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Abstract

Paper mill sludge is an industrial waste that can cause environmental pollution if not handled properly. As a common agricultural
waste, peanut shells are abundant in production. This study aimed to investigate the thermal decomposition behavior, kinetics,
and distribution of pyrolysis products of both sludge and peanut shells. Thermogravimetric analysis revealed that the pyrolysis
process of sludge and peanut shells can be divided into three stages: drying pre-pyrolysis, main pyrolysis, and carbonization.
As the heating rate increases, the TG curve and DTG curve shift toward higher temperatures, leading to thermal hysteresis in
the main pyrolysis region. This phenomenon shortens the pyrolysis time and increases the maximum weight loss rate. Addi-
tionally, the higher the peanut shell content, the lower the residual mass and the higher the weight loss rate. The Coats-Redfern
method was employed to calculate the pyrolysis kinetics, and the fitting correlation coefficients were all greater than 0.98 when
the reaction order n = 1, indicating a good fitting effect. The activation energies ranged from 31.85 to 35.12 kJ/mol at different
heating rates and 27.90 to 31.85 kJ/mol at different peanut shell contents. Py-GC/MS analysis of the pyrolysis products of sludge
revealed a predominance of hydrocarbons, acids and furans, with a relatively high content of acids. In contrast, the pyrolysis
products of peanut shells mainly consisted of ketones in varying types and contents. These research findings provide a theoreti-
cal foundation for understanding the fuel characteristics and high-value utilization of sludge and peanut shells.
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1 Introduction reached approximately 283.91 million tons in 2022, resulting

in an average of 1 m® of sludge per ton of paper [2, 3]. The

Paper mill sludge is the residue of papermaking, containing
various organic matter, heavy metals, and other substances that
pose risks to the environment and public health [1]. The China
Paper Association reported that paper production in China
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disposal of such large quantities of paper mill sludge presents
a complex problem. Currently, common treatment methods
include landfilling, agricultural utilization, and incineration
[4]. However, these methods may lead to secondary pollution
[5]. Similarly, peanut shells, as agricultural residues, are pro-
duced in massive quantities, and improper disposal will inevi-
tably cause environmental pollution and resource wastage.
Reports indicate that China accounts for approximately 40%
of global peanut production, with an annual output of 16.68
million tons, resulting in a significant amount of peanut shell
waste [6]. Given the adverse effects of paper mill sludge and
peanut shell waste, it is imperative to develop environmentally
friendly and resource-based approaches for their utilization.
Pyrolysis technology involves the thermal decomposition
of raw materials under hypoxic conditions. It is a straightfor-
ward process that can convert waste into solids, liquids, and
gases [7]. Sludge, due to its high organic matter content, can
also be considered a potential biological resource. Through
pyrolysis technology, the organic matter in sludge can be
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converted into energy, resulting in the production of biochar,
biooil, and biogas [8]. Biochar can be utilized in the produc-
tion of carbon materials like activated carbon, while biooil
can serve as aviation fuel. Biogas, on the other hand, can be
used as a raw material in various industries or for heating and
power generation purposes. Gao et al. [9] conducted a study
on the slow pyrolysis of sludge. The oil produced at a tem-
perature of 700 °C contained a significant amount of phenols
and esters, while most of the heavy metals in the sludge were
retained in the carbon, thereby achieving the high-value and
environmentally friendly utilization of sludge. Another study
by Wang et al. [10] involved the co-pyrolysis of rice husk and
sludge, which demonstrated improved pyrolysis behavior. The
addition of 30% rice husk resulted in the lowest activation
energy and showed a synergistic effect of volatiles during co-
pyrolysis. The addition of other materials, such as lignocellu-
losic and municipal waste, to the sludge increases the carbon
source, thereby promoting the comprehensive utilization of the
sludge. When comparing sludge pyrolysis with co-pyrolysis
with MSW, it is observed that the apparent activation energy
is significantly reduced in the latter case, suggesting that co-
pyrolysis reduces the energy consumption of the reaction [11].
Hazelnut shell, as a new type of biomass, possesses low ash
content and abundant hydrocarbon. Through co-pyrolysis with
sludge, it can be effectively reused to mitigate pollution [12].

Currently, co-pyrolysis is still in the developmental stage
and there have been limited studies on the co-pyrolysis char-
acteristics and kinetics of sludge and peanut shells. This
study aims to investigate the thermal decomposition behav-
ior, kinetic characteristics, and product distribution of sludge
and peanut shells using TG, Coats-Redfern method kinetic
fitting, and Py-GC/MS techniques. Understanding the ther-
mal decomposition behavior will provide insights into the
fuel characteristics and thermal decomposition characteris-
tics of sludge and peanut shells. Determining the pyrolysis
kinetics parameters is crucial for designing efficient and eco-
nomically feasible sludge and peanut shell treatment equip-
ment. Additionally, evaluating the product distribution can
help assess the potential of the sample for further chemical
utilization. These findings are essential for advancing the
clean and resourceful utilization of sludge and peanut shells
in the future.

2 Materials and methods
2.1 Materials and equipment
This study utilized paper mill sludge obtained from Shandong
Chenming Paper Co., LTD, and peanut shells sourced from
Shanggiu City, Henan Province, China, as feedstocks. The raw

materials were purified and then naturally dried in a cool and
dark environment. The dried samples were finely ground using
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a grinder and sieved to obtain particles of approximately 0.2
mm in size (80 mesh). Afterward, the samples were further
dried at 105 °C for 24 h in an oven and stored in airtight bags
to maintain their integrity until further analysis.

The ultimate analysis of samples was performed using the
Vario ELIII element analyzer (Elementar, Germany). The
CHNS element was analyzed and determined by dynamic
combustion method in CHNS mode. The proximate analysis
methods and procedures were referred to the Proximate Analy-
sis of Solid Biofuels of China (GB/T 28731-2012). The higher
heating value (HHV) was determined by an automatic calo-
rimeter (XKRL-3000A, Henan Xinke Analytical Instrument,
China). Biomass components (cellulose, hemicellulose, lignin)
were tested according to NREL 2007 Determination of Struc-
tural Carbohydrates and Lignin in Biomass. The pyrolysis
experiment of feedstocks was carried out with a synchronous
thermal analyzer (STA409PC, NETZSCH, Germany). Sam-
ples weighing 67 mg were placed in an alumina crucible and
subsequently analyzed using a synchronous thermal analyzer.
The pyrolysis temperature was gradually increased from room
temperature to 800 °C at various heating rates. The carrier gas
and shielding gas were both high purity nitrogen (99.99%)
with flow rates of 30 mL/min and 20 mL/min, respectively.
In order to facilitate identification, the samples of X% (10%,
20%, and 30%) peanut shell mixed with (100 — X)% sludge
were named as 10%Ps/90%S, 20%Ps/80%S, and 30%Ps/70%S,
where Ps represents peanut shell and S represents sludge.

2.2 Kinetics reactions in pyrolysis

Biomass can be decomposed into fixed carbon and volatile

gases through heat. The pyrolysis process of biomass can be

described as A (solid) — B (solid) + C (gas). Nitrogen is used

as a continuous purge gas during the test to prevent any sec-

ondary reactions. The kinetic equation is shown as follows:
Isothermal homogeneous process:

da/dt = kf (@) (D
Non-isothermal heterogeneous processes:

da/dT = kf(a)/p @

p=dT/dt 3)

a= (m,—m,)/(m, = m) @

k= Ae_E/RT (5)

where « is the conversion rate in the reaction process, %;
m,, 1s the initial mass of the sample, g; m;is the final weight
of the sample after the reaction, g; m, is the mass of sample
at time ¢, g; k is the kinetic constant; f{@) is the reaction
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mechanism function; A refers to the pre-exponential factor,
min~'; E is the activation energy, kJ/mol; R is the molar gas
constant, R = 8.314 J/(mol-K); T is the reaction temperature,
K; pis the heating rate, °C/min; 7 is the time, min.

The reaction mechanism function is

fl@) = (1-0)" (6)

By integrating Eqgs. (2), (5) and (6), the kinetic equa-
tion can be obtained as follows:

da/dT = A(1 — )" exp (—E/RT)/p @)

The reaction model, pre-exponential factor, and activa-
tion energy of the sample can be determined by kinetic
analysis of the pyrolysis process. The Coats-Redfern
method was used to calculate the pyrolysis kinetic param-
eters, and Eq. (7) was treated to obtain the following:

Whenn =1,

In(1-a)f AR 2RT E
" [_T—] =l [E_ﬂ(l - ?)] kT ®
When n # 1,
1-(1-o'™] _ [AR 2RT E
ln[m]‘m[ﬁ<l‘T>]‘ﬁ )

For the general reaction region, 2RT/E is much less

than 1. So In [2—1; (1 - Z%T)] can be approximated as the
AR 1-(1-a)" ™" | g, 1,
constant In [E—ﬂ] Whenn #1,1n [m] fits 7 when n

=1,1n [—ln(;—z_“)] fits % The slope is —% and the intercept

is In [’2—;], so that the activation energy E and the pre-

exponential factor A can be calculated.

To comprehensively evaluate the pyrolysis character-
istics of the sample, the comprehensive pyrolysis index
(CPI) was defined as [13]

(-R,) - (-R) - M;
CPI = 7T T, (10)

where R, is the average decomposition rate; R, is the maxi-
mum decomposition rate; Mfis weight loss (Mf= m, — mf);
T, is the peak temperature of DTG; 7; is the initial devola-
tilization temperature; and AT, is the half-peak wide tem-
perature range when R/R, = 0.5.

2.3 Py-GC/MS experiments

The pyrolysis products of sludge and peanut shell were deter-
mined using Py-GC/MS (Agilent GC7890A-MSD5975C,
Agilent, USA). A 0.2-mg sample was weighed and placed
into a quartz tube of a thermal cracker (CDS5200 Platinum

Wire Pyrolysis Analyzer). Quartz wool was used to secure
the ends of the quartz tubes. The filled quartz tube was then
placed in the center of the rapidly heated platinum wire. The
initial temperature of the probe was 20 °C, and it was heated
at a rate of 20 °C/ms until reaching the specified tempera-
ture. The GC/MS operating conditions were as follows: the
injection ratio was 100:1, the injection port temperature was
maintained at 250 °C, and the helium flow rate was set to 1
mL/min. The programmed temperature curve consisted of
holding the temperature at 40 °C for 2 min, increasing it to
200 °C at a heating rate of 5 °C/min, further increasing it
to 280 °C at a heating rate of 10 °C/min, and holding it for
3 min. The total run time of the analysis was 45 min. The
compounds were separated using a capillary column (VF-
1701ms, 30 m X 0.25 mm i.d. X 0.25 pmd.f.). The carrier
gas in the column was helium with a purity of 99.999%,
and the flow rate was maintained at 1 mL/min. The pyroly-
sis products and their relative contents were obtained by
peak area percentage, using the NISTO8 mass spectrometry
database.

3 Results and discussion
3.1 Properties of feedstocks

To evaluate the feedstock properties of sludge and peanut
shells during pyrolysis, a range of tests were conducted.
These tests included ultimate analysis, proximate analysis,
higher heating value (HHV), and component analysis, as
presented in Table 1.

As the main element in biomass, C element is also the
main combustible component of fuel. The carbon content
of the sludge is 25.03% according to the ultimate analysis
in Table 1. In comparison, the carbon content of the peanut
shell is higher, reaching 51.18%. Therefore, adding peanut
shells as a carburizing agent to the sludge can effectively
increase the carbon content ratio of the raw material. This
improvement enhances the flammability of the sludge-based
fuel and facilitates the preparation of other products, such as
sludge-based activated carbon [15]. The N and S elements
in both feedstocks have relatively low content. Raw materi-
als with low nitrogen and sulfur content offer advantages in
the combustion or pyrolysis process. They generate fewer
pollutants, such as NOx and SOx, during combustion, and
produce fewer nitrogen and sulfur-containing gases during
heat conversion. This reduction in polluting gas emission
is beneficial.

After the water has been removed, the proximate analy-
sis reveals that the sludge contains a lower amount of fixed
carbon and consists mainly of volatile and ash components.
The volatile content of the sludge, which is comparable to
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Table 1 Physicochemical analysis of sludge and peanut shell

Samples Sludge Peanut shell
Ultimate analysis (wt.%)
C 25.03 51.18
H 4.33 7.39
N 2.78 1.91
S 0.93 0.10
(0] 33.44 37.02
Proximate analysis (wt.%)
A% 58.17 72.90
A 33.49 2.40
FC 8.34 24.70
HHV (MJ/kg) 11.56 17.44
Main composition
Cellulose 17.87 31.79
Hemicellulose 14.91 19.82
Lignin 34.24 42.77
Others 32.98 5.62

FC =100% — M - A — V [14], M = 0 on dry basis; O = 100% — M —
A—-C-H-N-S[13].

its organic content, is found to be 58.17%, indicating a rela-
tively high organic content. Moreover, the high-temperature
pyrolysis of the volatile content generates gases such as CO,
CO,, H,, and CH,, where H, and CH, can be utilized for the
production of clean energy [16]. On the other hand, the ash
content represents the inorganic content, and the presence
of alkali metals and other minerals in the ash can facili-
tate the pyrolysis process of biomass to some extent [17].
Additionally, peanut shells not only possess a high volatile
content but also contain 24.7% fixed carbon. The primary
component of fixed carbon is carbon, with small amounts of
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hydrogen, oxygen, nitrogen, and other elements. The release
of heat during biomass pyrolysis primarily stems from the
fixed carbon. Consequently, a higher fixed carbon content
results in a greater release of heat during pyrolysis.

The higher heating value (HHV) is an important measure
of fuel, indicating the energy released when the feedstock is
completely burned. Table 1 shows that the HHV of sludge
is 11.56 MJ/kg, similar to that of peat (10.87-12.57 MJ/kg).
On the other hand, peanut shell has an HHV of 17.44 MJ/
kg, which is lower than that of bituminous coal (27.17-37.2
MJ/kg). The component analysis reveals that both sludge
and peanut shell have significant amounts of lignin and cel-
lulose. The lignin content of sludge is 34.24%, while peanut
shell has a lignin content of 42.77%. These high lignin con-
tents indicate that both feedstocks have high hardness and
mechanical strength [18].

3.2 TGA and kinetic analysis
3.2.1 TGA of feedstocks individual

The TG and DTG curves of sludge and peanut shell at a
heating rate of 10 °C/min are shown in Fig. 1. The pyrolysis
performance of sludge and peanut shell at different stages
is presented in Table 2. The pyrolysis process of sludge and
peanut shells can be divided into three stages: drying pre-
pyrolysis, main pyrolysis, and carbonization. The first stage
primarily involves water precipitation and pre-pyrolysis.
During this stage, the weight loss rate of sludge (tempera-
ture range: 25-226 °C) is 10.48%. The DTG curve exhibits
a peak at 196.9 °C, indicating the highest weight loss rate of
0.75%/min during this stage. Similarly, the weight loss rate
of peanut shell (temperature range: 25-210 °C) is 5.06%,
with a peak at 64.8 °C and a corresponding weight loss rate

(b) Peanut shell-10°C/min
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Fig.1 TG and DTG curves of feedstocks pyrolysis at 10 °C/min: a sludge; b peanut shell
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Table2 Pyrolysis performance Samples Pyrolysis stage Temperature Weight Temperature of maxi-  Maximum
of s.ludge and peanut shell at range (°C)  lossratio  mum weightlessness weight loss (%/
various stages (%) C) min)
Sludge Drying pre-pyrolysis ~ 25-226 10.48 196.9 0.75
Main pyrolysis 226446 20.27 314.7 1.02
Carbonization 446-800 14.03 — —
Peanut shell Drying pre-pyrolysis ~ 25-210 5.06 64.8 0.71
Main pyrolysis 210-371 52.61 344 6.54
Carbonization 371-800 18.24 — —

of 0.71%/min. This heating process leads to the loss of free
water, physical adsorption water, crystal water, and light
volatile compounds in the samples [19].

The second stage of pyrolysis is the main stage. Dur-
ing this stage, the sludge (temperature range: 226-446 °C)
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experiences a weight loss rate of 20.27%. The decomposi-
tion primarily involves large molecules such as cellulose and
hemicellulose, which are transformed into small molecular
gases and large molecular condensable volatile components.
At a pyrolysis temperature of 314.7°C, there is a noticeable

(b)Different heating rates-30%Ps/70%S
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Fig.2 TG and DTG curves of feedstocks pyrolysis: a, b 30%Ps/70%S under different heating rates; ¢, d different peanut shell contents in sludge

at 10 °C/min
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Table 3 Characteristic parameters of sample pyrolysis at various stages

Samples Heating rate Residual mass Total weight Point of maximum weightlessness Main pyrolysis stage
(°C/min) (%) loss (%) - -
Temperature (°C) Weight loss Temperature Weight loss
(%/min) range (°C) ratio (%)

10%Ps/90%S 10 45.12 54.80 342.5 2.81 292-389 19.83
20%Ps/80%S 10 44.10 55.82 347.5 3.05 282-388 21.63
30%Ps/70%S 10 43.37 56.58 348.8 3.31 282-386 25.53
30%Ps/70%S 20 45.12 54.25 354 7.00 295-393 23.41
30%Ps/70%S 30 45.59 54.37 355 8.93 298-405 21.49

peak in sludge weight loss, resulting from the release of
volatiles during the pyrolysis of cellulose, lignin, and protein
[20]. Similarly, the peanut shell exhibits a weight loss rate
of 52.61% in the temperature range of 210-371 °C, with
two weight loss peaks observed in the DTG curve. The first
peak, appearing around 331 °C, is not very prominent and
is caused by the release of volatiles from the cellulose and
lignin of the peanut shell. However, when the pyrolysis tem-
perature reaches 344 °C, a sharp weight loss peak emerges,
which is formed by the release of volatiles from the pyrolysis
of cellulose and lignin. Hemicellulose, which mainly con-
sists of easily hydrolyzed sugars, decomposes between 270
and 320 °C [21]. Previous studies by Lin et al. [22] indi-
cated that cellulosic materials in sludge decomposed within
the temperature range of 240—400 °C, while Han et al. [23]
found that lignin decomposed at 200 °C, with a DTG peak
observed at 340 °C. It is evident that the thermal decompo-
sition of hemicellulose, cellulose, and lignin overlaps with
each other during the main pyrolysis stage.

During the third stage, known as the carbonization stage,
the pyrolysis of cellulose and hemicellulose in sludge
(446-800 °C) and peanut shell (371-800 °C) is mostly com-
pleted. This stage primarily involves the pyrolysis of lignin
and residues, resulting in further condensation of macromo-
lecular organic matter. As a result, the weight loss rate is not
obvious and the DTG curve tends to flatten during this stage.

3.2.2 TGA of feedstocks blend

Figure 2(a) and (b) displays the TG and DTG diagrams
of the mixed samples (30%Ps/70%S) at different heating
rates (10, 20, and 30 °C/min). Table 3 presents the corre-
sponding pyrolysis characteristic parameters. The pyroly-
sis process of the sample can be divided into three stages:
drying pre-pyrolysis, main pyrolysis, and carbonization.
In the first stage, the temperature increases from 25 °C
to approximately 130 °C, leading to the removal of water
from the sample’s surface. During this stage, the TG curve
shows a slight decrease and the weight loss is weak. Sub-
sequently, in the pre-pyrolysis stage, the sample undergoes
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dehydration and drying, resulting in insignificant changes
in the TG curve. It is generally believed that the removal of
bound water from the raw material and a small amount of
depolymerization occur during this stage. The second stage
represents the main pyrolysis stage of the sample, charac-
terized by complex chemical reactions that generate small
molecular gases such as CO, CO,, and CH,, along with
some volatile macromolecular substances that can coagu-
late. As a result, a significant amount of volatiles is precipi-
tated [24]. With an increase in heating rate, the pyrolysis
TG curve of the sample shifts toward the high temperature
region. The time required for pyrolysis gradually decreases,
while the residual mass gradually increases, indicating a
reduction in the degree of pyrolysis reaction [4, 25]. It is
generally believed that the main pyrolysis temperature is
delayed by approximately 10 °C due to the influence of
heating rate on heat and mass transfer between the inside
and outside of the biomass, resulting in thermal hyster-
esis of pyrolysis [26, 27]. As the heating rate increases,
the DTG curve of the sample also shifts toward the high
temperature region, with corresponding temperatures of
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Fig. 3 Kinetic fitting line under different reaction order (n = 1,2,3)
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Table 4 Fitting results of
pyrolysis kinetics of sample

Sample Heating rate (°C/min) n Temperature range (°C) Fitting equation Correlation
coefficient
R?
30%Ps/70%S 10 1 282-386 y=—6.93 —3830.40x 0.98778
2 y=—3.47—-5700.60x 0.98716
y=—0.65 —7946.60x 0.98419

Table 5 Kinetig fitting rgsults of Samples Heating n  Temperature Fitting equation R’ E (kJ/mol) A (min~")
sample mechanism function rate (°C/ range (°C)
min)
10%Ps/90%S 10 1 292-389 y=—7.62—-3437.64x 0.98349 28.58 16.86
20%Ps/80%S 10 1 282-388 y=-—"7.70-3355.73x 0.98705 27.90 15.20
30%Ps/70%S 10 1 282-386 y=—6.93-3830.40x 0.98778 31.85 37.47
30%Ps/70%S 20 1 295-393 y=—0641—-422455x 0.99068 35.12 138.98
30%Ps/70%S 30 1 298-405 y=—6.54-4030.77x 0.98196 33.51 174.66

348.8 °C, 354 °C, and 355 °C, respectively. Moreover, the
maximum weight loss rate gradually increases, indicating
a more intense pyrolysis process. The third stage involves
the carbonization of the sample, during which the TG curve
changes slowly. The pyrolysis of hemicellulose and cellu-
lose is mostly completed, while the pyrolysis of lignin and
residues occurs at a slower pace.

Figure 2(c) and (d) displays the TG and DTG images
of mixed samples containing varying amounts of peanut
shell at a heating rate of 10 °C/min. Table 3 presents the
pyrolysis parameters at different stages. The residual mass
of the mixed samples gradually decreased as the peanut shell
content increased. This can be attributed to the higher ash
content in the sludge, resulting in greater retention. Dur-
ing the volatilization stage, the DTG curves for different
peanut shell contents begin to diverge, with higher peanut
shell content exhibiting a larger maximum weight loss rate.
This is because the volatile content of peanut shell is higher
compared to that of sludge. In the carbonization stage, there

Table 6 Comprehensive pyrolysis index (CPI) of samples

is no significant differentiation among the samples, and the
DTG curve tends to flatten [28].

3.2.3 Kinetic analysis of pyrolysis

The second stage is the main pyrolysis stage for various sam-
ples. To achieve a more accurate fitting, linear fitting is per-
formed in the kinetic analysis of the second stage. Based on
the derived kinetic equation, samples with a heating rate of
10 °C/min and a composition of 30%Ps/70%S were selected.
Different reaction orders (n = 1, 2, 3) were chosen for calcu-
lation. The results, as shown in Fig. 3 and Table 4, indicate
that the correlation coefficient slightly decreases with an
increase in reaction order. Therefore, the best kinetic fitting
is obtained when n = 1.

The correlation coefficients of samples in different reac-
tion orders (n = 1,2,3) were compared. It was found that the
best fitting effect was observed when n = 1. The kinetic fit-
ting results of the sample are shown in Table 5 for n = 1. The

Samples Heating rate R, (%/min) R, (%/min) M/(%) T,(°C) T, (°C) AT, (°C) CPI
(°C/min) (1075%*°C>min2)

Sludge 10 1.02 0.59 4478 314.7 224 381 1.00
Peanut shell 10 6.54 0.99 75.91 344.0 284 73 68.91
10%Ps/90%S 10 2.81 0.72 54.80 342.5 291 99 11.24
20%Ps/80%S 10 3.05 0.72 55.82 347.5 279 84 15.05
30%Ps/70%S 10 3.31 0.72 56.58 348.8 282 84 16.32
30%Ps/70%S 20 7.00 1.55 54.25 354.0 295 93 60.61
30%Ps/70%S 30 8.93 2.25 54.37 355.0 298 119 86.78
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Table 7 Types and contents of

i Names Olefins Alkanes Acids Aromatics Furans Lipids Nitriles CO,  Others
sludge pyrolysis products
Number of species 9 3 3 3 2 1 1 1 /
Relative content (%) 9.2 6.75 12.69 5.08 1253 1.17 1.84 45.89 4.85
Table 8 Types and c.ontents of Names Ketones Phenols Aldehydes Alcohols Lipids Acids Sugars CO, Others
peanut shell pyrolysis products
Number of species 8 7 7 2 2 1 1 1 /
Relative content (%) 23.81 11.78 16.5 7.26 322 912 425 17.42 6.64

results indicate that when n = 1 is selected, the linear fitting
correlation coefficients (R?) are all greater than 0.98, indicat-
ing a high linear fitting. The activation energies for different
heating rates ranged from 31.85 to 35.12 kJ/mol, while those
for different peanut shell contents ranged from 27.90 to 31.85
kJ/mol. With an increase in heating rate and peanut shell con-
tent, the activation energy (E) showed an overall increasing
trend. This increase was mainly attributed to the delayed heat
transfer of the sample during pyrolysis. The pre-exponential
factor (A) also exhibited an upward trend, and there was a

certain kinetic relationship between the pre-exponential fac-
tor and the activation energy. Zaker et al. [29] conducted co-
pyrolysis of low-density polyethylene with sludge and found
that the activation energy of co-pyrolysis increased as the
mixing ratio of low-density polyethylene increased. Liu et al.
[30] demonstrated that the addition of corn stalks to sludge
had a significant synergistic effect, resulting in a decrease in
carbon yield, an increase in bio-oil yield, an increase in CO
and CH, production, a decrease in activation energy, and a
favorable pyrolysis reaction.

Table 9 Pyrolysis products of sludge

No. Compound name Time (min) Formula Relative molecular GC content (%)
mass
1 Carbon dioxide 1.583 Cco, 43.99 45.890
2 2,5-Diaminobenzene sulfonic acid 1.665 CcHgN,O5S 188.026 6.100
3 Cyclopropyl carbinol 1.731 C,H;O 72.058 2.679
4 1,3-Cyclopentadiene 2.025 CsH¢ 66.047 1.377
5 1-Hexene 2.145 Ce¢H,» 84.094 1.557
6 Acetonitrile 2.309 C,H;N 41.027 1.840
7 1-Heptene 2.98 CHy, 98.11 1.273
8 Benzene 3.149 CeHe 78.047 2132
9 1-Octene 4.655 CgH 112.125 0.823
10 Toluene 5.048 C,Hg 92.063 2.457
11 1-Nonene 7.202 CoH g 126.141 1.022
12 Ethylbenzene 7.481 CgH 106.078 0.494
13 phenylethylene 8.877 CgHg 104.063 0.921
14 1-Decene 10.208 C,oHyo 140.157 0.945
15 1-Undecene 13.285 C, Hy, 154.172 0.643
16 1-Dodecene 16.275 C,Hy, 168.188 0.622
17 1,6-anhydro-beta-D-manno-pyranose 32.88 Ce¢H, (05 162.053 10.634
18 1,6-Anhydro-.beta.-D-glucofuranose 35.941 Ce¢H,,Os5 162.053 1.909
19 Hexadecanoic acid 37.108 C,6H3,0, 256.24 3.823
20 1,2-Benzenedicarboxylic acid, dibutyl ester 37.185 C,H,0, 278.152 1.470
21 Octadecanoic acid 39.383 C,sH30, 284.272 2.781
22 Eicosane 41.718 CyoHy 282.329 1.803
23 Docosane 42.542 C,,Hy 310.36 2.247
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The comprehensive pyrolysis index (CPI) of the sample is
presented in Table 6. Increasing the heating rate resulted in
higher average (R,) and maximum decomposition rate (k)
of the sample, indicating a more intense release of volatile
compounds during the pyrolysis process. The different peanut
shell contents did not have a noticeable effect on this phenom-
enon. Conversely, decreasing the heating rate led to a gradual
decrease in the initial devolatilization temperature (7;), mak-
ing volatiles more prone to precipitation and resulting in a
more complete pyrolysis process with a higher release of vola-
tiles, which is beneficial for pyrolysis. The comprehensive
pyrolysis index (CPI) increased significantly with the rise in
heating rate, indicating that a higher heating rate enhances the
reactivity of the sample and intensifies the pyrolysis reaction.
However, the CPI value remained unaffected by the variation
in peanut shell content [13]. Overall, the impact of heating
rate on sample pyrolysis is more pronounced.

Table 10 Pyrolysis products of peanut shell

3.3 Product distribution by Py-GC/MS analysis

The sludge and peanut shell samples underwent rapid pyrol-
ysis using Py-GC/MS. The composition of the pyrolysis
products was determined using the peak area normalization
method, and their chemical composition and relative con-
tent were identified using the NISTO8 spectrum library. The
types and contents of the pyrolysis products from the sludge
and peanut shell samples are presented in Tables 7 and 8.
Based on the different chemical properties, sludge pyroly-
sis products can be classified into nine categories. Table 7
reveals that the main pyrolysis products of sludge primar-
ily consist of olefins and alkanes, totaling 12 types. Among
these, there are nine types of olefin compounds, such as
1,3-cyclopentadiene and 1-hexene, followed by three types
of alkane compounds. Additionally, three types of acid com-
pounds were detected, accounting for 12.69% of the volatile

No. Compound name Time (min) Formula Relative molecu-  GC content (%)
lar mass
1 Carbon dioxide 1.594 CO, 43.99 17.424
2 Acetaldehyde 1.78 C,H,0 44.026 2.757
3 Methylglyoxal 2.156 C;H,0, 72.021 2.610
4 2,3-Butanedione 2.849 C,HsO, 86.037 1.265
5 3-Pentanone 3.067 CsH,,0 86.073 1.021
6 Acetaldehyde, hydroxy 3.438 C,H,0, 60.021 4.822
7 Acetic acid glacial 4.131 C,H,0, 60.021 9.123
8 Hydroxyacetone 4.873 C;H(O, 74.037 4.372
9 Methyl acetate 7.595 C;H(O, 74.037 2.155
10 Butanedial 8.822 C,H(O, 86.037 2.433
11 Methyl pyruvate 8.866 C,HgO4 102.032 1.077
12 Furfural 9.264 CsH,0, 96.021 1.451
13 2-Hydroxy-2-cyclopenten-1-one 12.625 CsHyO, 98.037 1.898
14 2,4-Imidazolidinedione, 3-methyl- 14.916 C,HgN,0, 114.043 1.187
15 Methyl cyclopentenolone 15.527 Ce¢HgO, 112.052 5.433
16 Phenol 16.765 C¢HsO 94.042 3.216
17 Guaiacol 17.011 C,Hg0, 124.052 1.513
18 2-Methoxy-4-methylphenol 19.93 CgH,,0, 138.068 1.609
19 Cyclobutanol 20.022 C,HO 132.042 6.365
20 Benzeneethanol,2-methoxy- 22.172 CoH,,0, 152.084 0.888
21 Eugenol 2431 C,oH,,0, 164.084 0.888
22 5-Hydroxymethyldihydrofuran-2-one 25.057 CsHgO4 116.047 4.026
23 Phenol,2-methoxy-4-(1Z)-1-propen-1-yl- 25.723 C,oH;,0, 164.084 1.165
24 (e)-isoeugenol 27.07 C,oH 20, 164.084 1.181
25 Vanillin 27.501 CgHgO4 152.047 0.888
26 Acetovanillone 29.411 CoH,,04 166.063 4.635
27 D-Allose 32.94 Ce¢H,,04 180.063 4.252
28 4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol 34.042 C,oH,,0; 180.079 2212
29 4-Hydroxy-2-methoxycinnamaldehyde 3593 CyoH;¢0; 178.063 1.563
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substances. Furthermore, two types of furan compounds
constituted 12.53% of the detected volatile substances.

As shown in Table 8, peanut shells produce various pyrol-
ysis products. Among these, ketones are the most diverse
with a total of eight types. The main ketones identified are
hydroxyacetone and methyl cyclopentenolone, constitut-
ing 23.81% of the volatile substances detected. Phenolic
compounds, on the other hand, consist of seven types, with
phenol and 2-methoxy-4-methylphenol being the predomi-
nant ones. These phenolic compounds account for 11.78%
of the detected volatile substances. Additionally, there are
seven types of aldehyde compounds, primarily acetaldehyde,
hydroxy, and butanedial.

Table 9 shows that the sludge pyrolysis products primar-
ily consist of hydrocarbon compounds, particularly olefins,
which are mainly present from 2 to 16 min. The main olefins
identified are 1,3-cyclopentadiene, 1-hexene, and 1-heptene.
1,3-cyclopentadiene can be utilized as an intermediate com-
pound in organic synthesis. As a new catalyst, 1-hexene has
high activity. 1-Heptene can be employed as an organic syn-
thesis material for carbonyl synthesis of isooctanol. Alkane
compounds containing cyclopropyl carbinol can serve as
raw materials for the production of highly efficient flame
retardants. Aromatic compounds accounted for 5.08% of
the detected substances, primarily benzene, toluene, and
ethylbenzene. Benzene finds applications in the production
of synthetic detergents, dyes, organic pigments, fragrances,
and pesticides. Ethylbenzene is mainly used as an interme-
diate in the petrochemical industry for the production of
styrene [31]. Acid compounds constituted 12.69% of the
total detected substances, with the main compounds being
2,5-diaminobenzene sulfonic acid, hexadecanoic acid, and
octadecanoic acid. 2,5-Diaminobenzene sulfonic acid can be
utilized as an intermediate compound in hair dye. Hexadeca-
noic acid is a saturated high fatty acid that can be used as a
raw material for preparing composite phase change materials
[32]. Octadecanoic acid can be employed as an additive in
the industry to enhance the thermal stability of polyvinyl
chloride (PVC) [33].

Table 10 reveals that peanut shells’ pyrolytic products
contain a higher concentration of ketones. Upon analyzing
the detected peak area of each ketone product, it becomes
evident that hydroxyacetone is the predominant ketone.
Hydroxyacetone is a versatile additive with significant eco-
nomic benefits, particularly in the cosmetics industry. Alde-
hyde compounds were primarily observed between 1 and
10 min, with acetaldehyde, hydroxy, and vanillin being the
main products. Acetaldehyde, hydroxy is a crucial interme-
diate in organic synthesis and finds extensive applications
in various industries such as chemical, food, medicine, and
health. Vanillin, a fragrance widely utilized in cosmetics,
household chemicals, and the food and beverage sectors,

@ Springer

was also detected [34]. Lipid compounds were concentrated
in the 7-10 minutes range, primarily consisting of methyl
acetate and methyl pyruvate. Methyl acetate serves as an
organic solvent and finds widespread usage in the produc-
tion of lacquered artificial leather and spices. Methyl pyru-
vate, a high-value fine chemical intermediate, is extensively
employed in the pharmaceutical and pesticide fields [35].
Alcohol compounds, mainly cyclobutanol, were concen-
trated between 20 and 23 min. Cyclobutanol plays a vital
role in the chemical synthesis of nitrogen-containing com-
pounds and serves as a crucial synthetic intermediate.

4 Conclusions

This study investigated the pyrolysis characteristics of
sludge and peanut shells through TG, Coats-Redfern method
fitting, and Py-GC/MS experiments. The study calculated
the pyrolysis parameters and kinetic parameters, and ana-
lyzed the pyrolysis products. Based on these findings, the
following conclusions can be drawn.

e The pyrolysis process of sludge and peanut shell can
be divided into three stages: drying pre-pyrolysis,
main pyrolysis, and carbonization. As the heating rate
increases, the TG curve shifts to the high tempera-
ture region, and thermal hysteresis occurs in the main
pyrolysis region, which shortens the pyrolysis time and
decreases the degree of pyrolysis reaction. The DTG
curve also moves to the high-temperature region with
an increase in the heating rate, causing an increase in the
maximum weight loss rate. Additionally, a higher peanut
shell content leads to a lower residual mass and a higher
weight loss rate.

e When the Coats-Redfern method was employed to cal-
culate the pyrolysis kinetic parameters, a reaction order
of n = 1 was utilized for kinetic analysis. The fitting
correlation coefficients were all found to be greater than
0.98, indicating a satisfactory fitting effect. Moreover,
as the heating rate and peanut shell content increased,
both the activation energy (E) and pre-exponential fac-
tor (A) exhibited an upward trend.

e Based on their chemical properties, sludge pyrolysis
products can be categorized into nine main groups,
including olefins, alkanes, and acids, etc. Acid com-
pounds, such as hexadecanoic acid and octadecanoic
acid, and other fatty acids and their derivatives, are
present in relatively high quantities. Pyrolysis products
from peanut shells are also rich in variety, with ketones
being one of the prominent types and present in signifi-
cant amounts.
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