
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
25

 9
:1

3:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Research on the
Key Laboratory of Thermo-Fluid Science a

Xi'an Jiaotong University, Xi'an 710049, Sh

edu.cn

Cite this: RSC Adv., 2023, 13, 13412

Received 4th March 2023
Accepted 14th April 2023

DOI: 10.1039/d3ra01452e

rsc.li/rsc-advances

13412 | RSC Adv., 2023, 13, 13412–134
optimum carbonization process of
walnut shell based on dynamic analysis

Yang Liu, Yungang Wang,* Li Zou, Yanyuan Bai and Haoran Xiu

Walnut shell is characterized by high yield, high fixed carbon content, and low ash content. In this paper, the

thermodynamic parameters for walnut shell during the carbonization process is investigated, and its

carbonization and mechanism are discussed. Then, the optimal carbonization process of walnut shell is

proposed. Results demonstrated that the comprehensive characteristic index of pyrolysis first increases

and then decreases with the increase of heating rate and reaches the peak at about 10 °C min−1. Note that

the carbonization reaction intensifies at this heating rate. The carbonization process of walnut shell is

a complex reaction involving multiple steps. It decomposes hemicellulose, cellulose, and lignin in stages,

and the activation energy of this process gradually increases. The simulation and experimental analyses

showed that the optimal process presents a heating time of 14.8 min, final temperature of 324.7 °C,

holding time of 55.5 min, particle size of material of about 2 mm, and optimum carbonization rate of 69.4%.
1 Introduction

Carbonization is an effective and simple process for producing
high-quality carbon from raw materials with high carbon
content.1 Researchers have started using low-cost waste, mainly
agricultural by-products, as precursors to produce biomass
carbon because of the high cost of producing commercial
carbon from coal and wood.2 Walnut shell is a representative of
fruit shell and excellent raw material for making carbon mate-
rials because of its high xed carbon content, high economic
value, and low ash contents. Therefore, walnut shell is a good
carbonization materials, and it is meaningful to research the
carbonization mechanism and optimal process.3 Carbonization
kinetics is analyzed in this paper to explain the carbonization
process from the mechanism level and explore the optimal
carbonization process.

Many researchers have used thermal analysis methods to
explore the thermodynamic behavior of biomass carbonization
and pyrolysis in recent years. The properties of different carbon
and carbonization rate under the same carbonization conditions
are obviously different.4 Biochar retains some physical and
chemical characteristics of the raw material. And the biomass
with high lignin content has a higher carbonization rate under
the same carbonization process.5,6 Wu et al. carried out stepwise
pyrolysis experiments on biomass and indicated that the
chemical composition and pyrolysis temperature range of
biomass exert important effects on pyrolysis liquid products.7

There are little ash and tar during the wood materials
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carbonization process, so they are a carbonization material with
high carbonization rate.8 However, due to the extensive use of
wood materials, a large number of trees will felled, which is not
conducive to environmental protection.9 While herbal and straw
materials generate higher tar content, more ash, and lower
carbonization rate, so it's not suitable for use as carbonization
materials.10,11 Pham et al. used wheat straw particles for oxidative
pyrolysis and showed that coke accounts for 39.56% of the total
energy of straw and its carbonization rate in straw is 28.6%.12

Among the carbonization materials, walnut shell is slightly
inferior to wood materials and far superior to agricultural and
forestry wastes. It is signicant to research the carbonization
process of walnut shell. According to previous studies, the main
factors affecting the carbonization process include: carboniza-
tion temperature, carbonization heating rate, carbonization
holding time, carbonization atmosphere, water content of
materials, etc. It is found that the carbonization temperature
increase, the carbonization rate gradually decreased. Meanwhile,
the density of biomass carbon increased, and the hydrophobicity
of biomass carbon improved.13 We can be seen that the quality
and energy loss during the carbonization process increase with
the initial biomass water content, and the caloric value of
biomass materials is signicantly improved. As the holding time
increases, the decomposition amount of biomass components
gradually increases, and the carbonization rate decreases.14–16

The heating rate also has an impact on biomass carbonization.
As the heating rate is higher, the biomass pyrolysis is faster, and
the lower the carbonization rate. Moreover, the higher the
heating rate, the larger pores will be formed on the carbon
surface.17 Xie et al. applied thermogravimetric analysis to analyze
the pyrolysis of typical biomass resources in various subtropical
zones and demonstrated that the heating rate exerts a weak
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Walnut shell raw materials.
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effect on the activation energy and a strong impact on the
carbonization rate.18 In addition, the carbonization atmosphere
also has an impact on the properties of biochar. Currently, the
main carbonization atmospheres include N2, CO2, and air. The
caloric value of biochar under N2 atmosphere is higher than
that under air atmosphere,19 and the weight loss of various
biomass under N2 atmosphere is lower than that under CO2

atmosphere.20 Thermodynamic analysis is a common method
for studying biomass carbonization, mainly including ther-
mogravimetric method, thermogravimetric-Fourier transform
infrared spectrum method, and other methods. Through ther-
mogravimetric research, researchers nd that the weight loss of
biomass carbonizationmainly occurs between 200 to 350 °C, and
changes of heating rate have a small impact on activation energy,
and the activation energy increases with conversion.21,22 Ma et al.
assessed the pyrolysis of Enteromorpha prolifera using TG-FTIR
and revealed that the main weight loss occurs in the range of
200–350 °C and the activation energy of pyrolysis increases with
the increase of conversion.23 Zhu et al. investigated the weight
loss process of rice husk at different heating rates using ther-
mogravimetric Fourier transform infrared spectroscopy experi-
ments and demonstrated that themaximumweight loss rate and
infrared absorption peak intensity changed minimally with the
heating rate.24 Some scholars have conducted research on the pH
of biochar and nd that the pH of biochar produced under
different carbonization processes varies greatly, and the pH
increases with carbonization temperature.25,26 According to the
carbonization temperature, the carbonization process is mainly
divided into high-temperature carbonization and low-
temperature carbonization. Currently, the main focus of
carbonization is low-temperature carbonization. By comparing
high-temperature carbonization with low-temperature carbon-
ization, it is nd that the carbon obtained in a short time at low
temperature has a higher carbonization rate and higher caloric
value.27

Previous studies showed that a large number of agricultural
and forestry wastes are used as raw materials for carbonization.
However, studies on fruit shell are limited. Existing studies
typically compare and analyze the carbonization results to
obtain the optimal rawmaterials for carbonization but not from
the carbonization mechanism level. Fruit shell is a common
biomass waste from a wide range of sources that presents high
utilization value. Hence, exploring representative fruit shell is
necessary. Accordingly, walnut shell is used as the research
object in this work to analyze the thermodynamic parameters.
Moreover, the optimal carbonization process is obtained
through experiment and simulation analyses.

2 Material and methods
2.1 Source of raw materials

Biomass pyrolysis technology is suitable for biomass carbon-
ization because it considers the types, distribution character-
istics, and economy of biomass resources, and the raw material
of carbonization technology is mainly fruit shell waste.28

Walnuts have a certain scale in the food processing industry.
The output of walnut shells is large, unreasonably utilized, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
treated as garbage, thereby subjecting these shells to
incineration.

Walnut is a widely planted economic tree species in Shaanxi
Province. A large amount of walnut shell waste will be produced
aer deep processing. Hence, walnut shells in Weinan, Shaanxi
Province are used as the raw material in this study (Fig. 1).

Table 1 shows that the ash content of walnut shell is low and
the xed carbon content is high. The carbonization process of
walnut shell is suitable for carbonizing raw materials because it
will produce only a small amount of polluting gases and solid
waste without requiring other means to inhibit the production
of additional products.
2.2 Thermogravimetric experiment method

At present, almost all industrial elds are directly related to
thermal analysis, and thermal analysis technology is typically
used in many elds, such as physics, chemistry, and chemical
engineering.29 Thermal analysis explores the physical and
chemical phenomena of a substance during heating or cooling
and the energy and mass changes involved. Thermal analysis
technology can be used to analyze the thermal behavior of
a substance.30

The heating rate is an important factor that affects carbon-
ization, pyrolysis, carbonization efficiency, and carbon quality.
The steps and details of carbonization as well as the carbon-
ization process and mechanism can be analyzed by changing
the heating rate of the thermogravimetric experiment.

The raw material of 100 mesh walnut shell powder in the
experiment is obtained aer drying in an air blast drying oven at
105 °C for 12 hours. The samples are analyzed using thermog-
ravimetric analysis with a NETZSCH thermobalance to measure
the mass change during the carbonization and pyrolysis of
materials accurately.

Samples are heated from room temperature to 800 °C at
a heating rate of 5, 10, 20, and 30 °C min−1. About 10 mg of the
sample is taken, high-purity nitrogen is used for carbonization,
and the ow rate is 100 mL min−1 in each experiment.
2.3 Dynamic analysis method

The carbonization of walnut shell is a complex reaction process.
Ea and A can be solved using different methods. The heating
rate of the experiment can be divided into single and multiple
RSC Adv., 2023, 13, 13412–13422 | 13413
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Table 1 Walnut shell industry/elemental analysisa

Material

Proximate analysis/wt% Elemental analysis/wt%

Qnet,ar/MJ kg−1Aad Vad Mad FCad C H O N S

Walnut shell 0.28 70.73 7.77 21.22 48.4 6.18 44.29 0.33 0.01 17.44

a Where Aad is air drying based ash/wt%, Vad is air dried volatile matter/wt%, Mad is air drying basis moisture/wt%, FCad is air dried xed carbon/
wt%, Qnet,ar is lower caloric value.
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heating rate methods. The difference reaction denotes the
number of curves on the graph. The single heating rate method
presents only one curve, whereas the multiple heating rate
method exhibits multiple curves. Thermal analysis data of the
same conversion rate is usually used to calculate the activation
energy in the multi-heating rate method, which is also known as
the equal conversion method.

The iso-conversion method of various heating rates is used
for kinetic analysis in this study. Formula (1) proposed by
Starnk is used for kinetic analysis and calculation.31

ln

�
b

Ta
1:92

�
¼ const� 1:0008

�
Ea

RTa

�
(1)

where a is the extent of conversion/%, Ta is the temperature at
a/°C, Ea is activation energy required for the reaction to achieve
a/kJ mol−1, b is the heating rate/°C min−1.
2.4 Optimum method of low temperature carbonization

Determining the suitable carbonization conditions is crucial in
obtaining high carbonization rate and preparing biochar for the
production of activated carbon or for other uses. The carbon-
ization rate is closely related to the carbonization process.
Carbonization at low temperatures, such as those below 500 °C,
should be adopted for fruit shell biomass with high lignin
content to obtain high carbon output.

Dried walnut shell particles are used in the carbonization
experiments of this study. The heating rate range is 0–30 °
C min−1, temperature range is 300–500 °C, holding time is 20–
60 min, and particle size is 0.25–5 mm. This study aims to assess
the inuence of the change of walnut shell carbonization process
parameters on the yield of walnut shell carbon. The inuence of
process parameters on the yield of walnut shell carbon is
Fig. 2 Different sizes of walnut shell.

13414 | RSC Adv., 2023, 13, 13412–13422
examined using RSM, and the optimal process parameters are
optimized. The results can provide a reference for determining
a reasonable carbonization process route of walnut shell.

2.4.1 Response surface analysis method. Response surface
curve method (RSM) is used to evaluate the relative importance
of several inuencing factors. The optimization process for
obtaining the optimization parameter value includes the four
basic steps of experiment design, response surface modeling,
optimization, and validation experiment. The experimental
data obtained are analyzed using the program design, and the
corresponding regression equation is given.

2.4.2 Experimental materials and methods. Walnut shell
raw materials used in the rotary kiln carbonization experiment
are the same as those mentioned walnut shell. As shown in
Fig. 2, large walnut shells are smashed into samples with three
different sizes of (a), (b), and (c) for the experiment; dried at
105 °C for 72 h before the experiment to remove their water
content; and then sealed for storage.

Design Expert soware is used according to the single-factor
experiment results. Four independent variables, namely, heat-
ing up time (X1, min), nal temperature (X2, °C), holding time
(X3, min), and material particle size (X4, mm), are taken.
Carbonization rate (q, %) is the response value. The Box–
Behnken design model is adopted to design the four-factor
three-level experiment, and the response surface analysis
method is used to design the experimental conditions (Table 2).

3 Results and discussion
3.1 Analysis of the thermogravimetric results

3.1.1 Result analysis. The carbonization characteristic
curves of walnut shell powder raw materials at different heating
rates are shown in Fig. 3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Factors and level of RSMa

Factor

Level

Low (−1) Central (0) High (+1)

X1 0 15 30
X2 300 400 500
X3 20 40 60
X4 0.25 2.625 5

a According to the RSM experiment design, 25 sets of working
conditions of heating up time, nal temperature, holding time, and
material particle size are obtained.
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The change trend of TG and DTG curves is consistent with
the change of the heating rate. The whole process can be
divided into the following stages. (1) The drying stage is per-
formed from room temperature to about 200 °C. The weight loss
rate of the material reaches nearly 8% with the increase of
temperature, as determined by the combined water content of
Fig. 3 Carbonization characteristic curve at different heating rate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the raw material itself. (2) Volatilization analysis is conducted
from 200 °C to 340 °C, at which time the weight loss rate of the
material reaches nearly 40% and some raw material compo-
nents (hemicellulose, a small amount of cellulose and lignin)
decompose to produce volatile carbon monoxide, hydrogen,
and other small-molecular gases. The endothermic reaction in
the rst and second stages consumes a considerable amount of
heat. These research results are consistent with the conclusions
of ref. 32. (3) The carbonization stage is implemented from
340 °C to 500 °C. The weight loss rate of raw materials is nearly
75%. Note that the weight loss of shell raw materials is evident
at this stage, and the reaction is violent. Different dehydration
and depolymerization reactions occur and chemical bonds
between molecules are continuously broken and linked due to
the varying structures of raw material components (cellulose
and lignin). Depolymerization can produce gases, such as
carbon monoxide, carbon dioxide, and methane, and the poly-
mer component fractal result of condensation is shell carbon.
The raw material in this stage mainly undergoes an exothermic
RSC Adv., 2023, 13, 13412–13422 | 13415
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Fig. 4 TG/DTG curve at different heating rates.
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reaction without external heat supply. (4) The slow decompo-
sition stage occurs from about 500 °C to 800 °C. The change in
the weight loss rate is minimal because it remains unaffected by
the heating rate. The nal weight loss rate is about 77%. The
mass changes in this stage because of the cleavage of a small
amount of C–C and C–H bonds.33 Note that the boundary
between these four stages is unclear and some processes may be
carried out alternately due to the external conditions of heating
and the type of raw materials.

Fig. 4 shows the comparison of TG and DTG curves under
four heating rates. The shi of the TG curve to the right with the
increase of the heating rate is due to the poor thermal
conductivity of the shell rawmaterial and the sufficient reaction
time required for carbonization and volatilization analysis.
Hence, a high heating rate indicates that the corresponding
reaction can only occur at a high temperature and result in
a certain delay. The reaction temperature range and its peak
temperature also demonstrate remarkable temperature side
shi phenomenon with the rise of the heating rate. Meanwhile,
the lag in the carbonization process is caused by the reaction
lag.

To sum up, the inuence of the heating rate on its weight
loss speed, maximum weight loss rate, and weight loss rate is
unclear and only presents a lag effect. Therefore, judging the
effect of the heating rate on carbonization and pyrolysis reac-
tions by only considering the change rules of TG and DTG
curves is unreasonable. Previous studies only focused on the
initial temperature of carbonization, maximum weight loss rate
of carbonization, temperature corresponding to the maximum
rate, or analysis of the release characteristic index of carbon-
ization products while ignoring the impact of the initial and end
temperatures of carbonization and average weight loss rate.
This incomplete research system fails to reect the carboniza-
tion process comprehensively. Therefore, a comprehensive
characteristic index of carbonization pyrolysis is required to
evaluate the whole carbonization process.34,35

3.1.2 Calculation of pyrolysis comprehensive characteristic
index. The pyrolysis comprehensive characteristic index P can
reect the reactivity of raw materials during pyrolysis and
13416 | RSC Adv., 2023, 13, 13412–13422
carbonization at different heating rates.36 P can be expressed as
follows:

P ¼ ðdW=dtÞmax � ðdW=dtÞmean � DWmax

Td � ðTe � TdÞ (2)

where Td is the initial temperature of carbonization/°C, Te is the
temperature at the end of carbonization/°C, (dW/dt)max is the
maximum weight loss rate/% min−1, (dW/dt)mean is the average
weight loss rate/% min−1, DWmax is the maximum weight
loss/%.

P comprehensively considers the maximum weight loss rate,
average weight loss rate, initial temperature of carbonization,
carbonization range, and maximum weight loss rate; propor-
tional to the maximum weight loss rate, maximum weight loss
speed, and average weight loss rate; and inversely proportional
to the initial carbonization temperature and thermal decom-
position temperature range. These features are consistent with
the description of the relationship between the carbonization
reaction activity and characteristic parameters in the literature.
A high P indicates an intense carbonization reaction of the fruit
shell and reaction activity.

3.1.3 Analysis of pyrolysis characteristic parameters. Table
3 presents the characteristic process at different heating rates,
where Tmax is the maximum reaction temperature and hN is the
nal weightlessness rate.

The initial temperature of carbonization, nal temperature
of carbonization, and maximum reaction temperature increase
to varying degrees with the increase of heating rate (Table 3).
However, the data of maximum weight loss, nal weight loss,
and maximum reaction rates uctuate slightly and the average
weight loss rate remains unchanged.

The comprehensive pyrolysis characteristic index P intro-
duces the initial temperature of carbonization, nal tempera-
ture of carbonization, and average rate of carbonization while
comprehensively considering the four stages of carbonization
and pyrolysis and analyzing the whole carbonization process.
The heating rate inuences the comprehensive characteristic
index of pyrolysis. As shown in Table 3, the comprehensive
characteristic index of pyrolysis P rst increases and then
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Carbonization characteristic parameters of walnut shell under different heating rates

Heating rates 5 °C min−1 10 °C min−1 20 °C min−1 30 °C min−1

Td/(°C) 228.5 247.8 259.2 267.3
Te/(°C) 389.9 395.1 405.3 416.6
TP/(°C) 346.3 361.7 365.2 367.7
DWmax (%) 51.1 52.7 52.3 52.9
hN/(%) 76.6 77.0 76.9 77.4
(dw/dt)max/(% min−1) 0.71 0.69 0.69 0.70
(dw/dt)mean/(% min−1) 0.1 0.1 0.1 0.1
P/(%3 per min2 per °C) × 10−5 9.8 10.1 9.5 9.3
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decreases with the increase of the heating rate but the degree of
change is small. Among the four heating rates, P reaches the
peak when the heating rate is 10 °C min−1, thereby indicating
that the carbonization reaction is intense at a high pyrolytic
activity at 10 °C min−1.

Therefore, only analyzing indicators, such as initial
temperature of carbonization, maximum weight loss rate of
carbonization, temperature corresponding to the maximum
rate, or release characteristic index of carbonization prod-
ucts, fails to describe the carbonization process accurately.
The pyrolysis comprehensive characteristic index P can
accurately and quantitatively analyze the reaction activity of
carbonization in the whole process. The following rule can be
drawn: P increases rst and then decreases with the increase
of heating rate and reaches the peak at 10 °C min−1 when the
carbonization reaction is intense and the maximum carbon-
ization of walnut shell is reached. At this time, the high
reaction activity and the large amount of carbon produced
can provide guidance in determining the optimal carbon-
ization process.
Fig. 5 The equivalent conversion diagram of the whole carbonization
process of walnut shell.

Table 4 Activation energy obtained by the isoconversion method at
different heating rates

a Fitting line E/kJ mol−1 R2

0.05 y = 10.47x + 21.07 40.92942 0.96724
0.1 y = 11.32x + 18.37 74.23701 0.96137
0.15 y = 14.93x + 18.52 123.99989 0.96492
0.2 y = 16.99x + 21.47 141.1927 0.97774
0.25 y = 23.23x + 31.85 192.93921 0.99983
0.3 y = 19.52x + 24.87 168.19976 0.97851
0.35 y = 20.73x + 26.42 172.21079 0.96724
0.4 y = 22.85x + 29.43 175.81415 0.96137
0.45 y = 25.21x + 32.78 176.44426 0.9587
0.5 y = 25.37x + 32.41 210.77128 0.95368
0.55 y = 26.29x + 33.33 218.43556 0.95423
0.6 y = 24.82x + 30.51 206.15721 0.95912
0.65 y = 25.81x + 30.69 214.45144 0.96901
0.7 y = 25.86x + 31.39 214.83034 0.9575
0.75 y = 26.27x + 31.62 218.23444 0.95142
0.8 y = 10.47x + 21.07 230.85888 0.91083
0.85 y = 27.79x + 33.49 383.15627 0.94912
0.9 y = 40.92x + 47.70 339.92115 0.95142
0.95 y = 53.78x + 57.11 280.62832 0.99983
3.2 Analysis of dynamic results

The carbonization process of walnut shell is analyzed on the
basis of constant conversion kinetics of multiple heating rates.
First, the TG and DTG curves are transformed into curves a–T
and da–dT, respectively. da–dT is the reaction rate at the
temperature T that can be calculated as follows:

da

dT
¼ 1

1�mN

�
�dm

dT

�
(3)

where a is the conversion rate at T during thermal carboniza-
tion that can reect the reaction degree of the carbonization
process of walnut shell,37,38 da/dT is the rate of the reaction at
T.

Fig. 5 shows the equivalent conversion diagram of the whole
carbonization process of walnut shell from the equivalent
conversion method of Formula (2). The range of a is 0.05 to
0.95, and the step length Da is 0.05. The change of apparent
activation energy of the improved equal conversion method in
the range of a can be calculated, and the specic data are listed
in Table 4. All the straight lines at each heating rate demon-
strate a satisfactory linear relationship, thereby indicating that
the activation energy of the walnut shell carbonization process
calculated via the equal conversion method in Formula (3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
remains unchanged with the change of the heating rate. In
addition, the equiconversion curve of walnut shell carboniza-
tion becomes close with the increase of conversion because this
RSC Adv., 2023, 13, 13412–13422 | 13417
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part corresponds to the carbonization stage. Hence, the strong
carbonization reaction and fast reaction process result in close
data. The results showed that the activation energy of carbon-
ization of walnut shell calculated using the improved equal
conversion method remains unaffected by the change of heat-
ing rate.

As shown in Table 4, the linear correlation coefficient of
each line in Fig. 5 is above 0.95, thereby indicating the high
reliability of each line. The analysis of effective activation
energy revealed that its overall trend is rising, the carboniza-
tion process of walnut shell requires high activation energy as
the reaction progresses, and the reaction becomes increasingly
difficult.

Fig. 6 shows the relationship between effective activation
energy and conversion of walnut shell carbonization calculated
Fig. 6 The relationship between effective activation energy and
conversion of walnut shell.

Fig. 7 The relationship between activation energy, conversion and tem

13418 | RSC Adv., 2023, 13, 13412–13422
using the improved equal conversion method. The effective
activation energy of carbonization of walnut shell changes
sharply with the change of conversion rate. This nding sug-
gested that the carbonization process of walnut shell involves
multiple steps and the overall activation energy gradually
increases.

The three curves of carbonization Ea–a, a–T, and −dW/
dT–T are combined and different segments are used to mark
the characteristic temperature to understand the relation-
ship between the decomposition of various components in
the carbonization process of walnut shell and the corre-
sponding effective activation energy further (Fig. 7). The
relationship between the activation energy of walnut shell
carbonization and the reaction process of components is
presented in Table 5. T1 is the temperature at the end of the
water evaporation, T2 is the temperature at the end of the
rst peak of the carbonization pyrolysis section, T3 is the
temperature at the end of the rst stage of the carbonization
pyrolysis, T4 is the temperature at the end of the second peak
of the carbonization pyrolysis, T5 is the temperature at the
end of the second stage of the carbonization pyrolysis, and
a1 to a5 are the respective conversion values corresponding
to T1 to T5.

Fig. 7 shows that water evaporation will easily occur and
require minimal activation energy. The decomposition of
hemicellulose and cellulose requires a considerable amount of
heat absorption. Thus, the corresponding effective activation
energy is also increased and hemicellulose is easier to
decompose than cellulose. Both materials are ultimately
decomposed as volatile matter. The lignin decomposition can
be divided into the following parts: (1) simultaneous decom-
position of lignin cellulose; (2) cellulose decomposition is
complete, and lignin continues to decompose. The rst part of
lignin decomposition is small and mainly the endothermic
decomposition process of cellulose. The effective activation
energy decreases sharply in the second part because decom-
position of lignin into carbon is an exothermic reaction. The
perature of walnut shell pyrolysis carbonization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The activation energy of carbonization and component reaction process

Range of a Range of temperature Reaction The change of E

a < 0.11 T0–T1 Water evaporation, low temperature
decomposition of easily
decomposed components

From 40.9 kJ mol−1 to 86.4 kJ mol−1

0.11 # a < 0.44 T1–T3 Hemicellulose decomposes into
volatiles

From 86.2 kJ mol−1 to
181.7 kJ mol−1 and then to
173.6 kJ mol−1, the subsequent E
basically does not change

0.44 # a < 0.85 T3–T5 Decomposition of cellulose into
volatiles, decomposition of lignin
into carbon

From 173.6 kJ mol−1 to
352.2 kJ mol−1 rapidly

0.85 # a T5–Te Decomposition of lignin into
carbon

From 352.2 kJ mol−1 to
280.4 kJ mol−1
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entire process of the carbonization reaction of walnut shell is
presented in Table 5.
3.3 RSM result analysis

3.3.1 Result analysis. The tting analysis of the linear
regression equation of the four factors and experimental results
in Table 6 is carried out using the BBD method. The quadratic
polynomial regression equation of the carbonization rate to the
four elements of heating up time, nal temperature, holding
time, and material particle size is obtained:

q = 327.12 + 0.31X1 − 1.17X2 − 0.51X3 − 2.85X4

− 0.0007X1X2 + 0.001X1X3 − 0.0095X1X4

+ 0.0002X2X3 + 0.0048X2X4 + 0.0007X3X4

+ 0.0065X1
2 + 0.0012X2

2 + 0.0035X3
2 + 0.04X4

2 (4)
Fig. 8 The relationships between the actual and predicted values of
the carbonization rate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
According to Table 6, the P value of the model is less than
0.0001 and that of the mismatched term is greater than 0.05.
The adj. R-squared and R-squared are 0.9792 and 0.9913,
respectively. The difference between these two terms is 0.0121
and less than 0.2, thereby indicating the high accuracy and
reliability of the model. The signicance analysis of F and P
values showed that the order of inuence of various factors on
carbonization rate is nal temperature > holding time >
material particle size > heating time, and the interaction
between nal temperature and material particle size is the
most evident.

As shown in Fig. 8, scattered points are evenly distributed on
both sides of the predicted value line. The predicted value of the
model is closely correlated with the experimental value. The
comparison of results in Table 6 revealed that the correlation
coefficient R of the model is large and close to 1. This nding
veries the high correlation between the actual and predicted
values of the experiment.

Fig. 9 presents the three-dimensional response surface
constructed on the basis of the inuence of carbonization
process variables (heating time, nal temperature, holding
time, and material particle size) on carbonization rate (q, %) of
walnut shell. The analysis of the inuence of different working
conditions on the actual reaction demonstrated that they
inuence the reaction. Fig. 9(a)–(c) illustrate that the carbon-
ization rate increases with the increase of heating time.
Fig. 9(a), (d) and (e) indicate that the carbonization rate
decreases signicantly with the increase of the nal tempera-
ture. Fig. 9(b), (d) and (f) exhibit that the carbonization rate
decreases with the increase of holding time. Fig. 9(c), (e) and (f)
show that the carbonization rate decreases with the increase of
material particle size.

3.3.2 Experimental verication of the RSM results.
According to the analysis results of the Design Expert 12
numerical module, the optimal carbonization process of
walnut shell presents a heating time of 14.8 min, nal
temperature of 324.7 °C, holding time of 55.5 min, particle
size of the material of about 2 mm, and predicted optimum
carbonization rate of 70.3%. Three parallel experiments are
carried out under the optimum carbonization process of
walnut shell. The experimental results are listed in Table 7.
RSC Adv., 2023, 13, 13412–13422 | 13419
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Fig. 9 Interaction surface diagram of the carbonization variables.

Table 6 Analysis of the variance of the regression equations

Source Sum of squares Degree of freedom Mean squares F-Value P-Value Signicance

Model 5387.31 14 384.81 81.80 <0.0001 Signicant
X1 39.79 1 39.79 8.46 0.0156
X2 4338.08 1 4338.08 922.14 <0.0001
X3 119.20 1 119.20 25.34 0.0005
X4 110.84 1 110.84 23.56 0.0007
X1X2 4.62 1 4.62 0.9826 0.3449
X1X3 0.54 1 0.54 0.1148 0.7417
X1X4 2.04 1 2.04 0.4347 0.5246
X2X3 0.73 1 0.73 0.1554 0.7017
X2X4 23.38 1 23.38 4.97 0.0499
X3X4 0.02 1 0.02 0.0042 0.9498
X1

2 6.09 1 6.09 1.29 0.2818
X2

2 406.73 1 406.73 86.46 <0.0001
X3

2 5.57 1 5.57 1.18 0.3021
X4

2 3.09 1 3.09 0.6565 0.4367
Residual 47.04 10 4.70 — —
Lack of t 28.93 3 6.58 7.43 0.0771 Unsignicant
Pure error 1.32 4 0.97 — —
Cor total 5434.35 24 — — —
R-Squared = 0.9913, adj. R-sq. = 0.9792, adeq. precision = 27.2898
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The average value of the optimum carbonization rate is
69.4%. The results showed that the relative error between the
experimental and predicted values is small at 1.2%.
13420 | RSC Adv., 2023, 13, 13412–13422
Therefore, the model in this experiment is accurate and RSM
is a reliable method for predicting the carbonization rate of
walnut shell.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Modelling verification

X1 X2 X3 X4

q

Actual Predicted

14.8 min 324.7 °C 55.5 min 2 mm 68.8% 70.3%
14.8 min 324.7 °C 55.5 min 2 mm 70.9% 70.3%
14.8 min 324.7 °C 55.5 min 2 mm 68.6% 70.3%
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The maximum carbon caloric value of walnut shell ob-
tained via the optimal process is 30.24 MJ kg−1. Hence, walnut
shell can be used for activation to produce activated carbon, as
carbon fuel for storage, and in many elds, with great economic
value.
4 Conclusion

In this paper, the thermodynamic parameters for walnut shell
during the carbonization process is investigated, and its
carbonization andmechanism are discussed. Then, the optimal
carbonization process of walnut shell is proposed. The main
conclusions are as follows:

(1) The pyrolysis comprehensive characteristic index P rst
increases and then decreases with the increase of heating rate.
As heating rate is 10 °C min−1, P reaches the peak and the
carbonization reaction is intense. The decomposition of lignin
into carbon can be divided into two stages, including simulta-
neous decomposition stage of lignin and cellulose, and lignin
continue decompose stage aer cellulose decomposition.

(2) The experimental results are analyzed by tting the linear
regression equation with the BBD method, and the order of
inuence of each factor on carbonization rate obtained from the
signicance analysis of the F and P values is nal temperature >
holding time > material particle size > heating time; note that
the interaction between nal temperature and material particle
size is the most evident.

(3) The optimal carbonization process of walnut shell pres-
ents a heating time of 14.8 min, nal temperature of 324.7 °C,
holding time of 55.5 min, particle size of the material of 2 mm,
and optimum carbonization rate of 70.6%. The maximum
carbon caloric value of walnut shell obtained via the optimal
process is 30.24 MJ kg−1.
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