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ABSTRACT: To determine the most appropriate use of lignin, surface, structural, and thermal characteristics of lignin was investigated
in this work. It was observed that kraft lignin (KL), the lignin of prehydrolysis liquor (LPHL), lignosulfonate of NSSC process (LSL),
and lignosulfonates (LSs) of sulfite pulping process had 0.67, 0.25, 0.90, and 1.52-2.25 meq/g anionic charge density, and 6.3, 2.1,
10.1, and 8.8-10.1 nm hydrodynamic diameter, respectively. These results suggested that LSL and LSs could be used more effectively
than other lignin as filler modifiers, flocculants, and dispersants. The combustion studies of the lignin samples suggested that KL and
LPHL combusted more efficiently than other samples, as they had high heating (calorific) values of 27.02 and 19.2 MJ/kg, the appa-
rent activation energy of 126.64 and 99.14 kJ/mol based on Flynn—Wall-Ozawa method and 122.16 and 94.73 kJ/mol based on Kis-

singer—Akahira—Sunose and no ash, respectively. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42336.
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INTRODUCTION

Forest biorefinery is an alternative approach for revisiting tradi-
tional pulp and paper industry.' Forest biorefinery concept
aims not only to reduce the production cost of energy but also
to produce value-added products from lignocelluloses.” One sce-
nario of biorefinery is to produce value-added products from
lignin that is generated, but not utilized well in pulping proc-
esses. In this regard, various processes were proposed in order
to isolate lignin from pulping spent liquors. In these processes,
isolated lignin can be used as an energy source or in production
of value-added products.*™®

In neutral sulfite semichemical (NSSC) pulping process, wood
chips are treated with sodium sulfite and carbonate to soften
the structure of wood chips prior to NSSC pulping. The spent
liquor (SL) of this process contains a portion of lignocelluloses,
which is currently wasted in the wastewater of the mill.”® In the
kraft-based dissolving pulp process, hemicelluloses and lignin
are partially separated from wood chips and dissolved in prehy-
drolysis liquor (PHL) of the process. The PHL is mixed with
black liquor and sent to the evaporators of the kraft pulping
process prior to combustion, but as PHL is a dilute stream, it
increases the load to the evaporators.””

Kraft lignin is already used as fuel in the kraft pulping process.
Kraft lignin can be extracted from black liquor via Lignoboost
and LignoForce™ technologies.'®'" Both processes are com-
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mercially used in Sweden, USA, and Canada to extract kraft lig-
nin from black liquor. In some kraft pulping processes, recovery
boilers are bottlenecks. Therefore, the extraction of kraft lignin
may 1) help increase the production capacity of the mills and
2) facilitate the production of kraft lignin-based value-added
products. The extraction of lignosulfonates from NSSC spent
liquors was assessed using ultrafiltration, adsorption, and floc-
culation processes; however, these processes have not been com-
mercialized yet. Similarly, acidification, adsorption, and
flocculation were proposed to extract lignin from prehydrolysis
liquor, but they were laboratory scale studies."*>’

In the past, lignosulfonates were proposed to be used as adhe-
sives,'? plasticisers in concrete,'”” and dye dispersants."* Lignin
was also proposed to be used in a variety of polymer applica-
> surfactants,'® epoxy res-
ins,"” and superabsorbent hydrogels.'® The lignin of PHL was
also used as a filler modifier,” and fuel source in the past.”?
Kraft lignin can be used in the production of carbon and com-
posite fibers or used as fuel.'®'® However, the most suitable
applications of lignin generated from the SL of NSSC process
and the PHL of kraft-based dissolving pulp process have not
been identified yet.

tions such as lubricants, stabilizers,'

Lignin has a three-dimensional structure with many aromatic
and aliphatic groups, which makes its modification and end-use
application challenging. In the literature, it was claimed that lig-
nins have various functional groups (i.e., carboxylate and
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sulfonate) depending on its type and origin.'>** However, no
study was conducted on analyzing the chemical, thermal, and
combustion behavior of lignin present in the spent liquors of
PHL and NSSC processes. This study aims to characterize lignin
separated from industrially produced SL of NSSC and PHL of
and kraft-based dissolving pulp processes, and to compare their
properties with those of commercial lignosulfonates and kraft
lignin. The surface, chemical, and thermal assessments of lignin
are important parameters that affect the properties of end use
lignin-based products.>’ The main novelty of this work is the
surface, chemical, structural, and thermal analyses of various
lignins to identify suitable end-use applications for them. As lig-
nin is vastly produced in pulping processes in the world, the
identification of a suitable end-use application for under-
utilized lignin will help their processes to be more financially
profitable and environmentally friendly.

MATERIALS AND METHODS

Materials

Tego@trant A100, 1,3-didecyl-2-methylimidazolium (TEGO),
was purchased from Metrohm (Canada) and used for the deter-
mination of carboxylate and sulfonate groups attached to lignin.
Also, the solution (0.005 N) of polydiallyldimethylammonium
chloride (PDADMAC) was purchased from Sigma—Aldrich and
used as received to measure the total anionic charge density of
lignin samples. Washed and dried hardwood kraft lignin (KL)
was supplied by FPInnovations from its pilot facilities in Thun-
der Bay, ON.*> Hardwood lignosulfonic acid sodium salt (LS1)
was purchased from Sigma—Aldrich, while hardwood sodium
lignosulfonate powder (LS2) was received from a Canadian
company in Quebec province. The spent liquor (SL) of NSSC
received from a mill located in New Brunswick, Canada. This
mill did not have a recovery boiler. In this process, hardwood
chips are treated at 180°C for 15-18 min using caustic and sul-
fite prior to refining in the NSSC pulping process. Wood chips
from maple, poplar, and birch with the mass ratio of 7 : 2 : 1
are used in the kraft-based dissolving pulp production in a mill,
located in New Brunswick, Canada.”> The hemicelluloses and a
part of lignin are separated in the pre-hydrolysis stage. The pre-
hydrolysis liquor (PHL) of this process obtained from the afore-
mentioned mill and used as received.

LPHL and LSL Collection

Both SL and PHL samples were initially centrifuged at 1000
rpm for 10 min using a Survall ST16 centrifuge to remove large
particles (i.e., solid woody components). Afterwards, SL and
PHL samples were acidified using 60 wt % sulfuric acid to a
pH of 1.5 and kept for 60 min under stirring. For a commercial
use of lignin, an alternative method should be developed to
extract lignin from PHL and SL. Then, the samples were centri-
fuged at 2500 rpm for 10 min and the precipitates were col-
lected. This treatment aimed to isolate the lignin from SL and
PHL. The isolated lignin of SL (LSL), PHL (LPHL), LS1, and
LS2 were oven dried at 60°C for a week and then used in this
study.

Elemental and FTIR Analyses
Elemental (ultimate) analysis was performed on all dried lignin
samples using a Vario EL cube instrument (Germany) according
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to the previously described method.*** For this analysis, <50
mg of sample was used with two CAHN C-31 microblances (7
pt) associated with HR-2021 top loader 5 pt Fourier Transform
Infrared Spectrophotometer (FTIR) and Tensor 37 (Bruker,
Canada) was assessed for analyzing the functional groups associ-
ated with lignin samples. The FTIR spectra were developed by
embedding <10 mg of sample on KBr disc. The resolution of
spectroscopy was 2 cm ! in a frequency range of 700-4000
cm™!

Sulfonate, Carboxylate Groups, and Total Charge Density
Analyses

Initially, aqueous solutions (1 wt %) of lignin samples were
made from dried samples and incubated in a C76 New Bruns-
wick water bath shaker at pH 10.5, 30 C, and 100 rpm for 1 h.
Then, 1-2 mL of lignin sample solutions were titrated against
PDADMAC standard solution (0.005 M) using a Miitek PCD04
charge titrator (Herrsching, Germany), and the charge density
of lignin samples were measured [eq. (1)].

Charge Density (@)
s ()

_ Volume of titrant X concentration of titrant

mass of lignin

To determine the amount of sulfonate group attached to lignin,
1 wt % aqueous solutions of lignin was prepared and incubated
at pH 10, 30°C and 100 rpm for 1 h in a C76 New Brunswick
water bath. Afterwards, all solutions were titrated against TEGO
(0.004 mol/L) using a Metrohm 905 Titrando (Canada). The
sulfonate group attached to lignin was determined according to
eq. (2):

Sulfonate group content (%)
g

(2)

_ Volume of Point of inflection X Tego concentration

mass of lignin

To measure the amount of carboxylate group attached to lignin,
the same protocol was followed, but at pH 10. Consequently,
the carboxylate group content was measured based on eq. (3):

Carboxylate group content (ﬁ)
g

_ Volume of Point inflection X Tego concentration (3)

mass of lignin

—the sulfonate group content

All measurements were conducted three times and the averages
of the three were reported.

Hydrodynamic Diameter Analysis

The molecular diameter of all lignin samples was measured by a
dynamic light scattering (DLS) (Brookhaven BI200, USA) at 90°
according to the method described in the literature.”® Alkaline
aqueous solutions of 1 wt % of lignin samples were prepared at
pH 10 (using NaOH) and room temperature. A scattering angle
of 90° was applied for reading the hydrodynamic diameter of
lignin fragments in solutions. Based on volume, the results were
reported as the average and the standard deviation for more
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than five measurements was reported. pH 10 was selected for
this measurement as KL is soluble at a pH of higher than 10.

Calorific Value and Thermogravimetric Analysis

Calorific value or high heating value (HHV) of lignin samples
was measured according to ASTM E711-87 using a Parr 6200
oxygen bomb calorimeter as previously described.” Thermogra-
vimetric analysis (TGA) was assessed for all oven dried samples
by a thermogravimetric analyzer (TGA)-i1000 series (Instru-
ment Specialist Inc., U.S.A.) in air at 35 mL/min and increment
rates of 10, 12.5, 15, 17.5, and 20°C/min according to an estab-
lish method.*

Activation Energy Determination

Nonisothermal methods have been applied to calculate the
effective activation energy as a function of conversion rather
than temperature.”” It was claimed that in nonisothermal solid-
state kinetic studies, the rate of conversion of biomass to char
and volatiles (tar and gas) would follow eq. (4):¥

do

—=k(T)X 4

L =k(T)Xf(x) (@
in which k(T) is the temperature dependent rate constant, f(o)
is the temperature-independent function of conversion. k(T)
and o can be replaced by Arrhenius equation according to egs.

(5) and (6), respectively, in eq. (7):

k(T):A.exp<—R—ET) (5)
g= my—Mmy (6)

My— My,

E
P Aexp<—ﬁ>f( ) (7)

where A, R, E, and o corresponded to frequency factor, the uni-
versal gas constant, activation energy, and sample conversion,
respectively. Also, myg, M., and m, are the mass of samples
before and after the reaction and at time t, respectively. Equa-
tion (7) and the heating rate, 5, can be combined to produce
G(a), and then rearranged in two isoconversional methods
developed by Flynn—-Wall-Ozawa (FWO) (eq. (8)) and Kis-
singer—Akahira—Sunose (KAS) [eq. (9)]:2%

0.0084XAXE E
BN_ [ AXR ] E
1“(?) 0 <G| RT ®)

Based on FWO and KAS methods, In(f) versus 1/T and In(f/
T%) versus 1/T would be straight lines at any constant o. Conse-
quently, the slopes of these straight lines yield the apparent acti-
vation energy for the combustion of lignin samples.

RESULTS AND DISCUSSION

Structural Characterization

Figure 1 depicts the FTIR spectra of lignin samples. All samples
had a peak at 3360 cm™'; however, the intensity of this peak
was greater in LPHL than other samples. This peak accounts for
stretching of hydroxyl groups in lignin.*’ KL and LPHL had a
peak at 1713 cm™', which corresponded to the carboxylate
group in lignin.*® This peak was hardly observable in LSI
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Figure 1. FTIR spectra of lignin samples. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

implying that LS1 did not have a noticeable amount of carbox-
ylate group. In the literature, it was stated that aromatic skeletal
vibrations present at the wavelength range of 1400-1600 cm ™'
in the FTIR spectrum.”®®' It was claimed that the major peak
of lignin mirrored at 1032 cm™'.>* This peak (1032-1034
cm™') is corresponded to the plane deformation of aromatic
C—H in guaiacyl unit.”>** The peaks of sulfate groups were
observed at 620-635 cm™' and 1100-1137 cm™ ' ranges.”>*"*
Also, the decrease in LSL peak at 630 cm ™' was less than
that in LS1 and LS2. From this analysis, it can be concluded
that the sulfite content of KL and LPHL was less than that of
others.

Charge Density and Hydrodynamic Diameter
Characterization

It is well known that charge density plays a significant role in
the adsorption of polymers on adsorbents and the flocculation
of macromolecules in polyelectrolyte solutions.’*® Generally,
the adsorption of lignocelluloses on adsorbents occur via devel-
oping mainly hydrogen bonding, and thus the amount of ani-
onic charged groups (i.e., carboxylate and sulfonate groups)
attached to lignocelluloses is critical.>* Furthermore, lignocellu-
loses bond with other dissolved materials in polyelectrolyte sol-
utions via developing hydrogen bonding and electrostatic
forces.” In this case, the charged groups of lignocelluloses will
attract or repel the charged groups of other constituents in the
solutions and hence form flocs or disperse dissolved materials
in solutions.”' Thus, determining the charge density of lignin is
critical for evaluating its adsorption/flocculation performance.
In this regard, the charge density of lignin samples was meas-
ured and listed in Table I. The overall charge density of all sam-
ples was negative. It is evident that the anionic charge density
of LS2 (2.25 meq/g) and LSI (1.52 meq/g) were more than that
of LSL (0.9 meq/g), KL (0.67 meq/g), and LPHL (0.25 meq/g).
In the literature, it was stated that the anionic charge density of
lignin was mainly attributed to sulfonate and carboxylate
groups.™? The sulfonate and carboxylate groups of all samples
were measured and listed in Table I. As can be seen, 88% of
anionic charge density of LPHL was related to carboxylate
group and only 4% of that corresponded to sulfonate group.
The shares of sulfonate group in total charge density were 0, 87,
85, and 78% and the shares of carboxylate group were 81, 7, 10,
and 16% in KL, LS1, LS2, and LSL, respectively.
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Table I. Surface Charge Density and Hydrodynamic Diameter of Lignin

Anionic charge Sulfonate group, Carboxylate group, Hydrodynamic
Sample ID density, meg/g meq/g meqg/g diameter, nm
LPHL 0.25 +0.01 0.01 = 0.00 0.22 + 0.01 21x02
LSL 0.90 = 0.03 0.70 £ 0.01 0.14 +0.02 101 =11
LS1 1.52 = 0.02 1.33 = 0.02 0.11 =+ 0.01 101 = 0.9
Ls2 225+ 001 1.92 +0.02 0.23 +0.02 88=x12
KL 0.67 = 0.02 0.00 = 0.00 0.54 + 0.03 6.3 0.7

In the literature, the carboxylate group content of various soft-
wood lignin samples obtained from LignoBoost process was
0.3-0.58 mmol/g (via 3IP_NMR), which is in harmony with the
results obtained in this study.* It should be noted that based
on the present technology of prehydrolysis process practiced at
the mill, PHL is mixed with black liquor that is produced in
the previous batch of kraft pulping at a high temperature and
thus it was not possible to obtain PHL with no absolute black
liquor contaminations. The sulfonate content of PHL lignin
might be due to the formation of sulfonate group on lignin
during this mixing process. The sulfonation of lignin under
alkaline conditions and a high temperature was reported in the
past.">*Also, it should be highlighted that the sulfonate and
carboxylate groups and total charge density of LS2 were higher
than those of other samples. These results are in harmony with
observed peaks of carboxylate and sulfonate groups in FTIR
analysis. Table I also lists the hydrodynamic diameter of lignin
samples in 1 wt % water solution at pH 10 and room tempera-
ture. As can be seen, the diameters of LSL and LS1 were the
same (10.1 nm) but higher than that of LS2, KL, and LPHL. In
the literature, it was claimed that commercial sodium lignosul-
fonate (obtained from Chemische Werke Zell-Wildshausen,
Diisseldorf, Germany) had the hydrodynamic diameter of 5-6
nm.*® The hydrodynamic diameter is correlated to molecular
weight of lignin samples. As lignin has a similar subunit struc-
ture, the larger the hydrodynamic diameter, the larger the
molecular weight of lignin would be. The results showed that
the smallest lignin sample was LPHL. The size of lignin plays a
significant role on its adsorption and flocculation performance.
It was stated that small polymers would diffuse more than large
ones into pores of an adsorbent.*’” Therefore, if used as a sur-
face modifier for a filler (i.e., adsorbent), more of small poly-
mers will be diffused into the filler structure and thus its
surface modifying performance will be deteriorated.’ Instead,
more of large polymers will adsorb on the surface of filler and

Table II. CHNSO and High Heating Value (HHV) of Lignin

modify its surface properties.*® In this regard, at the same dos-
age, LPHL would not be suitable as a surface modifier as it is
the smallest, and LSL and LS1 would work more effectively on
modifying the surface properties of fillers. In addition, it was
claimed that the smaller the polymers, the smaller the flocs
would be formed.' Hence, via interacting with a specific particle
in a solution, LPHL or KL would form smaller flocs than would
LSL, LS1, or LS2 in solutions. Therefore, LS samples would be
more effective flocculant than LPHL and KL. It is also well
known that polymers with large hydrodynamic diameter have
stronger steric hindrance, which results in higher dispersion.*’
Consequently, LSL, LS1, and LS2 could be better dispersants
than LHPL and KL.>>*'

CHNSO and HHV Analyses

Table II lists the elemental analysis of lignin samples. As can be
seen, KL and LPHL had less sulfur content than other lignin
samples. Also, the inorganic content (i.e., other elements) of KL
and LPHL were the least in comparison with that of other sam-
ples. The remaining elements that were not reported in this
study were usually the residual of cooking/pulping chemicals
and inorganics originated from wood. Table II also lists the
HHYV of lignin samples. It is evident that KL generated more
energy (HHV of 27.02 M]J/kg) than other tested samples
(HHVy, > HHV,py > HHVs, > HHV,s, > HHV,g). One
study reported that the lignosulfonate obtained from hydroly-
zate of pine wood had an HHV of 25 MJ/kg.”* In another study,
it was reported that alkali lignin had an HHV of 19 MJ/kg.”” It
was claimed that HHV of an organic materials is a function of
its organic elements (ultimate).>*® A recent study on lignin of
black liquor showed that HHV can be predicted based on the

carbon content of lignin (eq. (10)).”
HHV ode =0.40659 X X, (10)

where X. is the carbon content (wt %) of the sample. Based on
eq. (10), HHV 04 of KL, LPHL, LSL, LS1, and LS2 were

Other elements HHV measured HHV model
Sample ID N (wt %) C (wt %) H (wt %) S (wt %) O (wt %) (wt %) (MJ/ kg) MJ/ kg)
LPHL 0.14 43.58 5.49 2.62 48.09 0.09 19.20 17.72
LSL 0.43 36.30 4.49 7.65 46.90 4.23 16.03 14.76
LS1 0.22 41.15 4.70 5.32 43.21 541 17.92 16.73
LS2 0.86 41.33 4.65 6.06 39.64 7.47 18.45 16.80
KL 0.06 63.07 5.97 0.23 30.60 0.07 27.02 25.64
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Figure 2. Weight loss (top) and weight loss rate (bottom) of LS1, LS2,
LSL, LPHL, and KL (conducted in air at 35 mL/min and heating rate of
10°C/min). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

calculated and tabulated in Table II. A comparison between the cal-
culated and measured values revealed 7-9% difference (i.e., error).

TGA Analysis

TGA analysis not only helps understand the thermal behavior of
lignin as fuel but also indicates how lignin can behave under
different thermal treatments in composites. The weight loss and
the rate of weight loss of lignin samples versus temperature in
air (35 mL/min) and combustion rate of 10°C/min are depicted
in Figure 2. It is apparent that the thermal decomposition of
lignin occurred at different temperatures due to the heterogene-
ous and complex structure of lignin.”® Volatile components
would also be generated during the combustion of lignin, which
mirrored in several peaks in Figure 2.°® It is evident that KL

Table III. Properties of Combustion of Lignin Obtained from Figure 2
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and LPHL showed less resistance to combustion than other
samples. By burning the samples to 700°C, 15 wt % of LSL, 51
wt % of LS1, and 27 wt % of LS2 were remained. Interestingly,
all of LPHL and KL were combusted and no ash was remained
at 700°C. The peaks below 150°C were due to the evaporation
of moisture content of lignin samples.”® It is evident that a part
of LSL decomposed at 214°C (T,;). This degradation may be
due to the removal of terminal groups of LSL®® or probably the
degradation of lignin—hemicellulose complexes accompanied in
LSL.> Figure 2 also shows that the maximum combustion of
KL and LPHL occurred at 469 and 375°C, which corresponded
to 6 and 19% of remaining weight, respectively. This peak (T},)
was observed at 383°C in LSL, 297°C in LS1, and 299°C in LS2,
which were related to 43, 71, and 73% of weight loss, respec-
tively. In the literature, it was stated that the maximum degra-
dation of lignin occurred at 330-400°C.>® In all samples (except
LPHL), the second major increase in the rate of weight loss
(T,3) occurred at the temperature range of 439-479°C, which
might be due to the conversion of lignin to phenols.®” In this
peak, the remaining mass of LS1, LS2, and LSL were 54.8, 50.4,
and 24.3 wt %, respectively. Moreover, a portion of LS2 decom-
posed at 657°C (Tp,), which may correspond to the degradation
of phenols to carbonaceous structure.*”®!

Table III summarized the combustion parameters of lignin,
which were obtained from Figure 2. Reactivity index was
defined as the maximum rate in which the biomass or char
combusted in oxidizing or reducing atmosphere®®

(11)

where wy is the initial mass of sample (kg) and (%) a1 the
maximum rate of weight loss (%/s). Reactivity indices were cal-
culated based on the combustion rate and listed in Table III. It
should be highlighted that a greater R represents a higher reac-
tivity describing that constituents of biomass or char volatizes
easier by the gasifying agent.®*®> As can be seen, KL and LPHL
had the highest reactivity indices of 51,758 and 22,222% kg '
s~ !, respectively, while other samples had the reactivity index of
5,000-7,000% kg~ s™". In the literature, it was stated that olive
waste had a reactivity index of 23,807% kg™ ' s~ '°” In other
words, KL and LPHL reacts faster with the gasifying agent (air)
than other samples. It can be concluded that KL and LPHL
combusted more efficiently than other lignin samples.

Te (°C)
Lignin Tr1 Teo Tea Tra DTGrax (%/°C) Wg (%) R(% kg ts™
LPHL - 374.7 - - 1.200 0.00 22,222
LSL 214.2 382.9 467.9 - 0.357 14.95 7256
LS1 - 296.8 439.1 - 0.225 51.03 5000
LS2 - 299.2 478.6 665.6 0.259 26.70 6167
KL - 469.1 - - 2.267 0.00 51,758

Tpe: peak temperature.
DTGnax: maximum rate of weight loss.
Wh: residual mass.
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Figure 3. Determination of activation energy of (A) LS1, (B) LS2, (C) LSL, (D) LPHL, and (E) KL at different o values using FWO method. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Kinetic Analysis

To comprehend a detailed understanding of combustion behav-
ior of lignin samples, Flynn—Wall-Ozawa (FWO) and Kissinger—
Akahira—Sunose (KAS) nonisothermal methods were applied on
thermogravimetric data obtained in Figure 2. The apparent acti-
vation energy (E) was calculated by plotting In(f) vs 1/T (FWO
method) and In(f/T?) vs 1/T (KAS method) at various sample
conversions (o) based on eqs. (8) and (9). As stated earlier, the
heating rates () of 10, 12.5, 15, 17.5, and 20°C/min were used
to evaluate the activation energy of samples under air (35 mL/
min). Figures 3 and 4 correspond to FWO and KAS analyses,
respectively. It is evident that the slopes of fitted lines were sim-
ilar in each sample, but were not the same in all conversions
(o). The variation in slopes at conversion ratios may be due to
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the complexity and multistep reactions of lignin to char during
the combustion.*”

Table IV lists the calculated activation energy (the energy
required for breaking lignin molecules to start combusting) in
all o (conversion of lignin to char and volatiles) values via FWO
and KAS methods. The average value of E was reported for each
sample as an apparent activation energy. As can be seen, the
highest apparent activation energies were achieved for LSL,
which were 173.98 (FWO) and 172.89 (KAS) kJ/mol. Also, the
apparent activation energies of 126.64 (FWO) and 122.16 (KAS)
kJ/mol for KL, 99.14 (FWO) and 94.73 (KAS) kJ/mol for LPHL,
73.49 (FWO) and 68.03 (KAS) kJ/mol for LSI, and 65.17
(FWO) and 58.49 (KAS) kJ/mol for LS2 were obtained,

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42336


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
KNENGE
-13.2
(A)
-13.4 .
® = C
136 . " % M 134 i
138 3 " Rarlls 136 :
~ -13. X Y ] [ ] -13. ] H =
5 ' ¢ =04 et “ ’ St
= -14 : L} ® i ) G,\ W ® ma=0.3
& : X * G a=0.5 5 14 S * :
£ 142 - " . ] i % * 3 o + a=0.4
- 4 X - a=0.7 % '14'6 N v x a=0.6
i : -a08 S 44 ¥ oL ra=07
148 2 15 = -a=0.8
-15 -15.2
00012 00014 00016 00018 0002 00022 0.0024 0.0012 00014 00016 00018 0002 00022 0.0024
1/T (1/K) /T (1/K)
-13.4
Z (B) -13.2 (D)
e = 0 a=0.2 134 % o
-13.8 ¢ i ; - . . o a=0.
— X N X #a=03 T -136 " »
- 14 * e L} 2 133 . & "a=03
%) + % [ . +0=0.4 = 3 ' 1 A
b= -14.2 3 “x 'Y ' @ T 1a a o @ a=0.
£ 144 L - ol a ; i @=0.5
N L : 06 = 142 B E ;
= 5 t % a=0. 5 =
£ -146 i : X 14.4 } *x a=0.6
-14.8 W +a=0.7 146 . a=0.7
15 i - =08 148 = " =08
15.2 0.0012 0.0014 0.0016 00018 0002 00022 0.0024
0.0012  0.0014 0.0016 0.0018  0.002  0.0022  0.0024 YT (1/k)
1/T (1/K)
-13.6
(E)
-13.8
14 L] L] @ a=0.2
- t = H
= : i 3 = =03
& -14.2 % t 2
é : d 1 3 +a=04
& 144 ) s i
-9-: y a=0.
=-146 . o I
- <
-14.8 ra=0.7
-15 = - 0a=0.8
-15.2
0.0012 0.0014 0.0016 0.0018 0.002
YT (1/K)

Figure 4. Determination of activation energy of (A) LS1, (B) LS2, (C) LSL, (D) LPHL, and (E) KL at different o values using KAS method. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

respectively. It was previously reported that lignin extracted from
spruce sawdust had the activation energy (based on Arrhenius
equation without the temperature integral) of 13—-19 kcal/mol (=~
54-79.5 kJ/mol).®* It should be highlighted that the Arrhenius
equation (without the temperature integral) is insufficiently accu-
rate for complex condensed phase systems of thermal analysis.*®

In another study, the apparent activation energy for poplar was
reported to be in the range of 107.86-209.49 kJ/mol and
104.95-209.90 kJ/mol for FWO and KAS, respectively.”’” This
comparison implies that the values of activation energies were
significantly different among various studies. In other words,
the apparent activation energy for the combustion of lignin is a
function of lignin origin and probably structure. Consequently,
LSL needs more energy than other samples to start the combus-
tion. It should be highlighted that LPHL required less energy
than KL to start burning.
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Consequently, the TGA analysis confirmed low thermal resist-
ance and ash content of LHPL and KL. Also, LPHL and KL had
better combustion efficiency than other samples with HHV of
27.02 and 19.2 MJ/kg, and reactivity indices of 51758 and

Table IV. Average of Activation Energy (kJ/mol) Calculated Based on
FWO and KAS Methods for Different o Values Obtained from Figures 3
and 4 for the Combustion of Lignins in Air

Sample FWO method KAS method
LPHL 99.14 94.73

LSL 173.98 172.89
LS1 73.49 68.03

LS2 65.17 58.49

KL 126.64 122.16
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22222 % kg~' s, respectively. In addition, the apparent acti-
vation energy of 126.64, 99.14, 173.98, 73.49, and 65.17 kJ/mol
through FWO method and 122.16, 94.73, 172.89, 68.03, and
58.49 kJ/mol via KAS method were obtained for KL, LPHL,
LSL, LSI, and LS2, respectively. These results may suggest that
LPHL would be a suitable fuel source after KL.

CONCLUSIONS

KL, LPHL, LSL, LS1, and LS2 had 0.67, 0.25, 0.90, and 1.25-
1.52 meq/g anionic charge densities; 0.54, 0.22, 0.14, and 0.11—
0.23 meq/g carboxylate group; and 0, 0.01, 0.70, and 1.33-1.92
meq/g sulfonate group, respectively. The results also indicated
that LSL and LS1 had the same hydrodynamic diameter (10.1
nm), which was higher than that of KL, LPHL, and LS2. The
hydrodynamic diameter and charge density analyses confirmed
that lignosulfonates (LSL, LS1, and LS2) were more appropriate
to be used as a filler modifier, flocculants, and dispersants. The
TGA analysis confirmed low thermal resistance and ash content
of LHPL and KL. The results also indicated that LPHL had bet-
ter combustion efficiency than other samples with HHV of
27.02 and 19.2 MJ/kg, and reactivity indices of 51758 and
22222 % kg~ s7', respectively. In addition, the apparent acti-
vation energy of 126.64, 99.14, 173.98, 73.49, and 65.17 kJ/mol
through FWO method and 122.16, 94.73, 172.89, 68.03, and
58.49 kJ/mol via KAS method were obtained for KL, LPHL,
LSL, LS1, and LS2, respectively. These results may suggest that
LPHL would be a suitable fuel source after KL.
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