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Abstract
In the present study, the effects of pretreatments with different solvents (hydrochloric acid, sodium hydroxide, and ethanol) 
on the physicochemical structure and pyrolysis behavior of tobacco stem (TS) were investigated. Elemental compositions 
analysis showed that acid washing increased the carbon content and exhibited a high removal percentage for the inorganic 
species. SEM, BET, and FTIR analysis showed that the pretreatments exerted different effect on the surface and microstruc-
ture. Furthermore, the pyrolysis characteristics analysis indicated that solvent pretreatment increased the initial pyrolysis 
temperature due to the removal of unstable volatile components, especially for the acid and alkali washing samples. Mean-
while, hydrochloric acid pretreatment increased the maximum pyrolysis rate temperature of cellulose decomposition stage 
and decreased the char residues due to the large removal of inorganic species, while alkali treatment produced the opposite 
result. Pyrolysis kinetic analysis based on Coats-Redfern method showed that F1.5 chemical reaction model can be used to 
describe the pyrolysis stages of TS samples and a decreased activation energy was observed during the decomposition of 
cellulose stage for the acid and alkali washed samples. The released gaseous products during the pyrolysis process were also 
monitored by using TG-FTIR technique, and the gaseous release behavior was different from each other.
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1  Introduction

Tobacco is a worldwide special economic crop. In China, 
the area of tobacco cultivation was about 1.3 million hec-
tares with a tobacco leaf production of 2.8 million tonnes 
according to the website http://​www.​stati​sta.​com. During the 
cigarette manufacturing process, tobacco stem (TS) is the 
discarded waste due to its non-applicability and account-
ing for about 25% of the tobacco leaves [1]. Most of the TS 
is disposed by landfill or direct incineration, leading to the 
waste of resources and environmental pollution problems. 

In fact, similar to other lignocellulosic biomass, the TS is 
mainly composed of cellulose, hemicellulose, lignin, and 
other organic matter. Many high value-added products can 
be produced through the pyrolysis of biomass, such as bio-
oil, syngas, and biochar [2]. Bio-oil and syngas possess high 
heating values and can be used as high-quality transporta-
tion fuels after refining [3–7]. Biochar can be used for the 
production of fuel [8], activated carbon [9], and new ferti-
lizer [10–12]. Therefore, the rational utilization of tobacco 
waste resources for the production of value-added products 
is highly desirable, which could both broaden the selection 
range of biomass feedstock and alleviate energy and envi-
ronmental problems [13, 14].

Several studies have focused on the pyrolysis of 
tobacco waste. Chen et al. [15] investigated the co-pyrol-
ysis of tobacco stalk with different types of polymer 
wastes. The synergistic effect compared to the pyrolysis 
of the individual components was observed, which could 
increase carbon conversion efficiency and volatiles yield. 
Strezov et al. [16] reported that the pyrolysis process of 
tobacco waste can be divided into four stages accord-
ing to the derivative thermogravimetric curve, that is 
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dehydration, torrefaction, charring, and carbonization. 
In fact, the structural characteristic and chemical com-
position of raw biomass have an important influence on 
the pyrolysis process and resulting products. Compared 
with other biomass, TS exhibits unique properties due to 
its high content of alkaloid (mainly nicotine), alkali, and 
alkaline earth metals (especially the potassium). A previ-
ous work suggested that the alkaloid can be released and 
transferred to bio-oil under 400 °C, resulting in poten-
tial environmental contamination and waste of valuable 
chemicals [17]. Meanwhile, the potassium is inconvenient 
for the pyrolysis process due to its slagging and fouling 
shortcomings [18]. Therefore, leaching of alkaloids and 
inorganic species from the TS prior to pyrolysis process 
is necessary.

Many studies have indicated that leaching pretreatment 
can improve the quality of biomass pyrolysis products [19, 
20]. For example, acid washing can effectively remove alkali 
and alkaline earth metals from the biomass, resulting in the 
reduction of catalytic reactions and pyrolytic slagging [21, 
22]. Meanwhile, acid washing degraded partial hemicellu-
lose in biomass, which can reduce the production of acetic 
acid and diminish the acidity of bio-oil [23]. Chen et al. 
[24] found that nicotine and inorganic species in TS were 
almost completely removed by acid leaching and the thermal 
stability of TS was decreased due to the damaged matrix 
structure. In addition, alkali washing is also an effective 
pretreatment method to change the fiber structure and com-
positions through the solubilization of cellulose and lignin 
[25]. For instance, Dalle et al. [26] employed the sodium 
hydroxide pretreatment method to partially remove amor-
phous compounds such as lignin, hemicellulose, and extracts 
and increased the thermal stability.

From the above mentioned studies, it can be concluded 
that most of the previous studies focused on the effect of a 
single pretreatment method on the pyrolysis characteristics 
of different raw materials. Few studies have compared the 
effect of different solvents pretreatment on the physico-
chemical characteristics and pyrolysis properties of TS. 
Therefore, in this study, the influence of pretreatment with 
different solvents (hydrochloric acid, sodium hydroxide, 
ethanol) on the physicochemical structure, pyrolysis char-
acteristics, as well as the release behavior of pyrolysis 
gaseous of TS, was investigated. Coats-Redfern method 
based on the thermogravimetric data was also applied to 
determine and compare the pyrolysis kinetic parameters 
of TS. Furthermore, the release behavior of volatile prod-
ucts during the pyrolysis of TS was monitored by thermo-
gravimetry-Fourier transform infrared analysis (TG-FTIR) 
technique. The study would pave the way for the rational 
utilization of waste TS through thermochemical conver-
sion combined with pretreatments.

2 � Materials and methods

2.1 � Materials

TS used in this work was obtained from Anyang Cigarette 
Factory, Henan Province, China. High-purity hydrochloric 
acid (37.0%), sodium hydroxide (≥ 96.0%), and ethanol (≥ 
99.7%) were purchased from Aladdin Chemical Reagent 
Inc. of Shanghai, China.

2.2 � Washing pretreatment of TS

Samples of the TS feedstock were firstly cleaned with 
distilled water to remove surface dust, in order to elimi-
nate the influence of impurities on the experiment results. 
And then approximately 50 g of TS feedstock (m0) was 
immersed in 500 mL of water, hydrochloric acid (3.0%), 
sodium hydroxide (3.0%), and ethanol (75.0%) for 6 h, 
respectively. Note that the leaching solutions were per-
formed at room temperature. After that, the treated TS 
samples were washed with distilled water 3 times. Next, 
all four samples were placed into a drying oven at 60 °C 
for 12 h to remove the excessive water and avoid changing 
volatile components. The mass of each sample after drying 
(mi) was weighted for the calculation of mass retention rate 
(MRR, MRR = mi/m0). Finally, the dried samples were 
crushed by a multifunctional disintegrator (DSY500A, 
Zhuokai electric appliance, China) and sieved by 60 mesh 
(0.3 mm) sieve, the resulting samples were denoted as the 
raw TS, TS-H, TS-OH, and TS-EtOH, respectively.

2.3 � Composition and structure analysis

The organic elemental analysis (dry basis by wt%) was car-
ried out using an elemental analyzer (Vario EL-III CHNS, 
Germany). The content of oxygen was calculated by differ-
ence. The inorganic elemental contents, such as K, Ca, Na, 
and Mg of the TS and pretreated TS samples, were deter-
mined by using inductively coupled plasma optical emission 
spectroscopy (ICP-OES, Agilent 730, USA). The surface 
morphology of the samples was observed by using scan-
ning electron microscopy (SEM, SU8100) worked at 3.0 kV 
voltage. The Brunauer-Emmett-Teller (BET, ASAP 2020, 
Micromeritics) was used to determine the surface area under 
N2 isothermal (77 K) adsorption. The samples were degasi-
fied at 120 °C for 6 h under vacuum before N2 adsorption. 
Fourier transform infrared spectroscopy (FTIR) analysis 
of the samples was performed using an FTIR spectrometer 
(Nicolet 6700, Thermo Scientific) in the range of 400–4000 
cm-1 with a pure KBr pellet as background.



503Biomass Conversion and Biorefinery (2024) 14:501–515	

1 3

2.4 � Thermogravimetric experiments

Thermogravimetric analysis of the raw TS and pretreated TS 
samples was carried out using a thermogravimetric analyzer 
(TGA, Q5000, USA). For the pyrolysis experiment, approxi-
mately 10 mg sample was loaded into a platinum crucible 
and heated from 40 to 850 °C under the heating rates of 10, 
20, and 40 °C/min in dynamic nitrogen with a flow rate of 25 
mL/min. The characteristic pyrolysis parameters, such as ini-
tial pyrolysis temperature (Ti), the maximum pyrolysis rate 
temperature (Tmax), the maximum pyrolysis rate (DTGmax), 
and final pyrolysis temperature (Tf), were determined from 
the TG and derivative thermogravimetry (DTG, first-order 
derivative of TG curve) profiles according to a previous 
study [27]. Then the residual char content (η) was the pro-
portion of residual mass at the end of the pyrolysis process 
for the different samples. In addition, the comprehensive 
pyrolysis index (CPI) can be calculated from the following 
formula [28]:

Furthermore, the release of gaseous products during 
the pyrolysis process of raw and washed TS samples was 
monitored through a thermogravimetric analyzer (Netzsch 
TG 209F3) coupled with FTIR spectrometry (Nicolet 8700; 
Thermo Electron, America). The loading amount of samples 
and atmosphere of furnace chamber were consistent with the 
above TG experiments at a heating rate of 20 °C/min. The 
temperature of the transfer line between the TG and FTIR 
apparatuses was set at 210 °C to prevent the condensation. 
The resolution of the FTIR was set at 4 cm-1, spectrum scan 
frequency was 8 times per minute, and the spectral region 
was in the range of 400–4000 cm-1.

2.5 � Pyrolysis kinetic analysis

The pyrolysis of TS samples can be considered a typical 
inhomogeneous reaction, and the decomposition rate can be 
described by the following equation:

where α is the thermal conversion fraction at moment t 
during the pyrolysis process; mi, m, and mf are the initial, 
instantaneous, and final masses of the samples, which can 
be obtained from the TG data, respectively; f(α) represents 

(1)CPI =
DTGmax

Tmax ×
(

Tf − Ti
)

(2)
dα

dt
= k(T)f(α)

(3)� =

(

mi − m
)

(

mi − mf

)

the general expression of the reaction model; and the reac-
tion rate constant k(T) can be obtained from the following 
Arrhenius equation:

where A is the frequency factor, Ea is the activation energy, 
R is the universal gas constant (8.314 J·mol-1·K-1), and T is 
the thermodynamic temperature.

The heating rate β is defined as dT/dt, and then Eqs. (2) 
and (4) can be combined and rearranged as

The integral form of Equation (5) can be expressed as 
follows:

where G(α) is the integral equation of the reaction model 
f(α).

According to Eqs. (2)–(6), different integral kinetic 
models can be used to calculate the pyrolysis process of TS 
samples. In this work, the Coats-Redfern method is used to 
calculate the reaction kinetic equation and parameters for 
the different TS biomass. By adopting this method, Equation 
(6) can be transformed into the following logarithmic form:

There is a linear relationship between ln
[

G(�)

T2

]

 and 1/T 

due to 
(

1 −
2RT

Ea

)

≈ 1 . The model with the highest degree of 
linearity was selected as the most suitable model. Table 1 
lists the common reaction equations and functions for G(α) 
in the Coats-Redfern model.

3 � Results and discussion

3.1 � Composition and structure analysis 
of the samples

Generally, solvents pretreatment could affect the composi-
tion and structure of biomass, leading to a mass reduction 
of samples. The MRRs of TS, TS-H, TS-OH, and TS-EtOH 
were 89.96%, 62.68%, 74.60%, and 89.43% respectively, 
indicating a different dissolution effect of various solvents. 
The soluble components were dissolved during the solvents 
treatment, which may lead to the destruction of the raw TS 
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structure. Table 2 shows the result of the ultimate analysis 
of the raw and washed TS samples. The contents of car-
bon, nitrogen, hydrogen, sulfur, and oxygen in raw TS were 
36.44%, 1.53%, 5.53%, 0.13%, and 56.37%, respectively. 
Pretreatment with different solvents exhibited different effect 
on the contents of organic elements. The carbon contents 
increased at different degrees with the expense of hydro-
gen and oxygen contents after solvent pretreatment; it may 
be owing to the dissolution and extraction effect of organic 
components such as polysaccharides/polyphenols/pectin in 
the TS. Especially for the TS-H sample, the content of car-
bon increased significantly to 40.70%, while the hydrogen 
and oxygen contents decreased to 4.17% and 53.72%, respec-
tively. Correspondingly, both the O/C and H/C atomic ratios 
of solvent washed TS samples showed a decreasing trend, 
which could influence the effective heating values of sam-
ples. In addition, the contents of nitrogen and sulfur were 
also decreased after the pretreatment. It is generally believed 
that biomass with low O/C, H/C, nitrogen, and sulfur could 
be regarded as clean fuels because of the lower energy loss 
and emission of NOx and SOx during the combustion pro-
cess [31].

The contents of inorganic elements were also determined 
to compare the effect of different solvents washing on the 
TS. The result of inorganic elemental analysis is shown in 
Table 3. It can be seen that the raw TS exhibited a high 
contents of K and Ca of 4.43 × 10−4% and 1.57 × 10−4%, 
respectively. It revealed that minerals in TS were mainly 
consisted of potassium and calcium salts. After acid wash-
ing, all the inorganic species in raw TS were removed at 
different degrees. And among the different solvents washing 

method, the acid washing exhibited a high removal percent-
age for all the detected inorganic element. For instance, the 
removal percentage of K was 63.21%, indicating that acid 
pretreatment had the strongest demineralization effect [32]. 
Moreover, the removal percentages of K in TS-OH and TS-
EtOH were 47.18% and 15.35%, respectively, whereas the 
content of Ca and Mg did not change significantly, suggest-
ing that Ca and Mg were resistant to alkali and alcohol wash-
ing. It was also found that sodium hydroxide washing led to 
impregnation with Na and resulted in a high Na content in 
TS-OH sample. Previous study reported that the removal of 
inorganic species from biomass could improve fuel qual-
ity and influence the distribution of pyrolysis products [33]. 
Therefore, pretreatment with different solvents here may 
exert different effect on the pyrolysis behavior of TS.

SEM analysis was also conducted to observe the mor-
phology changes of the TS samples. As can be seen from 
Fig.  1, the raw TS and TS-EtOH exhibited a relatively 
integrated fibrous structure with a smooth surface, which 
was the typical structure feature of lignocellulosic bio-
mass, while as for the TS-H and TS-OH samples, the intact 

Table 1   Several common solid-
phase reaction kinetic model 
expressions [29, 30]

Reaction model Reaction mechanism f(α) G(α) Symbol

Chemical reaction First-order reaction 1-α -ln(1-α) F1
1.5-order reaction (1-α)3/2 2[(1-α)-1/2-1] F3/2
Second-order reaction (1-α)2 (1-α)-1-1 F2

Diffusion-controlled 
reaction

One-dimensional diffusion 1/2α α2 D1
Two-dimensional diffusion [-ln(1-α)]-1 (1-α)ln(1-α)+α D2
Three-dimensional diffusion 3/2(1-α)2/3[1-(1-α)1/3]-1 [1-(1-α)1/3]2 D3

Phase boundary reaction One-dimensional 1 α R1
Two-dimensional 2(1-α)1/2 1-(1-α)1/2 R2
Three-dimensional 3(1-α)2/3 1-(1-α)1/3 R3

Table 2   Organic elemental 
analysis of the TS samples

Sample Organic elemental analysis (wt/%) Atomic ratio

C N H S O O/C H/C

TS 36.44 1.53 5.53 0.13 56.37 1.55 0.15
TS-H 40.70 1.37 4.17 0.04 53.72 1.32 0.10
TS-OH 38.75 1.02 4.29 0.02 55.92 1.51 0.11
TS-EtOH 37.53 1.31 5.06 0.07 56.03 1.49 0.13

Table 3   Inorganic elemental analysis of the TS samples (wt/% × 
10−4)

Sample K Ca Mg P Na

TS 4.43 1.57 0.31 0.20 0.08
TS-H 1.63 0.89 0.17 0.12 0.02
TS-OH 2.34 1.49 0.30 0.19 0.26
TS-EtOH 3.75 1.53 0.31 0.16 0.05
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structure was destroyed to some extent, which may be due to 
the swelling effect and removal of cross-linking components 
during the acid and alkaline washing treatments. The adsorp-
tion-desorption isotherms of the TS samples are shown in 
Fig. 2. Meanwhile, the pore structure characteristics results 
are presented in Table 4. It can be seen that solvents treat-
ment increased the surface area and pore volume of the 
raw TS. This phenomenon may be caused by two reasons. 
The dissolution of soluble components in TS and disrupted 

cellulose structure by acid or base reagent may contribute to 
the increase of surface area together.

To further understand the surface chemical variations 
in the TS after solvent pretreatment, FTIR analysis was 
investigated for the samples, and the result was shown in 
Fig. 3. The biomass TS was mainly composed of cellulose, 
hemicellulose, lignin, and a small amount of low boiling 
point non-polymeric components (such as pectin, protein, 
polyphenol) [30, 34, 35]. The absorption bands around 
3382 cm-1 and 2928 cm-1 were ascribed to the stretching 
vibration of -OH and aliphatic C-H, respectively. The band 
at 1617 cm-1 with a shoulder at 1728 cm-1 was associ-
ated with the C=O stretching vibration in aliphatic ketone, 
amide, and carboxylic groups [36]. The bands at 1424 cm-1 
and 1320 cm-1 could be attributed to C=C stretching of 
aromatic groups and breathing vibrations of syringyl units 
in lignocellulosic biomass, respectively. In addition, the 
wideband at approximately 1056 cm-1 was ascribed to 
C-O-C stretching vibrations in cellulose and hemicellu-
lose. These infrared peaks are the typical representative 
of biomass samples.

Fig. 1   SEM images of the raw 
and washed TS samples: a TS; 
b TS-H; c TS-OH; d TS-EtOH

Fig. 2   Adsorption and desorption isotherms in nitrogen gas for the 
raw and washed TS samples

Table 4   The surface area and pore size characterization of the TS 
samples

Sample SBET(m2/g) VBJH(cm3/g)

TS 2.89 0.0041
TS-H 4.75 0.0064
TS-OH 3.83 0.0049
TS-EtOH 3.70 0.0045
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By comparing the spectra of the four samples, it 
can be seen that the solvent pretreatment changed the 
organic functional groups on the surface of TS to some 
extent. A significant enhancement of the band inten-
sity at 1728 cm-1 accompanied by a weakened inten-
sity at 1617 cm-1 was observed after the acid wash-
ing. This phenomenon can be attributed to the fact that 
the highly polymerized lignin structure was partially 
disrupted and decomposed into species with aliphatic 
ketones, amides, and carboxylic groups. In addition, 
the intensity of the bands at 1728 cm-1 and 1320 cm-1 
were found to considerably weaken after alkaline wash-
ing, which indicated that the lignin in the cross-linking 
structure can be damaged by hydroxide [37]. Alkaline 
washing also led to an increase in the intensity of the 
band at 1056 cm-1, implying that the exposure of the 
cellulose components increased by the removal of solu-
ble substance during the alkaline washing pretreatment. 

Moreover, the washing pretreatment with ethanol had 
little effect on the change of surface structure.

3.2 � Pyrolysis characteristic analysis of the TS 
samples

The pyrolysis behaviors of the TS samples were analyzed 
through TG, and the profiles and corresponding DTG curves 
at the heating rate of 20 °C/min are presented in Fig. 4. The 
pyrolysis of TS was a very complicated physical and chemi-
cal reaction process, which mainly related to the moisture 
dehydration, decomposition of tobacco non-polymeric con-
stituents with the low boiling point, and decomposition of 
biopolymers such as hemicellulose, cellulose, and lignin 
[38]. It can be observed from the DTG curve of raw TS 
that the whole pyrolysis process consisted of four stages 
(I–IV) according to the temperature intervals. In stage I, the 
mass loss of 3.65% was caused by the evaporation of water. 
In stage II, the thermal decomposition of non-polymeric 
tobacco constituents such as sugar, pectin, and nicotine 
occurred between 147 and 252 °C. In stage III, two peaks in 
the range of 252 and 362 °C were clearly observed, which 
correspond to the decomposition of hemicellulose and cel-
lulose respectively. In this stage, the mass loss rate increased 
greatly to compared with that of stage II. The stage IV was 
corresponded to the decomposition of lignin and carboniza-
tion process. In this stage, the mass loss rate was 12.77%, 
which indicated that lignin had high thermal stability due to 
its highly cross-linked structure. The mass loss higher than 
600 °C was ascribed to the decomposition of endogenous 
inorganic salts.

However, as for the solvent washed samples, it can be 
seen from the DTG curves that the pyrolysis process of TS-H 
and TS-OH were significantly different from that of raw TS. 
This may be caused by the changed physical structure and 
chemical composition of the TS after the corresponding 
pretreatments. As for TS-H sample, the DTG peak in stage 
II was almost disappeared, probably caused by the greatly 
removal of non-polymeric components such as pectin and 
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Fig. 3   FTIR spectra of the raw and washed TS samples

Fig. 4   TG and DTG curves of 
the raw and washed TS samples
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polyphenols during the acid washing process. As for the 
TS-OH sample, the stages II and III of raw TS combined 
into one decomposition stage in the temperature range of 
163–343 °C under the heating rate of 20 °C/min, which may 
imply that significantly changed the lignocellulosic structure 
of biomass. Alcohol washing exhibited insignificant effect 
on the weight loss stage of pyrolysis of TS.

Furthermore, the TG-DTG curves of the raw and washed 
TS samples at different heating rates are shown in Fig. 5. 
And the temperature ranges and mass loss at different stages 
for various samples under different heating rates are sum-
marized in Table 5. It can be seen that, with the heating 
rate increased, the temperature intervals of different stages 
shifted to higher temperatures due to the thermal hysteresis 

Fig. 5   TG and DTG curves of 
the raw and washed TS samples 
at different heating rates
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effect. In addition, the increased heating rate significantly 
increased the DTGmax in each stage for samples; this indi-
cated that the rate of volatilization and pyrolysis of the 
samples increased along with the rate of heating. As for the 
percentage of mass loss at stage II and III, it can be seen that 
solvents pretreatment decreased the mass loss at stage II. 
This may be caused by the dissolution and extraction effect 
of soluble components during the washing process. At the 
same time, the mass loss at stage III increased to some extent 
due to the relative stability of cellulosic components. How-
ever, the TS-OH sample exhibited the minimum increase in 
the mass loss accompanied with a significantly decreased 
DTGmax at this stage, which may be related to the fact that 
cellulose pyrolysis is strongly dependent on the existence of 
sufficient inorganic species, which will typically reduce the 
reaction intensity [39]. Moreover, as for the stage IV, that 

is the decomposition of lignin and carbonization stage, it 
can be seen that only the TS-OH sample exhibited an obvi-
ous difference in the weight loss process. The temperature 
interval of stage IV shifted to low temperature along with 
an increase of the weight loss, which may be related to the 
destructive effect on lignocellulosic structure during alkali 
washing process and the catalytic effect of residual sodium 
ion.

The pyrolysis characteristic parameters (Ti, Tf, Tm, and 
η) of the raw and washed TS samples are summarized 
in Table 6. Acid and alkali pretreatments significantly 
increased the Ti of samples due to the removal of vola-
tile components. The Tm at stage III for the TS-H sample 
increased 14.3–20.4 °C depending on the heating rate, 
while the Tm of TS-OH sample at this stage decreased sig-
nificantly when compared with that of raw TS. In addition, 

Table 5   Temperature range and mass loss rate at different stages during the pyrolysis of the raw and washed TS samples

Sample Heating rate Stage I Stage II Stage III Stage IV

Temperature Mass loss Temperature Mass loss Temperature Mass loss Temperature Mass loss

(°C/min) intervals (°C) rate (%) intervals (°C) rate (%) intervals (°C) rate (%) intervals(°C) rate (%)

TS 10 40–135 4.22 135–246 18.52 246–340 27.44 340–560 13.65
20 40–147 3.65 147–252 16.83 252–362 29.98 362–589 12.77
40 40–160 3.27 160–267 17.51 267–381 30.80 381–620 12.93

TS-H 10 40–130 7.86 130–205 8.30 205–366 41.60 366–588 11.75
20 40–135 5.66 135–216 9.59 216–377 41.77 377–600 12.05
40 40–150 5.39 150–235 10.26 235–390 41.83 390–619 11.96

TS-OH 10 40–161 10.60 - - 161–328 31.11 328–580 15.98
20 40–163 9.54 - - 163–343 30.23 343–588 15.00
40 40–169 8.13 - - 169–352 31.43 352–613 15.34

TS-EtOH 10 40–133 3.74 133–240 14.82 240–357 33.16 357–564 12.13
20 40–147 4.90 147–248 14.25 248–366 33.18 366–587 12.28
40 40–160 4.25 160–265 15.59 265–385 33.49 385–618 11.53

Table 6   Pyrolysis characteristic 
parameters of TS samples

Sample Heating rate 
(°C/min)

Ti (°C) Tm (°C) Tf (oC) CPI (10-4%/
(min/°C2))

Residues η (%)

Stage II Stage III

TS 10 161.4 208.9 309.7 348.3 0.81 30.99
20 178.2 223.0 322.4 360.2 1.55 31.15
40 190.7 240.3 337.9 376.0 2.97 29.38

TS-H 10 194.4 186.0 330.1 364.0 0.96 26.50
20 195.6 190.3 339.3 375.3 1.65 27.13
40 204.3 205.6 352.2 394.9 2.89 27.58

TS-OH 10 210.4 - 256.4 327.4 1.15 29.24
20 199.4 - 268.5 335.4 1.93 36.30
40 206.2 - 278.2 357.2 3.93 38.16

TS-EtOH 10 168.7 215.6 311.3 346.2 0.80 29.73
20 178.4 226.0 323.5 356.5 1.51 29.93
40 194.6 248.9 333.5 371.5 3.00 30.30



509Biomass Conversion and Biorefinery (2024) 14:501–515	

1 3

the Tf also exhibited the same trend with Tm for the TS-H 
and TS-OH samples. This phenomenon indicated a dif-
ferent effect of acid and alkali washing on the cellulosic 
structure and its pyrolysis process. It can be inferred that 
acid washing destroyed the structure of cellulose microfib-
ers in amorphous region, leading to an increased expose of 
fibers with high thermal stability in the crystalline region. 
In addition, the increased surface area and pore volume of 
TS-H may also contribute to this phenomenon due to the 
decreased heat transfer effect of TS-H. While the alkali 
washing may destroy the hydrogen bond network in the 
crystalline cellulose structure and promote the decom-
position and dissolution of the cellulose structure, which 
can be reflected by the sharp decreased Tm at stage III, on 
the other hand, the alkali metal contents in the samples 
may also contribute to the above mentioned phenomenon 
through the catalysis effect [40, 41]. As for the TS-EtOH 
sample, there is a slight increase in the Ti and Tm of stage 
II, and the Tm of stage III was almost unchanged compared 
with that of raw TS, indicating a moderate effect of alcohol 
washing on the structure of TS.

Comprehensive pyrolysis index (CPI) was calculated in 
order to quantitatively compare the comprehensive pyrolysis 
characteristics. It can be seen that the CPI increased with the 
heating rate, indicating an enhanced pyrolysis property of TS 
under higher heating rate. In addition, the CPI of samples 
was significantly increased after the acid and alkali washing 
pretreatment, especially for the TS-OH sample, suggesting 
the positive effect of acid and alkali washing on the pyro-
lytic characteristic through the change of compositions and 
microstructure of biomass materials, while the CPI exhibited 

a slight decrease as for the TS-EtOH samples. Moreover, the 
char residues rate (η) during the pyrolysis process decreased 
after acid washing, while it increased after alkaline washing. 
This phenomenon may be related to changes of inorganic 
species in the biomass materials, which played an important 
role in the formation of char process [42].

3.3 � FTIR analysis of pyrolytic gaseous products

The 3D FTIR spectrum of the released gas during pyroly-
sis process is shown in Fig. 6. On the whole, the appear-
ance of absorbance peaks with time was consistent with the 
mass loss in the above DTG curves. The 3D spectra of the 
four samples demonstrated similar gaseous release behavior 
with some slight differences. In order to identify the com-
ponents of the gaseous products, the 2D FTIR spectra at the 
peak temperature of the stage II and stage III are shown in 
Fig. 7. Based on the FTIR spectra, the result of component 
identification of the gaseous products is shown in Table 7. 
According to the FTIR spectra and previous reports [43], the 
volatile components can be divided into permanent gaseous 
components and organic components. In particular, the per-
manent gaseous components, such as H2O, CH4, CO2, and 
CO, were readily identified by their characteristic bands. The 
release of organic components can also be identified between 
the wavenumber of 1900 cm-1 and 1000 cm-1. The absorp-
tion band at 1900–1650 cm-1 corresponds to the stretching 
vibrations of C=O which represents the formation of alde-
hydes, ketones, and acids [44], while it is difficult to iden-
tify each compound due to the complexity of components. 
The absorption band between 1590 and 1450 cm-1 can be 

Fig. 6   3D-FTIR images of 
pyrolysis of the raw and washed 
TS samples: a TS; b TS-H; c 
TS-OH; d TS-EtOH
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assigned to the vibration of C=C stretching and benzene 
skeleton, which indicated the production of aromatics during 
pyrolysis process. The wavenumber between 1475 and 1000 
cm-1 is the fingerprint region, where the absorption band 
between 1280 and 970 cm-1 can be attributed to the C-OH 
stretching vibration of alcohols and phenols. According to 
the widely used Lambert-Beer law, the absorbance at a spe-
cific wavenumber is linearly related to the concentration of 
formed gaseous products. It can be seen from Fig. 7 that the 
released CO2 possessed the highest concentration for all the 
four samples during pyrolysis process.

Fig.  8 compares the evolution of gaseous products 
with increasing temperatures during the pyrolysis of the 
TS samples. As for the raw TS sample, it can be seen 
that the release of H2O varied with the temperature; the 
band below 200 °C was associated with the evaporation 
of water. The maximum release between 200 and 350 °C 
was mainly attributed to the cleavage of hydroxyl groups 

in the lateral chains of the hemicellulose and cellulose 
[45]. Meanwhile, moisture was also produced during the 
pyrolysis of lignocellulosic components. CH4 was formed 
by the cleavage of methoxy groups and methylene groups. 
This band showed a maximum release intensity between 
400 and 500 °C, which was associated with the decompo-
sition of lignin. The formation of CO2 was attributed to the 
cracking of sugars, aldehydes, and acids in cellulose and 
hemicellulose at low temperatures, while the breaking of 
carboxyl and carbonyl groups in lignin at high tempera-
tures also released small amounts of CO2. As can be seen 
from the Fig. 8c, the release of CO2 mainly occurred in 
the low-temperature region below 400 °C. The released 
CO can be attributed to the cracking of ester bonds and 
carbonyl groups in sugars, and CO can also be generated 
by the reduction reaction of CO2 with C at high tempera-
tures [46]. A peak was observed between 200 and 300 °C 
which suggested that the formation of CO was related to 

Fig. 7   FTIR spectra of volatile 
products at peak temperature for 
the raw and washed TS samples

Table 7   Gaseous products and 
functional groups during the 
pyrolysis of the raw and washed 
TS samples

Compounds Wavenumber (cm-1) Functional groups Vibrations

H2O 4000~3500 O-H Stretching
CH4 3100~2700 C-H Stretching
CO2 2400~2250/750~600 C=O Stretching
CO 2250~2000 C-O Stretching
Carbonyl groups 1900~1650 C=O Stretching
Aromatics 1590~1450 C=C/benzene skeleton Stretching
Hydroxyl groups 1280~970 C-OH Stretching
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the decomposition of hemicellulose, and the release of 
CO increased significantly above 600 °C. The release of 
CO was consistent with the study of Baker [47], which 

suggested that the formation of carbon oxides occurred in 
two regions. The release curves for carbonyl and hydroxyl 
compounds were consistent in the maximum mass loss 

Fig. 8   Evolution of different 
gaseous products with tempera-
ture during the pyrolysis of the 
raw and washed samples
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range, indicating that the formation of aldehydes and 
ketones was accompanied by the formation of alcohols 
and phenols during pyrolysis process. In addition, aromat-
ics were formed at temperatures between 200 and 350 °C, 
suggesting that the decomposition of hemicellulose and 
cellulose generated the aromatized structure.

Compared with raw TS, the release of CH4 increased sig-
nificantly for TS-OH during the pyrolysis, which may indi-
cate the destroyed structure of lignocellulose after the alkali 
washing pretreatment. The maximum release temperature of 

CO2 and CO shifted to lower temperatures and the amount 
of release increased significantly, which may be caused by 
the changed microstructure and catalytic effect of residual 
alkali metal during the pyrolysis process. The formation of 
aldehydes, ketones, acids, and phenols and alcohols were 
lower in the pretreated TS than those in the raw TS dur-
ing pyrolysis process. A previous study found that the pres-
ence of K not only enhanced its catalytic effect on the ring-
opening of cellulose to form carbonyl compounds such as 
aldehydes and ketones, but also increased the content of 

Table 8   Fitting results based on the Coats-Redfern model

Sample Heating rate 
(°C/min)

Stage Reaction model Fitted equation Coefficient R2 Activation 
energy Ea (kJ/
mol)

Pre-exponential 
factor A (min-1)

TS 10 Stage II F3/2 y = 11827.31x + 12.3512 0.9574 98.33 2.73 × 1010

10 Stage III F3/2 y = 19066.9x + 20.74927 0.9366 158.52 1.96 × 1014

10 Stage IV F3/2 y = 10861.21x + 2.37511 0.9241 90.30 1.17 × 106

20 Stage II F3/2 y = 12741.44x + 13.72441 0.9554 105.93 2.33 × 1011

20 Stage III F3/2 y = 17429.89x + 17.16158 0.9488 144.91 9.90 × 1012

20 Stage IV F3/2 y = 11353.5x + 2.41834 0.9261 94.39 2.55 × 106

40 Stage II F3/2 y = 13133.41x + 13.6604 0.9553 109.19 4.50 × 1011

40 Stage III F3/2 y = 17658.12x + 16.71714 0.9542 146.81 1.29 × 1013

40 Stage IV F3/2 y = 6749.71x - 2.85435 0.9264 93.55 2.48 × 106

TS-H 10 Stage II F3/2 y = 12611.13x + 16.00349 0.9212 104.85 1.12 × 1012

10 Stage III F3/2 y = 10753.01x + 6.21139 0.9347 89.40 5.36 × 107

10 Stage IV F3/2 y = 10689.94x + 1.58038 0.9030 88.88 5.24 × 1011

20 Stage II F3/2 y = 12231.53x + 14.57669 0.9311 101.69 5.24 × 1011

20 Stage III F3/2 y = 11067.84x + 6.40059 0.9363 92.02 1.33 × 108

20 Stage IV F3/2 y = 11183.65x + 1.95528 0.9131 92.98 1.58 × 106

40 Stage II F3/2 y = 12598.05x + 14.24477 0.9386 104.74 7.74 × 1011

40 Stage III F3/2 y = 12119.44x + 7.67519 0.9368 100.76 1.04 × 109

40 Stage IV F3/2 y = 11193.06x + 1.63216 0.9118 93.06 2.29 × 106

TS-OH 10 Stage II - - - - -
10 Stage III F3/2 y = 10561.02x + 7.55511 0.9813 87.80 2.02 × 108

10 Stage IV F3/2 y = 10929.03x + 2.44344 0.9555 90.86 1.26 × 106

20 Stage II - - - - -
20 Stage III F3/2 y = 9854.55x + 5.81992 0.9831 81.93 6.64 × 107

20 Stage IV F3/2 y = 11558.42x + 3.02967 0.9534 96.10 4.78 × 106

40 Stage II - - - - -
40 Stage III F3/2 y = 9791.65x + 5.40653 0.9796 81.41 8.73 × 107

40 Stage IV F3/2 y = 11130.64x + 2.08739 0.9538 92.54 3.59 × 106

TS-EtOH 10 Stage II F3/2 y = 11364.11x + 11.50925 0.9522 94.48 1.13 × 1010

10 Stage III F3/2 y = 16353.06x + 15.78571 0.9536 135.96 1.17 × 1012

10 Stage IV F3/2 y = 12026.54x + 3.67348 0.9218 99.99 4.74 × 106

20 Stage II F3/2 y = 12612.2x + 13.49361 0.9541 104.86 1.83 × 1011

20 Stage III F3/2 y = 16451.55x + 15.52729 0.9542 136.79 1.82 × 1012

20 Stage IV F3/2 y = 11894.79x + 3.1178 0.9281 98.89 5.38 ×106

40 Stage II F3/2 y = 12549.28x + 12.47816 0.9502 104.33 1.32 × 1011

40 Stage III F3/2 y = 17072.11x + 15.80365 0.9608 141.94 4.99 × 1012

40 Stage IV F3/2 y = 11732.05x + 2.36893 0.9279 97.54 5.01 × 106
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phenolic products in the pyrolysis oils [48]. In addition, the 
aromatic compounds increased after acid and alkali pretreat-
ment, which was attributed to the removal of sugars during 
acid and alkali washing, facilitating the aromatization and 
carbonization reaction.

3.4 � Pyrolysis kinetic analysis

The Coats-Redfern method was used to describe the main 
thermal decomposition stage of the raw and washed TS sam-
ples, and the fitting results are listed in Table 8. Generally, 
1.5-order reaction model (F1.5) had the highest correlation 
coefficients (R2) for the main decomposition stages of four 
samples at different heating rates. As for TS sample, the 
stage III exhibited the highest activation energy (Ea) val-
ues (ranging from 144.91 to 158.52 kJ/mol) under differ-
ent heating rates, which indicated that the decomposition of 
hemicellulose and cellulose with complex polymerization 
required higher temperature and higher energy. However, 
the Ea for the decomposition reactions in stage IV was the 
lowest. This phenomenon may be related to the developed 
pore structure that formed through the decomposition of cel-
lulosic components in sample.

After the acid and alkaline washing pretreatment, the Ea 
values of stage III significantly decreased (especially for 
the TS-OH sample), which may be attributed to the bro-
ken structure of biomass. In addition, the more content of 
residual alkali metals in TS-OH sample may play a notable 
catalytic effect on the pyrolysis process, leading to a lowest 
Ea in stage III under any heating rates [49]. The Ea of the 
TS-EtOH in all stages were not quite different from those of 
TS, indicating that the alcohol washing had little effect on 
the structure of the biomass.

4 � Conclusions

Among the three solvents, hydrochloric acid and sodium 
hydroxide exhibited notable effect on the composition and 
structure of TS, while ethanol had a weaker effect. Chemi-
cal composition analysis showed that the carbon content 
increased, while the hydrogen and oxygen content decreased 
after solvents pretreatment. The pretreated TS exhibited lower 
O/C, H/C, nitrogen, and sulfur, which was beneficial for the 
thermochemical utilization. SEM, BET, and FTIR analysis 
indicated that the acid and alkaline washing also changed 
the physical and surface chemical structure to some extent. 
Thermogravimetric analysis showed that solvents pretreatment 
increased the Ti of TS due to the removal of unstable vola-
tile components. The Tm of cellulose decomposition process 
(stage III) increased, and the residual char decreased due to 
the destroyed structure of cellulosic structure and a reduction 
in catalytic reactions caused by inorganic species after acid 

washing, while alkali washing significantly decreased the Tm 
at stage III due to the destroyed hydrogen bond network in 
the crystalline cellulose structure and the catalytic effect of 
residual alkali metal during the pretreatment process. The 
significantly increased CPI values of acid and alkali washed 
samples suggesting the positive effect of corresponding sol-
vent pretreatment on the pyrolysis characteristics. The effect of 
solvents pretreatment on the change of structure and pyrolysis 
property was also reflected in the gaseous release behavior of 
CO2, CO, aldehydes, ketones, acids, phenols, and alcohols by 
TG-FTIR analysis. The pyrolysis kinetic behavior was studied 
through Coats-Redfern method. The raw and washed TS sam-
ples were controlled by F1.5 chemical reaction during pyroly-
sis process, and the acid and alkaline washing significantly 
decreased the Ea values of stage III (especially for the TS-OH 
sample), which may be attributed to the broken structure of 
biomass during the pretreatment process.
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