl groups is important
when lignin is used in adhesives or as reinforcement in poly-
mer blends. For polymer applications, the lignosulfonates
would need to be purified due to their high ash content [59].
However, the higher C=0 content of S-LS might provide
interesting application opportunities.

Both SCWH lignin and S-LS (after purification) may
have potential to be used as raw materials for carbon fibers,
having Tg of 150.5 and 152.1 °C, respectively. Alternative
methods, such as dry spinning, might be required due to the
relatively high T, [74]. The more economical option of the
two would be SCWH, as it would not require as intensive
purification as the S-LS.

Water vapor adsorption analysis showed little EMC
change within the RH range for the SCWH lignin. It can
thus find uses as a hydrophobic reinforcement material
in polymer composites with improved hydromechanical
properties [70]. On the other hand, the high adsorptivity
of lignosulfonates should favor the classic uses as anionic
surfactants in various application areas, such as concrete
water reducers and dispersants [71].
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