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This study investigates the synergistic effects and pyrolysis kinetics of blends of sawdust (SD) and spent
sulfite liguor (SSL) from a magnesium-based acid sulfite pulping process using thermogravimetric
analysis (TGA). Experiments were conducted at heating rates of 5, 10, 15, 20, and 25 °C min~! over
a temperature range of 25-900 °C. The most favorable synergistic interaction was observed for the
blend containing 80% SSL and 20% SD. Kinetic parameters were determined using model-free
isoconversional methods (Friedman, Ozawa-Flynn—-Wall, and Vyazovkin). The activation energies for SD
were 180.10, 163.95, and 144.60 kJ mol™, while SSL exhibited higher values of 284.90, 241.33, and
222.28 kJ mol™? for the respective models. Incorporating SD into SSL reduced the activation energy by
approximately 20%, with the 80 : 20 blend showing values of 206.56, 195.66, and 177.31 kJ mol™*. Char
yield was unaffected by heating rate. Evolved gas analysis revealed distinct selectivity: the 80:20 blend
favored hydrogen evolution (>0.06 wt%) near 550 °C which is 6 times more than SD alone, SD favored
ethane (~0.18 wt%) at 400 °C, and SSL favored methane (~0.4 wt%) at 500 °C. These findings highlight

rsc.li/sustainable-energy

1. Introduction

The advent of digitalization has led to a steady decline in
writing paper production.' Nevertheless, the pulp and paper
industry remains resilient by shifting its focus toward products
such as packaging paper* and dissolving pulp.® Dissolving pulp,
a key raw material used in industries likes textile and sanitary
products,*® requires cellulose with a purity level of approxi-
mately 98%, derived from wood.*” Wood, which comprises
roughly 50% cellulose, also contains hemicellulose and lignin
that accounts for the remaining 50%.*

The two main commercial pulping processes used to obtain
pure cellulose pulp is pre-hydrolysis Kraft (PHK) pulping and
acid sulfite (AS) pulping.®*® The PHK process involves pre-
hydrolyzing wood chips to remove the hemicellulose, followed
by dissolving the lignin with a mixture of NaOH and Na,S (white
liquor) in a digester.”* In contrast, the AS process employs
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the potential of SSL-SD blends for optimized pyrolysis performance and targeted gas production.

different white liquor components, comprising of H,SO, and
Mg." Both processes produce a by-product called spent liquor,
a lignosulphonate compound bound to alkali metal sodium in
PHK (called black liquor) and alkali earth metal magnesium in
the AS process (called red, brown liquor or spent sulfite liquor).
Currently, pulp and paper spent liquor is combusted in Tom-
linson recovery boilers to generate energy and produce steam.*
However, these recovery boilers face numerous drawbacks,
including high maintenance costs, operational and safety
challenges, and greenhouse gas emissions.**

Replacing the Tomlinson recovery boilers with advanced
technologies to valorize spent liquor presents an opportunity to
transform paper and pulp mills into biorefineries, capable of
producing both energy, fuels and valuable green chemicals.”
Various thermochemical conversion routes have been proposed
for spent liquor, including gasification, supercritical water gasi-
fication, pyrolysis, hydrothermal liquefaction, hydrothermal
carbonization, thermal hydrolysis, and wet oxidation.’* Among
these, pyrolysis stands out due to its ability to produce valuable
products with lower emissions, offering notable environmental
and energy benefits. Pyrolysis involves the thermal breakdown of
organic matter in biomass, carried out in the absence of oxygen at
temperature ranging between 300 °C and 800 °C," yielding char,
bio-oil, and gaseous products. Its efficiency depends on factors
such as temperature, heating rate, residence time, particle size,
reactor type, pre-treatment, and catalysts.”

While pyrolysis of black liquor has been widely studied for
biofuel and chemical production, research on SSL remains

Sustainable Energy Fuels, 2026, 10, 1453-1469 | 1453


http://crossmark.crossref.org/dialog/?doi=10.1039/d5se01521a&domain=pdf&date_stamp=2026-03-14
http://orcid.org/0009-0007-3541-4536
http://orcid.org/0000-0002-8636-7895
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se01521a
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE010006

Open Access Article. Published on 04 February 2026. Downloaded on 3/17/2026 9:53:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

limited despite its industrial relevance. This gap underscores
the need to explore SSL's pyrolytic potential. SSL contains
magnesium, an alkali earth metal (AAEM) that may catalyse
pyrolysis reactions. Previous studies have shown that AAEMs,
including Ca and Mg, can lower decomposition temperatures
and activation energies during biomass pyrolysis.**** For
example, Peng et al. (2014)*> demonstrated sodium's catalytic
effect in black liquor pyrolysis, enhancing phenol production at
350-450 °C. Similarly, Wang et al.*® reported that MgCl, and
CaCl, promote pyran ring-opening reactions, favouring furan
formation and subsequent cleavage of C-C bonds.

Given the catalytic potential of magnesium and its ability to
reduce activation energy,* investigating SSL pyrolysis kinetics is
essential. Biomass pyrolysis involves complex reaction pathways
and numerous intermediates,” making simple kinetic models
inadequate.”® Researchers have therefore adopted model-fitting
and modelfree approaches to determine kinetic triplets-activa-
tion energy (E,), pre-exponential factor (A), and reaction mecha-
nism (f{«)).*° Thermogravimetric analysis (TGA) is widely used to
characterize pyrolysis behavior and determine the kinetic param-
eters.’ Iso-conversional methods such as Friedman, Ozawa-
Flynn-Wall (OFW), and Vyazovkin are commonly applied for
biomass and black liquor studies.**** However, the influence of
inherent AAEMs in SSL during pyrolysis or co-pyrolysis with other
biomasses remains unexplored.

In this work, SSL from magnesium-based acid sulfite pulping
was blended with sawdust (SD), both being pulp and paper
industry by-products. The study investigates the synergistic
effect of SSL on pyrolysis behaviour using TGA and evaluates
kinetic parameters via three model-free isoconversional
methods (Friedman, OFW, and Vyazovkin). Additionally,

Table 1 The composition of sawdust and spent sulfite liquor blends

The weight (%) of each component in mixed

samples
SSL blend (%) Sawdust Spent sulfite liquor (SSL)
0% SSL 100 0
50% SSL 50 50
60% SSL 40 60
70% SSL 30 70
80% SSL 20 80
90% SSL 10 90
100% SSL 0 100
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evolved gas analysis was performed to identify gas selectivity
during pyrolysis. The findings aim to provide theoretical
insights and technical guidance for optimizing SSL-SD blends
for sustainable energy and chemical production.

2. Materials and methods

2.1. Material and sample preparation

Concentrated SSL (80% solids, 20% water) and sawdust (average
particle size: 0.5-2 mm) were collected from a local pulp mill in
KwaZulu Natal, South Africa. The SSL was manually mixed with
sawdust (SD), in varying proportions. The different sawdust-SSL
blends prepared are described in Table 1. The prepared mixture
was transferred into a glass beaker and placed in an oven at
100 °C and dried overnight. After drying, the mixture was
grinded using a ceramic pestle and mortar to achieve a homo-
geneous consistency and sieved to obtain particles smaller than
500 pm for characterization. The mixture was sealed in sample
containers and stored in a controlled sample storeroom. Fig. 1
depicts different stages of the material during preparation.

2.2. Material characterization of ASP spent liquor and
sawdust

The scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) of the dried SSL was performed with
the Zeiss Evo 10 SEM instrument to analyse the structure and
determine the AAEM content in the spent sulfite liquor. The
SEM was operated at an accelerating voltage of 15 kv, Amp time
of 3.84 ps and resolution of 128.2 eV. The camera image was
held at between 100-249x magnification. The elemental anal-
ysis (CHNS) of both dried SSL and sawdust was performed using
a flash 2000 CHNS Elemental analyser (Thermo-Fisher Scien-
tific). Each sample weighing between 1.75 g to 1.85 g were
analysed separately. Proximity analysis was done by analysing
the moisture content (M%), volatile matter (VM%) and fixed
carbon (FC) based on the TGA data. The ash content was
determined by taking the biomass into a furnace in presence of
oxygen at 1000 °C for 7 hours to ensure all the volatile hydro-
carbons are completely burned. The weight of remaining
residue was the determined to obtain the ash content.

2.3. Thermogravimetric analysis

The change in mass of the various samples as temperature
increases is monitored under an inert atmosphere using a TGA.

3

Fig. 1 Sawdust (1), mixed sawdust and sulfite spent liquor (2), dried mixture (3) and grinded mixture (4).

This journal is © The Royal Society of Chemistry 2026
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In this study, 15 mg of each sample was heated in a METTLER
Toledo Thermogravimetric Analyzer (TGA/DSC3+) under inert
atmosphere of nitrogen. The nitrogen gas was maintained at
a temperature of 50 °C with a flowrate of 100 mL min~'. The
nitrogen gas eliminates entrapped gases in the system and
prevents unwanted oxidation during the pyrolysis stage. Prior to
conducting the experiments, the TGA/DSC3+ equipment was
calibrated using an Indium reference standard.

Subsequently, the samples are heated from 25-900 °C using
a range of heating rates (5, 10, 15, 20, 25 °C min~"). Throughout
the heating process, the TGA equipment continuously
measured the sample mass and furnace temperature. Each
experiment was run three times to ensure reproducibility. The
TGA curves were plotted at different heating rates within the
temperature range of 25-900 °C.

2.3.1. Synergy of co-pyrolysis process. The additive formula
used to calculate the mixture profile in the absence of any

synergistic effect is as follows:**3*

Weat = x1 Wy + xo W) »

The variations between the experimental weight (We,;,) and
calculated weight (W,,)) for the blends at different heating rates
is calculated by eqn (2), of which, the difference between Wy,
and W, indicates a synergetic effect in the blend.

AW = Wep — X1 W1 + X2 W5 (2)

where when; AW = 0; the blend exhibits no synergistic inter-
action. AW > 0; indicates a non-favourable synergistic effect. AW
< 0; signifies a favourable synergistic effect.

2.4. Kinetic analysis

The general rate equation, which combines the general mass
law and Arrhenius eqn (3), is expressed as follows:***”

—E,
d(a) B (ﬁ)
w—k(T)f(a)—Af(a) e (3)
. . . . d(e) . .
where; « is reaction fraction, ¢ is time (s), w is rate of reaction,

k(T) is the rate constant (s~') and T is the reaction temperature
(K), A is the pre-exponential factor (s'), fla) is the kinetic
model, which can take on various forms (see Table 1. in ref. 38),
e is the logarithm base, E, is the activation energy (k] mol %),
and R is the universal gas constant (k] mol " K™).

Under non-isothermal conditions, where the sample is heated
at a constant rate, eqn (3) can be transformed as follows:*

o) _ ;(‘) fa) a

where; 8 = ((11—7; is the heating rate (°C s™%).

2.4.1. Friedman method. Friedman method is an iso-
conversional approach based on the following general
assumptions:

(1) The reaction conversion « at a certain heating rate § is
a function of temperature;

This journal is © The Royal Society of Chemistry 2026
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(2) The conversion function fle) and the kinetic parameters
(Aand E,) are independent of the heating rate a fixed
conversion *°

For constant heating rate, and taking the natural logarithm
on both sides of eqn (4) yields eqn (5):**

in(557) = nla-f @)l - )

Thus, the eqn (5) can be re-written as eqn (6) to explicitly
include the conversion factor « which is a Friedman
equation:***

In [(5 o) ] = 0l f (@] - 77— ©)

Here, i represents the number assigned to each experiment, T, ;
is the temperature (K) at desired conversion «. Iso-conversional

d
lines are obtained by plotting d%‘( vs. 1/T obtained from the TGA

experimental data collected at different heating rates.** For each
conversion «, the activation energy E, is determined from the

slope of In {(51- %)

sponds to In[A,-fla)]. Data analysis for the Friedman method
was conducted using THINKS software,*>*® a free open source
software.

2.4.2. Ozawa-Flynn-Wall (OFW) method. As mentioned
earlier, OFW is an integral approach that assumes the activation
energy is specific to a given degree of conversion. Assuming f«)
remains constant, eqn (2) can be rearranged as follows:*”*®

o[l oo

1 .
VS, —or where the intercept corre-

a,i

a,i

Eqn (7) cannot be easily solved by analytical methods and
requires numerical approximation techniques.*” Several
approximations has been developed, with the most widely used

being the Ozawa-Flynn-Wall method, represented by
eqn (8).*>°°
AE, E,
In(B) =1n (g(a)R) —5.331 - 1.052 RT (8)

From eqn (8), the activation energy (E,) can be determined
from the slope of a linear fit of In (8) vs. 1/T

2.4.3. Vyazovkin method. This advanced isoconversional
integral method is a widely recommended for the accurate
determination of activation energies (E,). It assumes that the
reaction model g(a) is independent of a heating rate §.°* Based
on this assumption g(«) remains constant at a specific conver-
sion. By replacing the temperature integral in eqn (8) with
Doyle's approximation,® eqn (9) can be rewritten as:

I(E,T) = (%) exp( —5.331 - 1'?257%E)

9)

Sustainable Energy Fuels, 2026, 10, 1453-1469 | 1455
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Table 2 Representation of key evolved gases and their ion fragments

m/z Ion fragments Representative species
64 S0,* Sulfur dioxide

44 CO," Carbon dioxide

27 C,He" Ethane

18 H,0" Water

15 CH," Methane

2 H," Hydrogen

From eqn (9), along with a series of assumptions and deri-
vations, Vyazovkin (1997) formulated the following expression
eqn (10):*

“ “ 1 Eﬂ(7 Tuz' i .
0= S HETB (10)
=1 j#i I(E,X, Téw')ﬂi
In eqn (10), { and j represent independent experimental runs
performed at different heating rates, 6. Data analysis for OFW
and Vyazovkin was performed using Kinetic Calculation soft-
ware,* a free open source thermo-kinetic software.

2.5. Evolved gases analysis

The evolved gases during thermal decomposition were analyzed
using a thermogravimetric analyzer (TGA) coupled with a mass
spectrometer (MS). Approximately 15 mg of each sample-
sawdust (SD), 100% spent sulfite liquor (SSL), and a blend of
SSL and SD at 80 : 20 ratio (SSL: SD)-was placed in the TGA-MS
system. The samples were heated from ambient temperature to
the target temperature at a constant heating rate of 50 °C min "

(b) -5 ’ Dm}n.\ N

[
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under an inert atmosphere of nitrogen flowing at 15 mL min .
The MS continuously monitored the gases evolved during
thermal degradation, enabling identification of major species
released at different temperature ranges. Table 2 shows the ions
set to be scanned and their corresponding evolved gas species
in the bases of their mass to charge ratio (m/z).

Nature of quadrupole mass spectrometry (QMS) data and
normalization: evolved gas composition was monitored by quad-
rupole MS (Faraday detector, EI 70 eV) at m/z 64 (SO,), 44 (CO,), 27
(C,H;" from C,Hg), 29 (CO"), 18 (H,0"), 15 (CH;' from CH,), and 2
(H,"). Signals reported as “Corrected Data”, “%” reflect the
instrument's internal normalization; the calibration type was set to
“Single-Point” (factor = 1) for all channels in this dataset, and no
external sensitivity or fragmentation calibration was applied.
Consequently, these results are semi-quantitative and are used to
compare relative trends and onset/peak positions only. We do not
interpret the wt% as absolute wt% but as corrected data % values,
since there was no calibration. Where absolute yields are required,
per-species calibration with known gas mixtures and fragmenta-
tion corrections are needed to convert ion current to mass and
normalize to sample mass. CO was not included in the results
since it presented large data due to CO and N, sharing the same
peak at m/z of 29.

3. Results and discussions
3.1. Material characterization

SEM images at different magnifications (100-245x) are pre-
sented in Fig. 2, illustrating the surface morphology and

(c)

Fig.2 Dried SSL SEM images at different positions and resolution (a) (EDS) spot 1 at 100 um, (b) selected area 1 at 100 um, (c) fullarea 1 at 200 um

and (d) selected area 2 ‘darker spot” at 100 pm.

1456 | Sustainable Energy Fuels, 2026, 10, 1453-1469
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Table 3 Representation of SSL elemental analysis at different posi-
tions and resolution (a) EDS spot 1 at 100 um, (b) selected area 1 at 100
um, (c) fullarea 1 at 200 um and (d) selected area 2 ‘darker spot’ at 100
um

Element Image symbol Weight% Atom% Error%
C (a) 35.81 74.45 9.82
(b) 36.99 48.02 9.81
(c) 36.79 46.27 8.74
(d) 70.78 78.26 6.66
Average 45.09 61.75 8.76
(e} (a) 38.54 38.33 9.03
(b) 42.20 41.13 9.19
(0) 49.03 46.29 8.62
(d) 22.73 18.87 11.59
Average 38.13 36.16 9.61
Mg (a) 6.65 4.35 5.10
(b) 5.12 3.28 5.84
(¢) 4.81 2.99 5.65
(d) 1.42 0.78 6.64
Average 4.5 2.85 5.81
Al (a) 0.47 0.28 11.18
(b) — — -
(c) 0.47 0.26 10.33
(d) 0.49 0.24 7.85
Average 0.36 0.17 6.06
Si (a) 6.33 3.59 3.68
(b) — — —
(¢) 0.49 0.26 7.6
(d) — — -
Average 1.705 0.96 2.82
S (a) 11.58 5.75 2.77
(b) 14.89 7.24 2.51
(@] 8.01 3.78 2.61
(d) 3.79 1.57 3.25
Average 9.57 4.59 2.79
K (a) 0.62 0.25 10.58
(b) 0.8 0.32 15.64
(c) 0.39 0.15 12.64
(d) 0.39 0.13 14.57
Average 0.55 0.21 13.35
al () — — —
(b) - — -
(¢) 0.40 0.15 23.86
(d) — — -
Average 0.10 0.04 5.97

elemental distribution of the SSL. Energy-dispersive X-ray
spectroscopy (EDS) was employed to identify the elements
present in the sample and quantify their concentrations.

Fig. 2(a) shows the elemental composition at a specific spot,
where aluminum and silicon were detected at 0.47 wt% and
6.33 wt% respectively. However, when the imaging field was
shifted to selected area 1 (Fig. 2(b)), these elements were absent,
as confirmed in Table 3. Increasing the focus length to 200 pm
(Fig. 2(c)) revealed aluminum at the same concentration
(0.47 wt%) but a significantly reduced silicon concentration of
0.49 wt%. Imaging at a darker region (Fig. 2(d)) indicated
a notably higher carbon concentration—almost double that
observed in other areas.

Fig. 2(a-c) show that magnesium concentrations range
between 4.81-6.65 wt%, whereas at the darker spot, the
concentration decreases to 1.42 wt%.

This journal is © The Royal Society of Chemistry 2026
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Table 4 Ultimate and proximate analysis of sawdust and SSL

Characteristics Sawdust (Wt%) SSL (Wt%)

Proximate composition (%)

Moisture 7 10
Volatile matter 76.3 48
Fixed carbon 16.7 39
Ash 0 3
Elemental composition (%)

Carbon 43.5 31.6
Hydrogen 5.2 6.2
Nitrogen 0.2 0.2
Oxygen (by difference) 51.1 52.5
Sulfur 0 5.0

The results of the ultimate analysis of sawdust and SSL are
presented in Table 4. Typically, the oxygen-to-carbon (O/C) and
hydrogen-to-carbon (H/C) ratios are used to evaluate the energy
content of a fuel, with a higher O/C ratio indicating lower energy
potential. The analysis revealed that SSL contained 5% sulfur,
0.2% nitrogen, and 53% oxygen, which aligns with findings
reported by.>* The carbon content of SSL was slightly lower at
31.6%; however, EDS analysis indicated a higher average carbon
content of 45.09% (see Table 3).

Table 3 summarizes the elemental composition of SSL ob-
tained from SEM-EDS imaging and bulk elemental analysis.
Differences between the two techniques, particularly for carbon
(C) and oxygen (O), are expected due to the inherent charac-
teristics of each method. SEM-EDS provides a localized surface
elemental profile rather than the overall sample composition.
In this study, measurements were taken at four distinct points
on the sample surface and averaged to improve representa-
tiveness. Conversely, elemental analysis determines the bulk
composition, yielding values of 31.6% for C and 52.5% for O,
which differ from SEM-EDS results. These variations highlight
the complementary nature of the two techniques: SEM-EDS is
valuable for surface characterization, while elemental analysis
offers a more accurate representation of the overall material.

The hydrogen content was 6.2%, which is higher than values
reported by Duangkaew et al. (2023).°* For proximate analysis,
AS spent liquor exhibited higher fixed carbon compared to
sawdust, whereas volatile matter was greater in sawdust (76.3%)
than in AS spent liquor (48%). Similar proximate analysis
results for sawdust were reported by Varma et al. (2019).* Le
Roux et al. (2024) reported higher moisture,* volatile, and ash
contents for SSL, with moisture at 43.3%, volatiles at 61.0%, and
ash at 6.5%. Differences in proximate analysis may be attributed
to sampling point variations, as higher moisture suggests SSL
was sampled prior to the evaporators following the pulping
process.

The composition of sawdust in this study is consistent with
previously published data.>**”

3.2. Thermogravimetric analysis

Fig. 3(a) shows the mass loss curves for sawdust (SD), SSL, and
their blends at a heating rate of 5 °C min~". SSL exhibited the

Sustainable Energy Fuels, 2026, 10, 1453-1469 | 1457
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Fig.3 TGA analysis: (a) mass loss curves for pyrolysis of SSL and sawdust, as well as their blends at heating rate of 5 °C min~?, (b) DTG curves for

individual SSL and sawdust at heating rate of 5 °C min™™.

Table 5 Degradation parameters at different stages of sawdust, sulfite spent liquor, and their blends at heating rate of 5 °C min™

1

Stage Parameters 0% BL 50% BL 60% BL 70% BL 80% BL 90% BL 100% BL
First (1) Trange (°C) 37-107 38-150 38-159 37-154 38-153 — —
Wioss (%) 1.91 6.55 9.10 8.48 8.90 — —
DRy (s7%)  —3.42 x107°  —6.61 x 107° —8.05x 107> —7.82 x 107> —8.34x 107> — —
Tinax 57 76 79 80 80 — —
Second (I)  Trange (°C) 178-451 162-439 161-455 159-480 156-462 113-520 145-458
Wioss (%) 72.73 57.22 54.21 54.88 50.01 52.46 45.21
DRy (s7')  —8.34 x107* —4.93 x10™* —-3.89x 107" -3.81 x 107" -2.83x 10" —211x10"" —-1.91x107*
Timax (°C) 344 340 341 339 325 323 302
Third (I)  Trange (°C) 452-900 508-900 460-900 500-900 518-900 525-900 505-900
Wioss (%) 8.71 8.59 11.06 9.13 9.80 11.20 11.94
DRpax (Sil) - - - - - - -
Tmax (°C) — — — — — — —
% Residual weight at 900  16.07 24.27 24.89 26.26 28.55 35.49 39.18

°C

highest char yield (39%), while sawdust had the lowest (16%).
SSL, a byproduct of the pulping process, has a complex
composition comprising 38-47% lignin, 30-35% aliphatic
carboxylic acids, and 5-10% hemicellulose-derived residues
and extractives.’® The low content of cellulose in SSL makes it
more resistant to thermal decomposition, explaining its higher
char yield. Sawdust, with its higher cellulose content, decom-
posed more rapidly than SSL, which contains more lignin. SSL
exhibited slower weight loss over a broader temperature range.

Yang et al. (2007)* reported that hemicellulose decomposes
first (220-315 °C), cellulose decomposes rapidly at higher
temperatures (315-400 °C), and lignin decomposes slowly
across a wide range due to its methoxyl (-O-CHj3), C-O-C, and
C=O0 groups in aromatic rings.” This trend is reflected in
Fig. 3(a).

Fig. 3(b) presents the derivative thermogravimetric (DTG)
curves, revealing three distinct stages:

e Stage I (120-130 °C): drying phase.®®

e Stage II (200-500 °C): active pyrolysis zone, where most
hemicellulose, cellulose, and part of lignin decompose.**** This

1458 | Sustainable Energy Fuels, 2026, 10, 1453-1469

is driven by cleavage of weak ether bonds (R-O-R, 380-
420 kJ mol™") in lignocellulosic biomass. Hemicellulose
decomposes first due to weaker bonds, followed by cellulose
and lignin 61.

e Stage III (>500 °C): slow degradation of lignin, attributed to
its aromatic structure and phenolic hydroxyl groups.®~*

DTG curves for blends show decreasing peak intensity with
increasing SSL content. SSL (lignosulphonate) contains lignin,
aliphatic carboxylic acids, and some polysaccharides. Alén et al.
(1995) noted that alkali metals in black liquor shift decompo-
sition of aliphatic acids from 150-300 °C to 250-550 °C.** Thus,
higher SSL content increases lignin and aliphatic components,
delaying decomposition beyond 500 °C and reducing DTG peak
intensity. Yang et al (2007) further observed that lignin
decomposes over a broad range (100-900 °C), while cellulose
and hemicellulose decompose more easily, releasing CO, CO,,
and hydrocarbons.”® Above 500 °C, H, is released, and above
600 °C, CO evolves™ (see gas evolution later). These gases may
interact with SSL compounds, aiding aromatic ring breakdown
and reducing char formation.

This journal is © The Royal Society of Chemistry 2026
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The sawdust DTG curve shows a shoulder near 250 °C, likely
due to hemicellulose, and a sharp peak from rapid cellulose

degradation.**

Table 5 summarizes Ty, and DR, for SD, SSL, and blends
across three stages (drying, active devolatilization, char decom-
position). Weight loss in stage I increases with SSL addition,

This journal is © The Royal Society of Chemistry 2026

likely due to higher moisture content, which also raises Tyax.
Stage II weight loss decreases as SSL increases, reflecting higher
lignin content that decomposes later. Ty, in stage II decreases
with SSL addition, suggesting a synergistic effect. Char yield at
900 °C follows the trend SD < blends < SSL, confirming that
higher lignin content contributes to greater char formation.
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Table 6 Residual weight % at 900 °C and T.x (°C) in second pyrolysis stage at different heating rates

Heating rate (°C) 0% BL 50% BL 60% BL 70% BL 80% BL 90% BL 100% BL

5 Weight % 16.07 24.27 24.89 26.26 28.55 35.49 39.18
Tmax (°C) 344 340 341 339 325 323 303

10 Weight % 15.48 25.34 27.70 27.64 30.05 35.05 39.82
Tmax (°C) 354 345 341 343 334 329 321

15 Weight % 17.53 24.22 27.99 28.66 30.57 35.99 39.74
Tmax (°C) 335 350 347 345 340 333 321

20 Weight % 15.88 25.23 27.78 28.05 30.57 36.11 37.93
Tmax (°C) 358 358 349 349 340 341 321

25 Weight % 17.70 25.90 27.60 28.31 30.10 36.10 39.62
Tmax (°C) 356 345 345 345 338 357 334

3.2.1. Effect of heating rates on co-pyrolysis. Fig. 4 shows various heating rates. Favourable synergy is observed in all

the TGA profiles for SSL, sawdust, and their blends at different
heating rates. The DTG peaks (Tpax) shift to higher devolatili-
zation temperatures as the heating rate increases from 5 to 25 ©
C min~ ", as summarized in Table 5 and Fig. 4(a-d) also illus-
trate peak broadening, indicating that at higher heating rates,
the consumption rates of hemicellulose and cellulose become
more similar. This behaviour is characteristic of non-isothermal
conditions, as reported by other researchers.>*

The shift in DTG curves is primarily attributed to the poor
thermal conductivity of biomass, which affects heat transfer
across the cross-section of SSL and sawdust. At lower heating
rates, the temperature profile within SSL, sawdust, and their
blends can be assumed to be nearly linear due to the slower
heating, allowing more uniform heat distribution throughout the
sample.®* Conversely, at higher heating rates, insufficient time
for heat transfer results in a non-linear temperature profile, with
the inner core remaining cooler than the outer layers.”

Table 6 also shows that the residual weight percentage at
900 °C increases with heating rate (5-25 °C min ™).

3.2.2. Synergy of co-pyrolysis process. Fig. 5 illustrates the
distinct thermal behaviours of sawdust and SSL, which arise
from differences in their composition, structure, and physico-
chemical properties. To evaluate the synergistic effect in the
blends, an additive model eqn (1) was applied, assuming no
interaction between sawdust and SSL. The experimental
thermal profiles were then compared with those predicted by
the additive model. Deviations between these profiles indicate
the presence of synergistic interactions.

The parameter AW represents the interaction effect during
thermal degradation. When AW = 0, the blend exhibits no
synergy, behaving as a simple additive mixture. A AW > 0 indi-
cates an unfavourable synergistic effect, where degradation is
less efficient than expected. Conversely, a AW < 0 signifies
a favourable synergistic effect, implying enhanced degradation
due to improved interaction between sawdust and SSL.

Fig. 5(al-e1) shows the synergistic effect for different blends
at 5 °C min . The strongest synergy occurs between 100 °C and
400 °C, corresponding to the decomposition of hemicellulose
and cellulose. Increasing SSL concentration reduces the syner-
gistic effect, likely due to higher lignin content, which is more
resistant to thermal degradation—particularly evident between
400 °C and 900 °C. Fig. 6 illustrates the synergistic effects across

1460 | Sustainable Energy Fuels, 2026, 10, 1453-1469

blends except the 90% SSL blend, which shows minimal inter-
action at lower temperatures and becomes favourable only
around 200 °C (at 5, 15, and 20 °C min~") and above 550 °C at
20 °C min . The effect is most pronounced during the initial
decomposition stage (up to ~380 °C), when hemicellulose (220-
315 °C) and cellulose (315-400 °C) degrade.* These trends align
with the DTG profiles discussed in Fig. 3 and 4.

Song et al. (2014)%* reported that co-pyrolysis of pine sawdust
with lignite promotes the release of H and OH radicals, which
act as hydrogen donors and facilitate cracking of aromatic rings
in coal. These radicals interact with lignite, reducing its carbon
content due to higher H/C and O/C ratios and the presence of
alkali and alkaline earth metals (AAEMs) in sawdust.® Similarly,
blends with lower sawdust content exhibit weaker synergy,
while blends containing 70-80% SSL show the highest syner-
gistic effect in terms of residual weight. This may be attributed
to an optimal sawdust-to-SSL ratio and the presence of
magnesium in SSL.

Fig. 5 also shows that blends with 90% SSL have AW values
close to zero, particularly at the beginning and end of pyrolysis,
suggesting that SSL primarily decomposes independently due
to the limited sawdust content.

3.3. Kinetic analysis

The activation energy (E,) was determined at various conversion
levels as outlined in Sections 2.3-2.4. Fig. 7 presents the linear
plots generated using the Friedman method over the conversion
range o« = 0.05-0.65, along with conversion-temperature plots
and apparent activation energies obtained from different iso-
conversional methods for both sawdust and SSL. As described

. . . d
in Section 2.3, eqn (6) allows for the computation of d—(; vs. 1/T

from TGA data, using THINKS software.

For o = 0.65, the software did not yield values, likely due to
low correlation coefficients. This observation is consistent with
the findings of Khiari and Jeguirim (2018),*> who conducted
a kinetic analysis of grape marc from the Tunisian wine
industry-a material rich in lignocellulosic compounds. They
concluded that data beyond « = 0.65 lacked reliable determi-
nation coefficients due to the complex nature of char produc-
tion and rearrangement.®® Error bars are not shown in the
Friedman plots because the data are derived from numerically

This journal is © The Royal Society of Chemistry 2026
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differentiated rate curves and regression analysis across
multiple heating rates; therefore, uncertainty is associated with
the calculated activation energy values from the slope rather
than with individual plotted points.

3.3.1. Blends friedman linear plots for calculating E,.
Fig. 8, presents Friedman linear plots for blends of sawdust and
SSL. The plots indicate relatively constant conversions between

This journal is © The Royal Society of Chemistry 2026

a = 0.2-0.5, which is likely due to the homogeneous degrada-
tion of hemicellulose and cellulose in both components. At « =
0.05, the consistent degradation observed across all blends
(regardless of SSL proportion) can be attributed to moisture
removal. Beyond « = 0.5, lignin degradation becomes increas-
ingly difficult. This resistance is associated with the high carbon
content of char, which enhances thermal stability compared to
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sawdust and SSL. Furthermore, at higher conversion levels, the
presence of aromatic rings in lignin molecules may hinder
further decomposition.

The conversion profiles in Fig. 8 for sawdust and SSL show
that conversions corresponding to Friedman plots (¢« = 0.2—
0.65) occur within a temperature range of 210-400 °C. This
range corresponds to the second stage of thermal decomposi-
tion for both materials, during which hemicellulose, cellulose,
and lignin begin to degrade.

3.3.2. Activation energy determination using friedman
method. Fig. 9 illustrates the variation in apparent activation

1462 | Sustainable Energy Fuels, 2026, 10, 1453-1469

energy for sawdust and SSL, calculated using the Friedman
isoconversional method via THINKS software. For sawdust,
activation energy ranged from 171.42 to 185.75 kJ mol ™, with
an average of 180.09 k] mol . Nyombi et al. (2018)° reported
a mean activation energy of 198 k] mol~" for Ash (Fraxinus)
wood sawdust under similar TGA heating rates, while Wang
et al. (2022)” found values between 180-282 kJ mol ' for
pinewood sawdust using the same Friedman approach.

For SSL, activation energy ranged from 209.84 to
462.59 k] mol ', averaging 284.90 kJ mol . Although no direct
literature values for SSL were found, Yang et al. (2021)*® investigated

This journal is © The Royal Society of Chemistry 2026
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lignin isolated from cellulose composite films and reported acti-

vation energies between 182.15-240.63 k] mol " for a = 0.2-0.65, =
which aligns closely with the lower range observed in this study. 450 4
The consistently high activation energy for 100% SSL across all :g‘\
conversions likely reflects its high lignin content. This observation = A%
is supported by TG/DTG profiles, which show SSL exhibiting slower g
degradation and higher peak temperatures compared to sawdust. ’g =
3.3.3. Activation energy determination using OFW and . 300 4
Vyazovkin method. The activation energies calculated using the %
OFW and Vyazovkin methods were obtained through an open- £ 250
access kinetic analysis tool.>® Fig. 10 compares the E, values =
for sawdust derived from both methods. The mean activation 200 1
energy determined by the OFW method was 163.95 kJ mol * for i

Friedman 0% SSL
Friedman 100% SSL

sawdust and 241.33 k] mol ! for SSL. In comparison, the Vya-
zovkin method yielded slightly lower mean values:

144.60 k] mol ™! for sawdust and 222.28 k] mol~* for SSL.
Fig. 9 Friedman
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activation energies for sawdust and SSL.
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To the best of the authors' knowledge, no previous studies
have reported the use of isoconversional methods to determine
the activation energies of SSL.

Table 7 summarizes the mean activation energies of
sawdust, SSL, and their blends, calculated using two iso-
conversional methods over the conversion range o = 0.2-0.8.
SSL exhibited consistently higher activation energies than
sawdust, which can be attributed to its higher lignin content, as
discussed earlier. In contrast, sawdust-SSL blends showed
lower activation energies compared to SSL alone, indicating
improved thermal reactivity.

A notable reduction in activation energy was observed for
blends containing 50-80% SSL. At 80% SSL, activation energy
decreased by 18.92% and 20.23% for the OFW and Vyazovkin
methods, respectively. This reduction is likely due to synergistic
interactions between sawdust and SSL, particularly the influ-
ence of alkali and alkaline earth metals on lignocellulosic
decomposition. Previous studies have highlighted the catalytic
role of these metals in lowering activation energy during
biomass pyrolysis.>**

Kim et al., (2019)” modelled the interaction between lignin
and Mg and Na, reporting that magnesium increased the acti-
vation energy of lignin from 180 to 208 kJ mol . Although
magnesium exhibited a strong catalytic effect by elongating the
Cp-0, dissociation bond and significantly reducing stabilizing
energy,” it also enhanced the recalcitrance of lignin decom-
position. The incorporation of sawdust, which contains higher
proportions of cellulose and hemicellulose compared to SSL,
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may help mitigate this recalcitrance, thereby contributing to the
overall reduction in activation energy observed in the blends.
3.3.3.1.  Evolved gases. In addition to the well-known Diebold
mechanism of cellulose decomposition,” Gu et al (2013),”
proposed a further mechanism decomposition of hemicellulose
and lignin. These gases (CO,, H,O0, CH,, C,H¢ and H,) from SD
and SSL which are rich lignocellulosic biomass that are proposed
to be released during pyrolysis are shown in Fig. 11 and 12.
Fig. 11 shows the gases evolved (CO,, H,O and SO,) from the
pyrolysis of the samples, SD, SSL and SD-SSL. Carbon dioxide
(CO,) was the dominant gas, with significant release observed
above 300 °C. SD exhibited the highest CO, concentration, fol-
lowed closely by the SD-SSL blend, which slightly exceeded SSL.
Water vapor peaked around 100 °C for SD and dropped
around 150 °C, SSL and SD-SSL blend continued to increase
corresponding to the evaporation phase, which is also
confirmed by the TG/DTG results. A secondary increase was
noted above 300 °C, particularly in SD and SD-SSL. The elevated
H,0 in SD-SSL compared to SSL alone implies that SD addition
enhanced combustion, possibly by increasing the availability of
reactive volatiles. Wang et al. (2021) propose the higher increase
from the rapture of cellulose and hemicellulose above 350 °C.”
SD has no SO, detected, while SSL showed a markedly higher
SO, concentration, consistent with its higher sulfur content.
This confirms the presence of sulfur-bearing compounds in
SSL, which decompose during pyrolysis.
The composition of hydrocarbons and hydrogen are shown
in Fig. 12. The SD-SSL blend showed the highest H,

Table 7 Mean activation energies of sawdust, SSL and their blends from three isoconversional method

Sample Friedman method E, (k] mol™") OFW method E, (k] mol ™) Vyazovkin method E, (k] mol ") A(s™ R?

0% SSL 180.10 163.95 144.60 2.49 x 10™ 0.99
50% SSL 200.32 216.00 197.04 5.34 x 107 0.94
60% SSL 198.80 190.25 172.24 1.47 x 10° 0.95
70% SSL 180.21 202.38 183.89 1.99 x 107 0.96
80% SSL 206.56 195.66 177.31 1.24 x 107 0.96
90% SSL 314.57 298.89 280.58 3.08 x 107 0.93
100% SSL 284.90 241.33 222.28 5.27 x 108 0.95
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concentration, exceeding 0.6 wt%, followed by SSL (~0.05 wt%).
SD alone showed minimal H, evolution (<0.1 wt%). The
proposed interaction during pyrolysis and secondary reaction
(<400 °C) and main gas reactions are shown in eqn (11)—-(16).”

Tar — CH4 + H, + C,H,, + H, (11)
C+H,0 — CO +H, (12)

CO + H,0 — CO, + H, (13)

C + CO, — 2CO (14)

CpH, + 2H,0—nCO; + 21+ (%)} H, (15)
C,.H, + H,0—nCO + {n + (%)] H, (16)

This trend suggests that magnesium presence in SSL may
enhance H, evolution, possibly through enhanced cracking or
reforming reactions.

SSL exhibited a sharp CH, peak at 450 °C and 250 °C
(~4.5 wt%), while SD-SSL showed similar peaks at 350 °C (wt%
4.5 wt%) and at 500 °C the peak fell slightly to (<4.0 wt%). The
delayed peak in SSL may be due to slower decomposition of
lignin or sulfur-containing compounds.

SD had the highest C,Hg concentration (~1.8 wt%), followed
by SD-SSL (~1.6 wt%), and SSL slightly lower. This suggests that
SD contributes more to light hydrocarbon formation, likely due
to its cellulose-rich structure.

4. Conclusion

This study investigated the thermal decomposition of sawdust
(SD) and spent sulfite liquor (SSL) using thermogravimetric
analysis (TGA) to assess the kinetics, synergistic effects as well
as gas evolved during co-pyrolysis. The catalytic influence of
inherent alkali and alkaline earth metals in SSL remains an area
of active research, and our findings provide new insights into
their role during thermal conversion.

The results revealed that co-pyrolysis of SD and SSL exhibits
a pronounced synergistic effect (AW), particularly at 70% and
80% SSL across different heating rates. This synergy lowered the
decomposition temperature peaks of sawdust and contributed
to improved thermal reactivity. Importantly, the introduction of
sawdust reduced the activation energy (E,) of the blends, with
the most significant decrease-up to 20%, observed at 70% SSL.
This reduction was confirmed using three isoconversional
methods (Friedman, FWO, and Vyazovkin), highlighting the
kinetic advantage of blending SD with SSL. The consistent char
yield of SSL across all heating rates, despite sawdust addition,
further emphasizes the stability of SSL during co-pyrolysis.

Evolved gas analysis revealed distinct selectivity patterns
among the sample, demonstrating the potential for targeted gas
production. The 80% SSL:20% SD blend exhibited favourable
hydrogen evolution (>0.6 wt% near 550 °C), suggesting its
suitability for hydrogen-rich gas generation which the
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magnesium presence in SSL could have catalysed. Conversely,
sawdust favoured ethane formation (~1.8 wt% at 400 °C), while
SSL showed strong methane selectivity (~4.5 wt% near 500 °C).
These findings indicate that co-pyrolysis not only improves
kinetic performance but also enables selective gas production,
making it a promising strategy for sustainable thermochemical
conversion and fuel generation.

From a practical perspective, understanding the pyrolysis
behaviour of these blends is essential for optimizing reaction
conditions, particularly in determining the ideal SD-SSL ratio
and operating temperature. Further research should explore the
catalytic role of magnesium in enhancing pyrolysis and inves-
tigate whether the 20% SD:80% SSL blend can catalyse other
thermal treatments such as combustion, gasification, and tor-
refaction. Comparative studies on energy balance and life cycle
analysis (LCA) between co-pyrolysis and conventional Tomlin-
son recovery boilers would provide valuable insights into
industrial feasibility.

Integrating sawdust into SSL recovery offers both process
and environmental benefits. This approach enhances biomass
utilization, reduces reliance on fossil fuels, and has the poten-
tial to lower greenhouse gas emissions, contributing to envi-
ronmental sustainability. Additionally, the pulp and paper
industry could benefit from reduced energy costs and improved
resource efficiency. Overall, co-pyrolysis of SD and SSL repre-
sents a promising technique for valorising waste streams and
advancing renewable energy solutions.
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