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ABSTRACT

Kraft lignin, an industrially available by-product from the pulp and paper industry, has
revealed enormous potential to be valorised into a wide range of chemicals and bio-
materials in the last two decades. However, the understanding of lignin chemistry remains
challenging due to its chemical complexity. The goal of this work was to investigate the
effect of drying temperature on the chemical, physical, and hygroscopic properties of
hardwood kraft lignin isolated from industrial black liquor and elucidate the molecular
interactions occurring between water and kraft lignin. Sorption-desorption isotherms
determined by dynamic vapour sorption (DVS) technique revealed that the drying process
considerably affected the hygroscopicity of the lignin polymer. Moreover, analytical py-
rolysis (Py—GC—MS), dynamic NIR spectra collected as a function of relative humidity (0
—95%) during sorption-desorption cycles and principal component analysis (PCA), evi-
denced chemical differences between lignin dried at room (25 °C) temperature and mild
oven (55 °C) conditions. The main spectral changes associated with the water sorption in
kraft lignin samples were analyzed using difference spectrum technique. 2D NIR spectral
correlation analysis provided water sorption mechanism of lignin polymer, disclosing for
the first time the sequential order in which water vapour molecules interact with active
sorption sites in kraft lignin.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lignin is the only high-molecular-weight renewable poly-
aromatic compound present in nature representing 10—35% of
the lignocellulosic biomass. Lignin polymer is industrially
available since it is produced as a by-product by the wood
pulping industry. Nowadays, the kraft-pulping process is the
most widespread method for pulp manufacture worldwide,
managing around 85% of the market and producing annually
more than 50 million tons of kraft lignin [1]. Despite the
promising potential of kraft lignin as a feedstock to be valor-
ised into chemicals [2], polymers [1,3,4], and, more recently,
materials for food, biomedical, and pharmaceutical applica-
tions [5,6], most of the generated black liquor is still com-
busted as a low-value fuel for the production of heat and
electricity as a part of the pulping process. Recently, in order
to diversify their products portfolio, pulp and paper mills
proposed the recovery and commercialization of kraft lignin.
It is expected that this approach will increase their economic
profit as well as improve their environmental profile through
promoting sustainable products from a residual waste [7]. In
the last two decades, several mills such as Mead-Westvaco
(Canada), Nordic Paper Backhammer (Sweden), Domtar Ply-
mouth Mill in North Carolina (USA), and Stora Enso (Finland)
have made the effort to integrate a lignin recovery process in
their mills. Nevertheless, the application of kraft lignin at
large-scale still represents a big challenge. The chemical
variability and complex structure of this abundant natural
polymer are among the main factors that hamper its use in
biorefineries and make difficult the development of optimized
conversion processes for the obtention of lignin-derived high-
value products [8]. Additionally, the typical dark colour of
kraft lignin is presented as an aesthetical hindrance with
important impact on the physical characteristics of the lignin-
based products [9]. Although the valorisation of lignin for
several application fields is a relevant topic of research,
fundamental science about this complex polymer is still un-
known. For instance, the hygroscopic properties of kraft lignin
and its molecular interaction mechanism with water vapour
in the environment. The hygroscopic character of lignin
polymer, caused by the presence of many hydrophilic func-
tional groups such as hydroxyl (phenolic and aliphatic),
methoxyl, carbonyl, and carboxyl in its chemical structure,
can greatly affect the final performance and stability of lignin-
based products in particular applications [10]. Therefore, the
study of moisture sorption—desorption properties of lignin
polymer is essential for the understanding of lignin chemistry
and its behaviour in changing environments. Dynamic vapour
sorption (DVS) analysis is considered a useful technique for
the determination of sorption isotherms of materials
providing numerous advantages in comparison with a tradi-
tional static method [11,12]. The ultra-sensitive microbalance
of this equipment requires a small sample mass for the
measurement, which reduces the data acquisition time as
well as offers an accurate determination of isotherms at
different temperatures and over a wide range of relative hu-
midity (0—95%). Volcova et al., 2012 [10], studied water sorp-
tion properties of Eucalyptus kraft lignin and lignin-based
composites using a DVS apparatus. However, the information

provided by DVS analysis was not enough to comprehend the
water sorption process of this heterogeneous polymer. Several
works have demonstrated the suitability of infrared spec-
troscopy for the study of the water vapour sorption mecha-
nism of wood [13] and wood-derived materials like natural
fibers [14] and cellulose [15]. This technique is based on the
measurement of molecular vibrations as a result of the
energy—matter interaction. Recently, Gou and co-workers,
2019 [16], investigated the adsorption of water molecules by
polar groups present in commercial alkali lignin (Sigma
Aldrich) using micro-FTIR spectroscopy during a water sorp-
tion cycle, recognizing carbonyl and hydroxyl groups as water
sorption sites and describing the molecular association of
adsorbed water with lignin. Mid-infrared spectroscopy in-
vestigates the fundamental vibrations of molecules (v = 0 to
v = 1), whereas near-infrared, which is more energetic radia-
tion, provides information on molecular overtones (v = 0 to
v > 1) and combinations of vibrations [13]. To the best or our
knowledge, no previous works have been found related to the
study of water sorption mechanism of kraft lignin polymer
using NIR technology, which greatly contributes insights into
lignin chemistry where more complex molecular transitions
occurs. Moreover, the NIR region has explicit absorption bands
related to water interaction with materials, allowing assess-
ment and monitoring of material affinity related to moisture
changes. The goal of this research was to elucidate the water
sorption mechanism of hardwood kraft lignin isolated from
industrial black liquor as well as to reveal NIR bands of kraft
lignin associated with the molecular sites capable of estab-
lishing hydrogen-bonds with water molecules during a sorp-
tion process. Molecular interactions occurring between water
and lignin polymer have been studied using near-infrared
(NIR) spectroscopy combined with principal component
analysis (PCA) and 2D spectral correlations analysis. More-
over, the effect of the drying temperature on the physical,
chemical, and hygroscopic properties has been evaluated.

2. Materials and methods
2.1. Kraft lignin isolation

Hardwood kraft lignin was isolated from industrial black li-
quor generated during the manufacturing of cellulose pulp
from Eucalyptus chips. The precipitation was carried out
using sulfuric acid (98%) as acidifying agent and lowering the
pH of the supplied black liquor (initial pH~13) to pH 2. The
lignin content of the supplied black liquor was 32 g/L. Then,
precipitated lignin was recollected by filtration, washed until
neutral pH and dried at controlled room conditions (25 °C) and
in an oven using mild temperature (55 °C). Each resulted lignin
was manually ground with a mortar and stored for further
analysis.

2.2. Molecular characteristics

The weight-average (Mw), number-average (Mn), and poly-
dispersity (Mw/Mn) of each kraft lignin were determined by
Gel Permeation Chromatography (Jasco LCNet II/ADC),
equipped with a refractive index detector (RI-2031 Plus
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Intelligent), PolarGel-M column (300 mm 7.5 mm), and
PolarGel-M guard (50 mm 7.5 mm). The column operated at
40 °C and eluted with N,N dimethylformamide (DMF) with
0.1% lithium bromide at flow of 0.7 mL/min. Polystyrene
(Sigma—Aldrich) was used as a standard (70,000—266 g/mol).
Lignin samples were also characterized by pyrolysis—gas
chromatography—mass spectroscopy (Py—GC—MS) using a
CDS Pyroprobe® model 5150 pyrolyzer. Identification of the
pyrolysis products was accomplished using a GC—MS instru-
ment (Agilent Techs. Inc. 6890 GC/5973MSD). The compounds
were identified by comparing their mass spectra with the
National Institute of Standards Library (NIST) and compounds
reported in the literature [17—22]. A quantity between 400 and
800 mg was pyrolyzed in a quartz boat at 600 °C for 15 s with a
heating rate of 20 °C/ms (ramp-off) with the interface kept at
260 °C. The pyrolyzates were purged from the pyrolysis
interface into the GC injector under inert conditions using
helium gas. The fused-silica capillary column used was an
Equity-1701 (30 m x 0.20 mm x 0.25 um). The GC oven program
started at 50 °C and was held for 2 min. Then it was raised to
120°C at 10 °C/min and was held for 5 min; after that, raised to
280 °C at 10 °C/min and was held for 8 min, and finally raised
to 300 °C at 10 °C/min and was held for 10 min. Both GPC and
analytical pyrolysis measurements were carried out in tripli-
cate for each lignin sample. In addition, GPC results were
analyzed with an ANOVA test and the software used was
Origin 2017 (OriginLab Corporation, Northampton, MA, USA).

2.3. Visual appearance

The micromorphology of two hardwood kraft lignin samples
was observed by using a digital microscope (Keyence, VHX-
6000) at magnification of 500X with Epi-illumination light
mode.

2.4. Moisture content measurements

Water sorption and desorption isotherms of kraft lignin
dried at 25 °C (KL25) and 55 °C (KL55) were obtained using a
dynamic vapour sorption apparatus (DVS-Surface Measure-
ment Systems). An optimized condition, lowering weight
change per minute (dm/dt) were set to obtain repeatable
and reliable results. Each adsorption—desorption experiment
took about 3 days and the humidity and temperature values
were very stable during the tests. Lignin sample (10-20 mg)
was placed on an aluminium plate connected to an ultra-
sensitive microbalance capable of recording mass changes
at a resolution of 0.1 pg, at established sorption-desorption
conditions. Prior to sorption measurements, lignin samples
were stabilized at 30 °C and 0% RH until weight change per
minute (dm/dt) value reached 0.01%. This mass value was
taken as dry mass reference value. Then, lignin sample was
subjected to a gradual increase of relative humidity (20, 40,
60, 80, and 95% RH), followed by a sequential reduction to
0% RH. In order to ensure that the equilibrium moisture
content (EMC) of lignin sample was reached at each RH
condition, the instrument maintained a sample at a con-
stant RH until the weight change per minute fell below
0.002% (dm/dt = 0.002).

2.5. Near infrared spectroscopy study

2.5.1. NIR spectra acquisition

Near infrared spectral measurements were performed in a
Bruker MPA II spectrophotometer equipped with an inte-
grating sphere accessory. NIR spectrum of lignin sample was
recorded on diffuse reflectance mode from an average of 64
scans over the range 12,000—4000 cm~* at a spectral resolution
of 8 cm . NIR spectra of each isolated kraft lignin was
collected at different relative humidity (0, 35, 75, and 95%) at
constant temperature (25 °C) during the sorption-desorption
cycle. First, lignin samples were placed in a glass vials and
freeze-dried for 24 h to remove the moisture content. Then,
each lignin was conditioned in a sealed container at different
relative humidity (0, 35, 75, and 95%) at constant temperature
using saturated salt/water solutions (MgCl, NaCl and water).
The equilibrium mass change and moisture content were
gravimetrically measured at each relative humidity. Three
independent measurements were performed on each sample.

2.5.2. Data processing

Firstly, extended multiplicative scatter correction (EMSC) was
applied to the three measured spectra in each sample condi-
tioning scenario in order to minimize an effect of uneven light
scatter. Such corrected set of spectra was then averaged to
determine the most representative single spectrum corre-
sponding to each stage of RH. All the spectra were then used
for determination of the dynamic response of each studied
lignin to changing environmental conditions by interpolating
these along the whole RH range from 0 to 100%. A polynomial
(3rd degree) fitting algorithm was used, and the interpolation
was performed independently for each spectral wavelength.
In addition, NIR difference spectrum technique was applied by
subtracting the spectrum measured at 0% RH to the interpo-
lated spectra. This technique is useful to identify the main
spectral region closely associated with water sorption in
lignin. The second derivative spectra were calculated by an
average of 100 points based on Savitzky—Golay method.
Principal components analysis (PCA) was performed on that
data set in order to identify clustering of samples according to
their moisture content. These principal components can be
segregated into those that represent useful information and
those that represent irrelevant information or noise, thus
reducing the effective dimensionality of the data. The soft-
ware used for spectra processing and analysis, including
EMSC, averaging as well as PCA, was PLS_Toolbox (Eigenvector
Inc, USA), available as an extension of the Matlab package
(Mathworks, USA).

2.5.3. Two-dimensional correlation spectroscopy (2D-COS)

2D NIR correlation analysis of dynamic spectra enables the
study of molecular-level changes induced by an external
perturbation. NIR spectra of kraft lignin samples exposed to
different relative humidity conditions (0, 35, 75, and 95%) at
constant temperature (25 °C) were collected and interpolated
to obtain a representative dynamic spectra from 0 to 100%
relative humidity. The cross-correlation analysis provides two
different correlation maps. The synchronous and asynchro-
nous correlation intensities formally correspond to the real
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and imaginary part of the complex cross correlation function
calculated along the variable t (external perturbation) between
two spectral signal variations measured at wave numbers v,
and v, [23]. 2D spectral correlation was performed with a
custom software developed in LabView 2019 (National In-
struments Inc, USA) implementing algorithms of Noda and
Ozaki [23].

3. Results and discussion
3.1. Molecular characteristics

Gel permeation chromatography and analytical pyrolysis
were used to investigate structural differences between kraft
lignin dried at different temperatures. The precipitation step
from black liquor was identical for each studied kraft lignin,
the drying step being the only difference between them. Based
on the results of GPC, no statistical differences were noticed
with regard to the molecular weight distribution of each iso-
lated kraft lignin (Table 1). The low molecular weight of
hardwood kraft lignin results from the industrial process from
which it comes, where degradation of p-aryl ether linkages in
the lignin structure takes place during pulping bleaching [24].
Additionally, the chemical nature of hardwood lignin with
high syringyl units as a structural element, partially avoid
condensation reactions (5-5and B-5'bonds) during the last
stage of the process [25]. Furthermore, volatile fragments like
phenolic compounds released during the thermal degradation
of lignin in the absence of oxygen provide useful structural
information about chemical characteristics of the macro-
molecule. In this study, 33 phenolic-derived compounds,
which represent 88—90% of total area, were identified and
classified according to their aromatic structure and origin:
phenol-type compounds (H), guaiacyl-type compounds (G),
syringyl-type compounds (S), and catechol-type compounds

Table 1 — Molecular weight distributions and relative

content (%) of phenolic compounds released during fast
pyrolysis of kraft lignins.

KL25 KL55
Mn 669 +18° 683 + 24°
Mw 2477 + 1329 2285 + 1737
P 3.7 3.3
H-type 2.1+0.6 19+0.1
Ca-type 9.3+0.3 80+0.7
G-type 249+4.6 16.8 +1.7
S-type 52.0+8.3 63.8 + 0.5
Methoxylated phenolic groups (%)* 86.3 + 3.9 882+21
Non-substituted saturated chains (%)° 28.3 + 1.0 38.8 £5.0
Unsaturated side chains (C=C) (%)° 6.7 +£0.2 10.2+0.5
Oxygenated groups in the side 25+13 21+02

chains (C=0) (%)

Short side chain (C;+C,) 349 + 0.3 473 +5.2
Long side chain (Cs) 30+14 53+1.9

& Guaiacyl and syringyl-type compounds.

® Short and propanoid side chains attached to the aromatic ring.

¢ Compounds with unsaturations in C, = Cs and Cg = C, positions.

4 The population means are not significantly different at the 0.05
level according to the one way analysis of variance (ANOVA).

(Ca). During fast pyrolysis, some differences regarding
released compounds between lignin samples were observed.
Although syringyl and guaiacyl-type compounds were domi-
nant in both pyrograms, significant area percentage of
catechol-type compounds was also detected (8—10%). These
compounds are usually produced from demethoxylation (Ph-
OCHj; cracking) and demethylation (PhO-CHj cracking) of S-
type compounds generating phenol derivatives and catechol-
type compounds, respectively [26]. Therefore, even though
similar relative content of methoxylated phenolic groups were
detected during analytical pyrolysis for each kraft lignin, 73%
and 80% of these compounds came from S-type compounds
for KL25 and KL55, respectively. Furthermore, several differ-
ences were observed by sorting the released lignin-derived
aromatic products according to the structural characteristic of
their side chain (Table 1). The major difference between kraft
lignins corresponded to the amount of released phenolic
compounds with a side chain attached to the aromatic ring.
The content of phenolic compounds with short and long side
chains (non-substituted and substituted) was found to be
higher for KL55 than for KL25. The presence of lignin-derived
compounds with non-substituted saturated side chains, such
as 4-methylguaiacol, 4-ethylguaiacol, 4-propylguaiacol, 4-
methylsyringol, 4-ethylsyringol, and 4-propylsiringol, was
more abundant in oven-dried kraft lignin (KL55) than in the
pyrogram of kraft lignin dried at room temperature (KL25). In
addition, the content of phenolic compounds with unsatu-
rated side chains, such as vinylsyrirngol, vinylguaiacol, iso-
eugenol, and allylsyringol was found higher for KL55 than
KL25. Regarding the phenolic derivatives with oxidized
structures in the side chain (aldehydes and ketones), no
relevant differences were noticed between isolated kraft
lignins.

3.2. Physical characteristics

Fig. 1 presents a clear effect of the drying step on the
morphological properties and colour of kraft lignin. The pro-
cedure followed for obtention of each kraft lignin from in-
dustrial black liquor resulted in a powder formed by lignin
particles of irregular size and no uniform shape. However,
significant differences regarding the colour and morpholog-
ical aspects between the two kraft lignin were observed. Oven-
dried kraft lignin (KL55) presented smooth dark surface par-
ticles with caramel appearance, due to the burning effect
during drying, that were covered by smaller and lighter par-
ticles. Conversely, KL25 exhibited as non-uniform shape clods
covered by smaller lignin particles aggregated closely, forming
a rough surface texture.

Although, KL55 also presented small light particles on its
surface, in KL25, a larger amount of smaller lignin particles
than in KL55 were observed. Zhanget al., 2018 [27], also proved
that drying procedures in the presence of temperature
generate dark lignin with smooth surfaces, while the absence
of temperature produces lighter colour lignin with smaller
particle sizes. Lignin is naturally a rigid and brittle polymer
due to its amorphous, highly cross-linked structure and strong
intermolecular hydrogen bonding interactions, which restrict
thermal mobility of the chemical structure. Glass transition
temperature (Tg) for hardwood kraft lignin in the literature
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Fig. 1 — Hardwood kraft lignin dried at room temperature (25 °C) and dried in mild oven conditions (55 °C).

was found between 115 and 125 °C [28]. However, T of lignin
polymer is greatly affected by moisture content, decreasing up
to 50 °C at high moisture content, as was previously reported
by Morsing, 1998 [29]. Hence, the colour and morphological
differences between studied samples were associated with
the drying step, which occurred below T, for KL25 and over T,
in KL55. The drying of lignin at temperatures over its glass
transition in wet state (after precipitation and washing) orig-
inated a particular caramel-like appearance of particles in
KL55.

3.3.  Hygroscopic properties of kraft lignin

Hygroscopicity of lignin is an important aspect to consider
and control, especially for development of high-performance
applications. Rawat and Khali, 1990 [30], reported the first
research paper about adsorption of water vapour in lignin,
where the adsorption mechanism was validated by Brunauer,
Emmett and Teller (BET) theory. However, since then the hy-
groscopic behaviour of lignin polymer has been an unexplored
topic. Therefore, the present work studied water vapour
sorption properties of industrially produced hardwood kraft
lignin using a dynamic vapour sorption analysis in the 0-95%
relative humidity range at constant temperature (25 °C).
Additionally, the effect of drying process on hygroscopic
properties was investigated. Equilibrium moisture content
during a sorption-desorption cycle of kraft lignin samples is
presented in Fig. 2. According to the IUPAC isotherms classi-
fications [31] and previous reported studies [11,32], kraft lignin
exhibited sigmoid shape isotherms (type II). As a result of the

monolayer-multilayer adsorption mechanism, type II iso-
therms are concave at low RH%, approximately linear in the
intermediate region, and convex at high RH% [17]. This type of
isotherm is commonly found in wood and wood-derived
compounds (macroporous materials). Nevertheless, as can
be observed in Fig. 2, the hygroscopic property of isolated kraft
lignin was highly affected by drying temperature. KL25 dried
atroom temperature reached up to 21% of moisture content at
95% relative humidity, while the maximum water content in
KL55 dried at 55 °C in saturated conditions was around 10%.
Moreover, a gradual water sorption was observed for KL55,
while in the case of KL25, around 50% of the total adsorbed
water occurred at high RH (above 80%). The different hygro-
scopic pattern of each kraft lignin could be explained by the
following theory. According to previously reported studies,
when a hygroscopic material undergoes the drying process, an
irreversible hydrogen bond formation can take place, result-
ing in a reduced availability of sorption sites to bond with the
water vapour molecules during a sorption cycle [11,18,19].
Thus, the lower affinity of KL55 toward water vapour was
associated with this phenomenon. In addition, a hysteresis
phenomenon is clearly visible in each kraft lignin. Hysteresis
is expressed by the difference between equilibrium moisture
content in sorption and desorption at the same relative hu-
midity. Oven-dried kraft lignin (KL55) presented higher hys-
teresis than kraft lignin dried at room temperature (KL25),
especially at relative humidity lower than 60%. These results
indicated the lower capacity of KL55 to release the adsorbed
water during a desorption process. In contrast, KL25 had the
capacity to reach initial equilibrium moisture content during
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Fig. 2 — Experimental sorption-desorption isotherms determined by DVS technique and hysteresis of kraft lignin dried at

25 °C and 55 °C.

the desorption cycle at lower RH% (<20%), suggesting its
ability to recover the original state. Although, several theories
have been reported regarding the hysteresis phenomenon in
wood, the explanation of this irreversible event in lignin is not
fully understood. As a heterogeneous polymer, lignin hygro-
scopicity may be influenced by several factors since water
sorption sites are not only dependent on the chemical struc-
ture but also on the microstructure of the material [11,20]. The
morphological differences between lignin due to drying con-
ditions could explain the differences observed from the hys-
teresis phenomenon, which is widely related to the
microstructures of the material [21,22]. Relying on reported
theories, the micromorphology of KL55 hinders easy release of
absorbed water during desorption, while the microstructure
features of KL25 enables recovering of the initial equilibrium
moisture content at 20% RH. Moreover, the particular sorption
capacity of KL25 occurred above 80% RH, allows the sorption
of water bonded to a previously adsorbed water molecule
forming strong hydrogen bonds, as was previously reported
[16,32]. This phenomenon is hardly visible in KL55, probably
due to the steric hindrance of the microstructure.

3.4.  Near infrared spectroscopy study

3.4.1. Absorbance bands of NIR spectra related to lignin-
water interactions

The exposure of lignin samples to an external perturbation,
such as different relative humidity conditions, induced

molecular-level changes that generated spectral variations
such as intensity changes, band shifts or change in the band
shapes [23]. With the goal of identifying the main spectral
changes associated with water sorption in kraft lignin sam-
ples, difference spectrum technique was applied. The varia-
tion observed in specific spectral ranges is related to the
functional groups of lignin affected by the moisture uptake.
Fig. 3, which was represented using the same scale on the y-
axis, shows NIR spectra difference of KL25 and KL55 during
the sorption cycle. Although major changes corresponded to
intensity changes, band shifts were also detected during
water adsorption process. The moisture absorption of studied
lignin samples involved changes in the same spectral ranges;
however, spectral variations were affected following different
trends for each lignin type. The spectral range above
7500 cm ™! has been previously related to colour and particle
size [33]. The dark colour of wood samples results in higher
infrared light absorbance in this region as was reported by
Mitsui et al., 2008 [34]. However, decrease of absorbance can
be observed with increased relative humidity. This reduction
was especially obvious in the range of 8300—-8800 cm™" for
KL55, which is associated with methyl groups in aromatic
structures (2nd OT C—H stretching —CHj3) and 2nd OT asym-
metric stretching of C—H and HC=CH of lignin [35,36].
Methoxyls (auxochromes) and carbon—carbon double bonds
(chromophores) are functional groups responsible for the dark
colour of lignin polymer. Furthermore, with an increase in RH,
spectral changes in the region 6000-7500 cm~* were clearly

KL d“edit 25°C Relative Humidity
f 10%
20%
i —— 30%
| —— 40%
] —— 50%
\ it ——60%
i ——70%
I ——80%
—— 90%

—100%

KL dried at 55 °C Relative Humidity

10%
20%
——30%
———40%
—50%
——60%

i —70%

[l —— 0%
N ——90%

100%

T T T T T T T T T T
4000 5000 6000 7000 8000 9000

Wavenumber (cm™)

L 1 T T T T T
10000 4000 5000 6000 7000 8000 9000 10000

Wavenumber (cm™)

Fig. 3 — Dynamic spectra of kraft lignin (KL25 and KL55) under different relative humidity (sorption cycle).
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noticeable, especially for KL25. Different spectral response
between each lignin indicated that KL25 contains more
available sorption sites than KL55. This spectral range is
associated with hydroxyl groups of lignin polymer (1st OT of
different O—H stretching vibrations) [33,37] and C—H defor-
mation of methyl groups in acetyl esters of lignin (7400 cm ™%
[33]. With regard to the band at 7070 cm ™, which corresponds
to the 1st OT of O—H stretching of phenolic hydroxyl groups
present in lignin, a shift to lower wavenumbers (7050 cm™?)
was observed due to the interaction with water molecules and
formation of water—water weak hydrogen bonds [38,39]. This
trend was more perceptible in KL25, and the band shift was
significantly appreciable at RH above 80%. Fig. 4 shows the
growth trends of the most affected bands as a function of
relative humidity. As can be observed, increasing intensity of
the band located at 7050 cm~* was more gradual in KL55, while
in KL25, slope of the line was considerably increased when
relative humidity was higher than 80%. These results agree
with the isotherm of KL25, where most of the absorbed water
occurred above 80% RH. The band at 6915 cm™* (phenolic hy-
droxyl groups) [34] had two spectral variations such as in-
tensity change and band shift to 6890 cm™?, which reflected
the presence of phenolic groups with intramolecular
hydrogen bonds [33]. Moreover, in KL25, an increase of two
broad bands (6750 cm ™' and 6190 cm™?) within the relative
humidity can be observed; but these were practically constant
in the case of KL55. In the literature, these bands were only
associated with 1st OT O—H stretching in weakly H-bonded
hydroxyls of cellulose and water [38,40]. However, this range
of near infrared is also clearly related to phenolic groups of
lignin compound and its interaction with water vapour. Fig. 4
presents a clear different response of kraft lignin for these
bands against RH%. Moreover, the absorption at 5940 cm™?!
(1st OT C,,-H stretching) associated with an aromatic skeletal
of lignin [34,41], 5880 cm™" (1st OT of aliphatic C—H stretching)
[41] and 5790 cm ™! (1st OT C—H stretching of —CH, groups),
remained unchanged for KL25. Conversely, a clear reduction
in KL55 spectra was found. The spectral response of these
bands associated with aliphatic side chains of aromatic
structures in the case of KL55 suggests the major contribution
of these structural moieties in its chemical structure. Near
infrared absorption spectra from 5500 to 4800 cm ™ is highly
overlapped but totally dominated by water (combination of
O—H stretching and deformation vibrations) [33]. In this region
an important peak (water band) with maximum around
5200 cm™! was observed for each lignin. The water band
clearly increased and shifted to lower wavenumbers with

0.6

increasing moisture content in lignin. Moreover, this band
shape changed with the appearance of overlapped peak as
revealed by the second derivative at 4960 cm ™, which was
more noticeable in KL25. At higher wavenumbers (5700-
5300 cm™?), a band at 5390 cm ™! was also noticed. Although
these spectral variations (intensity changes, band shift and
shape change) were found in both lignin types, the changes
were less intense for KL55 than those observed for KL25 (see
Fig. 3). Itis important to mention that the increase in moisture
uptake occurring above 80% RH reflected by isotherms for
KL25 was also evident in the NIR spectral changes. To lower
wavenumbers, different trends were observed for each lignin
type. The absorption band at 4700 cm™? (Cu-H and C=C
stretching in lignin) [42] was reduced and shifted to lower
wavenumbers with increasing moisture content. However,
this trend was more noticeable for KL25. The subsequent
band, located at 4520 cm ™! (C—H and C=O stretching in aro-
matic aldehydes) [35,41], clearly increased for KL55. The same
peak, in the case of KL25, increased only slightly up to 70% RH.
Finally, the band at 4400 cm™! related to O—H and C-O
stretching in lignin was practically constant in KL55 but
strongly reduced for KL25.

3.4.2. Exploratory analysis

Firstly, the NIR spectra were pre-processed by applying
extended multiplicative scatter correction (EMSC) and mean
centering. The pre-processed data was evaluated by principal
component analysis (PCA), reducing the spectroscopic data
into an alternative presentation of variables such as scores
and loadings. PCA was used to examine differences between
isolated kraft lignin and identify the variables that contribute
most to this differentiation. The PCA model described the
spectral variance in the range of 7500—4200 cm~* with three
principal components (PCs) explaining 99.95% of the variance.
As can be observed in Fig. 5, PC1 covers 96.79% of the spectral
variance and clearly discriminates lignin samples according to
the relative humidity to which they were exposed. Both KL25
and KL55 showed a negative score in PC1 at low RH%, while at
high RH% samples were located in the positive side of PC1.
Moreover, PC2, with only 2.03% of variance, was able to
differentiate studied kraft lignin. The spectral group corre-
sponding to oven-dried kraft lignin (KL55) showed a positive
score in PC2 in contrast to kraft lignin dried at room temper-
ature (KL25). Therefore, it can be stated that PC1 had infor-
mation related to the interaction between lignin and water
vapour, while PC2 reflects the chemical structure of studied
lignin samples. The loading plots (Fig. 5) evidenced the
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Fig. 4 — Intensity changes of NIR spectra bands affected by moisture sorption against RH.
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importance of original variables (bands) that mostly
contribute to the separation of lignin samples in each PC. The
loadings of PC1 showed a high influence of the bands at 7050
and 5200 cm™!, which are related to the interaction of
phenolic hydroxyls groups with water molecules and the
formation of water—water weak hydrogen bonds, respec-
tively. However, the bands that most contribute to PC2 are
associated with the chemical structure of lignin. For example,
band at 6860 cm ! corresponds to the intramolecular phenolic
hydroxyl groups in lignin polymer. Positive scores of KL55 in
PC2 suggest that the phenolic hydroxyl groups are linked
through intramolecular H-bonds, indicating that chemical
structure of kraft lignin was affected by the drying process.
Moreover, bands at 5940, 5880, and 5790 cm ™! are related to
the aromatic skeletal and C—H stretching of the aliphatic side
chain. Additionally, the broad band between 5100 and
4500 cm ! is correlated to the C=C and C=O0 functional
groups present in the aliphatic side chain attached to the ar-
omatic ring [35,42]. This is in agreement with the results from
analytical pyrolysis, which demonstrated that the presence of
lignin-derived compound with non-substituted saturated and
unsaturated side chains were more abundant for KL55.

3.4.3. Two-dimensional correlation spectroscopy (2D-COS)

2D correlation analysis of dynamic spectra was used to study
the specific water—lignin interactions and molecular-level
responses of KL25 and KL55 induced by an external

perturbation (changes in relative humidity of the environ-
ment). This technique, aside from evidencing the main spec-
tral variations that took place during an external perturbation,
allows study of the water—lignin interaction mechanism
through examination of synchronous and asynchronous 2D
correlation maps. Synchronous 2D correlation map represents
simultaneous or coincidental changes of spectral intensity
variations due to the external perturbation. It is a symmetrical
matrix with respect to the main diagonal line corresponding
to coordinates v; = v,. Correlation peaks can appear both at
diagonal (autopeaks) and off-diagonal (cross peaks) positions.
Autopeaks, which are always positive, show the spectral re-
gions that change because of the external perturbation, while
cross-peaks reveal coincidental changes of two different in-
tensity signals observed at coordinates v; and v, [43]. In
contrast, asynchronous spectrum is related to the sequential
or successive spectral changes and provides information
about the order of spectral intensity changes along the
perturbation, consisting exclusively of cross peaks located at
off-diagonal positions [23]. In addition, the intensity of peaks
on the autocorrelation spectrum is directly proportional to the
relative importance of the intensity change in the original
spectra. Fig. 6 shows synchronous and asynchronous 2D cor-
relation map in the region from 6000 to 7500 cm . In the
synchronous 2D correlation spectrum for KL25, two autopeaks
can be observed at the diagonal position at 7050 cm ™ (strong
autopeak) and at 6750 cm ™! (weak autopeak). Both are related
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to the water sorption in phenolic hydroxyl groups of lignin
compound. In addition, one cross peak centered at
®(6750—7050)>0 was noticeable. Five bands were identified in
the asynchronous 2D correlation spectrum at 6150, 6750, 6890,
7050, and 7400 cm ™. These bands formed three positive cross
peaks at ¥(6150—6890)>0, ¥(6750—6890)>0 and ¥(7050—7400)
>0 and a single negative at ¥(6890—7050)<0. Therefore, based
on Noda’s fundamental rule of asynchronous spectrum [23],
the following sequence of spectral intensity changes was
determined: 7050 > 6750, 6150 > 6890>7400. However, the
spectra of KL55 showed slightly different response to the
relative humidity variations. In this case, an autopeak at
7050 cm~* was evidenced, but noticeably less intense than in
KL25. In addition, two more autopeaks at 6890 cm™* and at
7400 cm ™! were observed. These bands represent the overall
susceptibility of the spectral signal to change intensity when
lignin is exposed to relative humidity variations. In addition
two negative cross peaks at cross peak centered at
®(6890—7050)<0 and ®(7050—7400)<0 as well as one positive at
®(6890—7400)>0 were identified. The asynchronous map
revealed four bands located at 6750, 6890, 7050, and 7400 cm ™ *.
In this case, positive cross-peaks at W¥(6750—6890)>0 and
W(6890—7400)>0 combined with one negative at ¥(6890—7050)
<0 were identified. It indicated the following sequence of
spectral intensity changes: 7050 > 6750>6890 > 7400. There-
fore, despite less availability of effective water sorption sites
in KL55, it can be confirmed that lignin-water molecular in-
teractions mechanism for each studied kraft lignin follows the

same pattern. In both cases, the first functional groups that
interact with water molecules are phenolic hydroxyl groups,
followed by carbonyl groups.

4, Conclusion

In this work, the effect of drying temperature on hygroscopic
properties of hardwood kraft lignin isolated from industrial
black liquor was investigated using a DVS technique and NIR
spectroscopy. The drying process had an impact on lignin
structure, colour and micromorphology. Lignin-water molec-
ular interaction mechanism was closely studied by analysing
differential spectra, principal component analysis (PCA), and
2D NIR spectral correlation. It was demonstrated that the
drying process considerably affected kraft lignin chemistry
decreasing available water sorption sites and, consequently,
moisture sorption capacity. KL dried in mild oven conditions
(KL55) was less hygroscopic than KL dried at room conditions
(KL25), due to less availability of accessible water sorption
sites in the chemical structure of KL55, which was confirmed
by NIR spectroscopy. Further quantitative analytical methods
such as NMR could give an additional insight on this matter. In
addition, the results from analytical pyrolysis and PCA anal-
ysis proved chemical differences between kraft lignin due to
drying temperature. 2D-COS combined with NIR spectroscopy
provided useful information about the molecular interactions
occurring between water and isolated kraft lignin during
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water sorption process. Aside from recognizing phenolic hy-
droxyl groups and carbonyl groups as active water sorption
sites in lignin, this work revealed for the first time that the
molecular association of adsorbed water in lignin polymer
occurs first with phenolic hydroxyls groups, followed by
carbonyl groups.
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