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Abstract
Phytoremediation technology has been well developed in the remediation of heavy metal pollution due to its low cost, in-situ 
disposal, permanent treatment, and environmental friendliness. The harvested phytoremediation plants are the combustible 
solid wastes and the disposal of them has drawn much attention. To realize clean disposal and utilization of Cu- and Mn-
polluted plants, a two-stage thermochemical conversion technology combining pyrolysis and combustion was developed. 
In the continuous heating process, the pyrolysis characteristics at different final temperatures and combustion products of 
pyrolysis residual were analyzed in TG-MS and fixed bed reactor. Using the Coats-Redfern method, different kinetic models 
were tried to fit the pyrolysis process. It is demonstrated that these models can not be used to fit the whole pyrolysis and the 
kinetic parameters showed obvious segmentation characteristics. Apparent activation energies in the second and third stages 
during pyrolysis are 39.73–42.04 kJ/mol and 2.20–4.78 kJ/mol respectively. Additionally, experimental results exhibited 
that the weight loss rate increases from 62.5% to 66.2% when the pyrolysis temperature increases from 450 °C to 600 °C. 
Meanwhile, the retention ratio of Cu decreases from 64.6% to 26.4% while the ratio of Mn decreases from 58.8% to 34.4%.
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Introduction

Heavy metal pollution has been a serious global environ-
mental problem (Hou et al. 2020; Wu et al. 2022; He et al. 
2023). Phytoremediation technology for accumulating heavy 
metals has been one promising way to overcome pollution 
(Shah and Daverey 2020; Wang et al. 2023a). In this cir-
cumstance, disposal of heavy-metal-contaminated biomass 
becomes a key problem to avoid secondary environmental 
pollution. On the other hand, the global energy demand 
issue is faced for sustainable development. As the nature of 
the contaminated plant is renewable biomass, the feasibil-
ity of contaminated biomass as an alternative fuel has been 
focused on recently (Wiangkham and Prapagdee 2018; Zeng 
et al. 2019; Tran et al. 2020; Lee and Park 2021).

There are different ways for the conversion and utilization 
of heavy-metal-contaminated biomass, such as heat treat-
ment, extraction treatment, microbial treatment, compres-
sion landfill, and so on (Du et al. 2019; Liu and Tran 2021; 
Wang et al. 2022, 2023b; Amabogha et al. 2023). Thermo-
chemical conversion has favorable performances due to the 
reason that it can reduce weight and volume significantly. 
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Meanwhile, the carbon resource in the contaminated bio-
mass is efficiently utilized.

Regular thermochemical ways are combustion, gasifica-
tion, and pyrolysis (Kovacs and Szemmelveisz 2017; Chai 
et al. 2022). The combustion and gasification are always per-
formed in oxidative atmosphere while pyrolysis is conducted 
under inert conditions. Among the thermochemical methods, 
pyrolysis can be operated under relatively low temperatures. 
Its fundamental mechanism is carbonization of the biomass 
materials under anoxic condition and hampering the flame 
ignition. And the pyrolysis products are usually biochar, bio-
oil, and combustible gases, which can be further used as fuel 
or valuable material. Therefore, pyrolysis is considered an 
efficient method for resource recovery and clean treatment of 
contaminated biomass, and it has been widely studied (Grot-
tola et al. 2019; Liu et al. 2020; Zhang et al. 2020, 2021a).

During the pyrolysis process, the heavy metals in con-
taminated biomass may be distributed in gaseous, liquid, 
and solid phases. Lievens et al. (2008a, b) used contami-
nated Maatheide birch and sunflower as solid feedstocks to 
study the distribution of heavy metals (Cd, Cu, Pb, and Zn) 
in pyrolysis products at temperatures from 673 to 873 K. It 
is found that low temperature has a positive effect on the 
enrichment of heavy metals in biochar for all these heavy 
metals. Stals et al. (2010) studied the pyrolysis characteris-
tics of Zn-, Cd-, Cu- and Pb-contained remediation plants 
using the flash pyrolysis method. Results showed that at 
623 K and 723 K, the recovery of metals in char is approxi-
mately the same while it is much lower at 823 K. Pyrolysis 
of heavy-metal-contaminated Avicennia marina was con-
ducted by He et al. (2019a). Though 12 kinds of heavy met-
als showed different migration properties at temperatures 
from 300 ℃ to 800 ℃, all of them tended to transform into 
volatile with the increase in temperature. Wang et al. (2017) 
studied the pyrolysis of Phytolaccaceae, a Mn-enriched 
plant, in a tubular furnace. When the pyrolysis temperature 
was 600 ℃, the leaching rate of Mn in the obtained biochar 
was only 0.15%, and more than 90% of other nonvolatile 
heavy metals were retained in the biochar. Fast pyrolysis was 
demonstrated to be an available method to control the quality 
of pyrolysis product. In the field of contaminated biomass 
dispose, Kuppens et al. (2015) found that fast pyrolysis in a 
fixed bed can effectively prevent the volatilization of heavy 
metals so that more heavy metals can be retained in biochar. 
Liu et al. (2012) investigated the fast pyrolysis performance 
of Cu-polluted biomass. It was found that Cu played a cata-
lytic role in the pyrolysis process and it promoted bio-oil 
yield. Similar phenomena were also found in the pyrolysis 
of other heavy-metal-contaminated biomasses (Huang et al. 
2018; Raheem et al. 2022). Zeng et al. (2019) used solar-
assisted flash pyrolysis to study the effect of heavy metals 
on biogas. The results showed that after 5 min of pyrolysis 
of phytoremediation plants at 1200 ℃, the yields of H2 and 

CO were increased by 14.8% and 34.5% due to the pres-
ence of heavy metals Cu and Ni, respectively. Compared to 
uncontaminated biomass, He et al. (2019b) found that due 
to the catalytic role of heavy metals, both the biochar and 
gas yields were enhanced during the pyrolysis of contami-
nated biomass. As pyrolysis was affected by many factors, 
the operating conditions of pyrolysis can be adjusted and 
optimized to realize the immobilization of heavy metals 
in biochar. It is a common perspective that using low- or 
medium-temperature pyrolysis to treat contaminated bio-
mass is beneficial for reducing the biological toxicity of 
contained heavy metals and the pyrolysis considerably sup-
presses the mobility and bioavailability of heavy metals in 
biochar (Liu et al. 2020).

As has been aforementioned, the pyrolysis products in 
different phases have their value. Usually, the pyrolysis gas 
and oil were used as fuel. However, a few works focus on 
the utilization of pyrolysis residual. It was found that the 
pyrolyzed biochar from some phytoremediation plants at 
high temperatures was environmentally acceptable with 
low risk (Zhang et al. 2021b). The pyrolyzed biochar is of 
high content of carbon, which is also a good resource of 
fuel. However, its utilization needs an understanding of the 
properties. To our best knowledge, it has not been investi-
gated for continuous utilization of pyrolyzed biochar from 
phytoremediation plants as solid fuel.

Therefore, a two-stage disposal approach is proposed to 
investigate the conversion performances of the heavy-metal-
contaminated biomass, aiming to realize the clean disposal 
of it. The two-stage method includes a pyrolysis period and 
a combustion process. As has been illustrated in literatures, 
pyrolysis can decrease the toxicity of heavy metals and 
produce available gases. The contaminated biomass was 
pyrolyzed under relatively low temperatures, and then the 
solid residual was burned to explore its behaviors. The main 
objective of this work is to study the feasibility of this two-
stage thermochemical conversion method and identify the 
products during this process. The thermogravimetric-mass 
spectrometer (TG-MS) and fixed-bed reactor experiments 
were conducted to obtain the distribution of gaseous prod-
ucts and heavy metal behaviors respectively. Based on the 
experimental results, the pyrolysis kinetic parameters were 
determined. This work offers an efficient disposal method 
for heavy-metal-contaminated biomass.

Materials and methods

Experimental setup

The Cu- and Mn-contaminated biomass, Phytolacca 
americana L., was used as solid fuel. The pyrolysis and 
combustion performances of contaminated biomass were 
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investigated in a TG-MS and a fixed-bed reactor under 
different operating temperatures. In the two-stage thermo-
chemical conversion experiment, nitrogen was used as the 
carrying gas for pyrolysis while the air was used during 
combustion process.

TG typed STA449 F3 (NETZSCH) was used to analyze 
the weight changes of samples while the gas product was 
analyzed by MS typed QMS 403D Aёolos (NETZSCH). The 
fixed-bed reactor is made of a quartz tube embedded in the 
stainless-steel body. The height and diameter of the quartz 
tube are 400 and 34 mm, respectively. A sintering plate of 
about 100 meshes is arranged 150 mm from the bottom of 
the reactor to place the sample. The experimental setups of 
TG-MS and fixed-bed reactor are shown in Fig. 1.

Experimental operation method

In the TG-MS experiment, contaminated biomass sample 
with the mass of 12.00 mg was placed in an alumina crucible 
in each test and then it was put into the TG. After that, the 
pyrolysis-combustion experiment was carried out. First, the 
reaction area was purged using nitrogen (99.99%) for sev-
eral minutes to guarantee that the pyrolysis was conducted 
in the atmosphere without oxygen. Then, the reaction area 
of the TG was heated in a nitrogen atmosphere with a heat-
ing rate of 10 °C/min. When it reached the final pyrolysis 
temperature in each test, the temperature was kept constant 
for 2 h. Next, the air with a purity of 99.99% was introduced 

into the TG for the combustion of pyrolysis residual, and 
the heating rate was set at 10 °C/min simultaneously. When 
the temperature reached 900 °C, it was kept constant for 1 h 
aiming to the complete combustion of the sample. During 
the pyrolysis-combustion processes, the flowrate of nitrogen 
or air was set as 200 mL/min and a stream of nitrogen with a 
flowrate of 20 mL/min was used as protection gas.

The sample used in TG-MS is of low weight which makes 
it hard to analyze the content of heavy metals in pyrolyzed 
biochar. To overcome this problem, a pyrolysis experiment 
was conducted in a fixed-bed reactor to investigate the 
retention of heavy metals in biochar. In each test, 1.0000 g 
Cu- and Mn-contaminated biomass sample was placed in 
the fixed-bed reactor. For a sufficient gas–solid contact, 
the solid sample was put on a quartz wool layer located on 
the sintered plate. The nitrogen stream with a flowrate of 
200 mL/min was introduced and the heating rate was also set 
at 10 °C/min for the pyrolysis experiment. When it reached 
the final pyrolysis temperature which was same as that in the 
TG-MS experiment, a 2-h constant temperature period lasted 
for a complete pyrolysis. Then, the reactor was cooled in a 
nitrogen atmosphere. This experiment has the same condi-
tions as that using TG-MS. The obtained biochar was ana-
lyzed to measure the contents of Cu and Mn.

To obtain the content of heavy metals, the solid sample 
with a weight of about 0.070 g was used. Then it was added 
to the HCl and HNO3 solution (10 mL) with a ratio of 1:3 
for microwave-assisted digestion. While the digestion was 

Fig. 1   Principal diagram of the TG-MS and fixed-bed reactor
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completed, an inductively coupled plasma optical emission 
spectrometer (ICP-OES) typed Agilent 720ES was used to 
determine the content of heavy metals with an RF power of 
1.20 kW. According to the measurement results, the content 
of heavy metals in the raw solid sample can be calculated.

Solid materials

The contaminated biomass, Phytolacca americana L., used 
in this experiment was from Huanjiang, Guangxi. The raw 
material was naturally dried after harvest. Then, the con-
taminated biomass was crushed. The contaminated biomass 
powder with a particle size of 20–40 mesh was selected 
as solid feed in this experiment. The proximate analysis 
was conducted according to the national standard GB/T 
28731–2012 of China. The ultimate analysis of the sample 
was measured using the analyzer produced by Elemantar 
(typed Vario EL cube). The ultimate and proximate analyses 
are given in Table 1.

The content of heavy metals in the raw biomass sam-
ple was calculated according to the ICP-OES measurement 
result. The Cu and Mn concentrations in the original sample 
are 17.05 mg/kg and 114.06 mg/kg.

Results and discussion

Thermogravimetric analysis 
during pyrolysis‑combustion process

The pyrolysis and combustion were conducted in TG-MS. 
The effects of different final pyrolysis temperatures on the 
product were investigated. The final temperatures in different 
tests were set as 450, 500, 550, and 600 °C with the same 
heating rate of 10 °C/min, denoted as test1 to 4 respectively. 
After 2 h, the combustion process continued for a complete 
conversion of biochar. The thermogravimetric (TG) curve 
and derivative thermogravimetric (DTG) curve during these 
periods are shown in Fig. 2.

From the TG curve, it is seen that in the initial several 
minutes, the sample weights of contaminated biomass 
remained constant. With the increase in the temperature, the 
weights of samples show an obvious decrease with different 
rates during different periods. Accordingly, the first weight 
loss peak appears on the DTG curve with the maximum 
weight loss rate of about 1%/min. And it is seen the tempera-
ture at this peak is approximately 102 °C. This temperature 

is close to the evaporation temperature of the water, there-
fore it can be considered that the loss of free water in bio-
mass samples reaches a peak value at this temperature.

When the temperature approaches 150 °C, the first DTG 
peak ends and the DTG value rises to around zero. The stage 
from the initial temperature to 150 °Cis the loss stage of free 
water and chemically bound water. The second stage is in the 
temperature range of 150–400 °C, where the biomass sample 
loses weight rapidly and significantly. From the curve in 
the figure, it can be seen that the sample mass at this stage 
drops to approximately 40%, and hemicellulose and cellu-
lose in the contaminated biomass are decomposed at this 
stage, which corresponds to the results by similar research 
(Sun et al. 2019). The maximum of weight loss rate in the 
DTG curve is close to 5.7%/min, and the peak appears in the 
range of 320–350 °C.

From 400 °C to different final pyrolysis temperatures in 
these tests, biomass samples continue to lose weight. During 

Table 1   Ultimate and proximate 
analyses of the contaminated 
biomass

Proximate analysis (wt%, air dry basis) Ultimate analysis (wt%, dry basis)

Moisture Volatile Fixed carbon Ash C H N S

9.71 63.34 21.30 5.65 43.43 6.99 1.05 0.29

Fig. 2   TG and DTG curves of different tests during the pyrolysis-
combustion process
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this process, the degree of weight loss varies under differ-
ent operating conditions. At high temperatures, the sample 
loses more weight. When the sample temperature reaches 
the set final pyrolysis temperature, the weight loss of the 
sample continues. From the DTG curve, it can be seen that 
after the temperature is maintained at the pyrolysis tempera-
ture for about 6–8 min, the weight of the sample does not 
change. This indicates that the pyrolysis of biomass samples 
at this temperature is complete. Scholars generally believe 
that when the temperature is higher than 400 °C, the main 
reaction during biomass pyrolysis is the polycondensation 
of biochar. Therefore, due to the limitation of pyrolysis tem-
perature, the degree of polycondensation reaction varies at 
this stage. Final pyrolysis temperature is one of the impor-
tant factors affecting biochar products. After 2-h isothermal 
pyrolysis, the sample quality decreases with the increase 
in temperature. The weights of biochar are 37.5%, 36.3%, 
34.6%, and 33.8% when the final temperatures are 450, 500, 
550 and 600 °C respectively. After the combustion process, 

the sample weight has reached a stable level at 900 °C, 
and the final weight is consistent under different operating 
conditions.

Analyses of the gaseous products 
during the pyrolysis‑combustion process

In different periods of the pyrolysis-combustion process, the 
weight of the Cu- and Mn-contaminated biomass sample 
decreases against the temperature. Affected by pyrolysis 
temperature, pyrolysis products have divergent concen-
trations. TG-MS was used to clarify the gaseous products 
during different reaction stages. The mass-to-charge ratio 
of each gas is recorded as m/z, and gaseous products with 
m/z = 2 (H2), 16 (CH4), 17 (NH3), 27 (HCN), 28 (CO, N2), 
30 (NO, C2H4) and 44 (CO2, C3H8) are tested respectively. 
The use of N2 as the carrier gas during the pyrolysis process 
affects the results of CO, therefore it is not further discussed. 
The analysis results of the gas phase are shown in Fig. 3.

Fig. 3   Gaseous products in different tests of TG-MS experiment
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In the initial stage, due to the low reaction temperature, 
there is almost no escape of products. This stage corresponds 
to the first stage in the thermogravimetric curve, which is 
mainly the precipitation of free water and chemically bound 
water. In following stages of each test, the escape trends of 
the specific gaseous component are consistent in these tests, 
which results in the same mass spectrometry curves.

After more than ten minutes, the reaction temperature 
reaches above 150 °C, and the escape rate of each gas phase 
product increases, followed by the first peak of the CO2, 
C3H8, NH3, CH4, and NO, C2H4. This is because the decom-
position rates of hemicellulose, cellulose, and lignin in the 
solid phase reach a relatively high level. The peak tempera-
ture herein is consistent with the first peak temperature of 
DTG, which is within the range of 320–350 °C. Therefore, 
hemicellulose and cellulose decomposition products mainly 
include CO2, C3H8, NH3, CH4, NO, and C2H4.

Subsequently, the reaction temperature of test 1 reached 
a constant range, while the temperature of test 2–4 con-
tinued rising, resulting in a secondary peak of CH4 dur-
ing this process. Due to the limitation of temperature, the 
CH4 secondary peak in test 1 happens to be at the moment 
when the temperature rises to 450 °C, and in tests 2–4, the 
CH4 secondary peak is also close to the moment when the 
pyrolysis temperature remains constant. It can be seen that 
temperature plays a decisive role in the CH4 decomposition 
of hemicellulose, cellulose, and lignin. Under different oper-
ating conditions, the peak of HCN occurs at around 50 min, 
and there is no significant correlation between the peak time 
and the pyrolysis condition. As the pyrolysis reaction occurs, 
the peak of H2 also appears after about 50 min.

In the subsequent constant temperature stage, the changes 
in the gas phase products are relatively slow, indicating that 
the pyrolysis reaction was quite complete in the previous 
heating stage. After 2 h, combustion of the pyrolysis bio-
char was conducted in an air atmosphere. At the beginning 
of heating up, each product begins to undergo significant 
changes. As the temperature increases, the curves of CH4, 
HCN, C3H8, and CO2 show peaks again. Although the gas 
phase products exhibit similar changing trends under dif-
ferent operating conditions, the pyrolysis temperature also 
has a significant impact on the peak value and change rate 
of the products.

In test 1, the pyrolysis temperature is lower, resulting in 
a relatively fast decrease rate of NH3 and C3H8/CO2 after 
the first peak. And the gas amount is relatively low which 
can be found from a narrower gas mass spectrometry peak. 
Similarly, the decrease rate of CH4 peak also slows down at 
higher pyrolysis temperatures, indicating a high gas amount. 
From the HCN peak shown in Fig. 3, it can be more intui-
tively seen that during the combustion process with lower 
pyrolysis temperatures, the HCN peak is more pronounced. 
To further clarify the peak value of gas-phase products, a 

comparison between these tests was conducted on the prod-
uct intensity during the combustion process, as shown in 
Fig. 4.

After pyrolysis, the residual from the contaminated bio-
mass samples are burned in the air. Figure 3 shows that once 
combustion begins, the composition of the gas immediately 
begins to change, which can be intuitively reflected by the 
peak time in Fig. 4. During the combustion process, vari-
ous gases were further released, resulting in more obvious 
peaks. It can be seen that except for m/z = 44, the peaks of 
other components show a decreasing trend from test 1 to 
test 4. This also indicates that in the early pyrolysis process, 
the residual content of C, H, N, O, and other elements in 
the solid products of low-temperature pyrolysis is relatively 
high, which is consistent with the thermogravimetric loss 
rate. For the gas phase component with m/z = 44, there were 
two peaks in the products of test 1, test 2, and test 3. The first 
peak appeared during the heating process, and the second 
peak appeared during the constant-temperature combus-
tion. The peak value of this gas phase component in test 4 
only appears during the combustion process. This further 
indicates that during the low-temperature pyrolysis process, 
carbon elements with relatively low bonding energy have not 
been fully decomposed, which may be due to incomplete 
decomposition of lignin.

Pyrolysis kinetics of contaminated biomass sample

There have been many effective methods to obtain the 
pyrolysis kinetics, such as Fly-Wall-Ozawa (FWO), Kiss-
inger-Akkahira-Sunose (KAS), Friedman method and so 
on. However, these methods need the multiple weight-loss 
rates. Kaczor et al. (2020) comprehensively reviewed the 
models of the biomass pyrolysis. In this work, it is seen 
that the one of the main objectives is to investigate the gas 
and solid products under different final pyrolysis tempera-
tures. Therefore, in the TG-MS experiment, only one heat-
ing rate is employed. To calculate the kinetic parameters, 

Fig. 4   Comparison of gas products during the combustion process
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a simple method, Coats-Redfern method is adopted in this 
work (Coats and Redfern 1964), which have also been used 
in other works focusing on the dispose of heavy metal-
contaminated biomass (He et al. 2020). In the experiment, 
pyrolysis temperature changes with the heating time. During 
the experiment process, the pyrolysis rate can be described 
by the following equation:

in which, k is the Arrhenius rate constant; f(α) is the reaction 
mechanism model; t is reaction time; α is the conversion of 
biomass sample. In this work, the conversion α is the weight 
loss of the sample during pyrolysis.

According to the Arrhenius equation, reaction rate k dur-
ing pyrolysis should be

where, A is the pre-exponential factor; Ea is the apparent 
activation energy; R is the gas constant, namely 8.314 J/
(mol·K); T is the temperature. Reaction mechanism model 
f(α) is not related to the time t and temperature T, and it can 
be described as:

where, n is reaction order.
Then, Eq. (1) can be re-written as:

In the experiment, the effect of pyrolysis temperature was 
investigated with the same heating rate. To obtain the pyrol-
ysis kinetics in a relatively wide range, the experimental data 
in test 4 is adopted to calculate the kinetic parameters. The 
heating rate β kept at 10 °C/min, which means the dT/dt is 
constant. The conversion rate can be described as:

By integrating the above equation, the following results 
can be obtained:

(1)
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For convenience, Eqs.  (6) and (7) are denoted as 

Y = KX + b (X = 1/T). It is seen that ln
[

−
ln(1−�)

T2

]

 or 

ln
[

1−(1−�)1−n

(1−n)T2

]

 should be linearly related to 1/T and the gradi-

ent is −Ea

R
 . To calculate the kinetic parameters, different val-

ues of n are adopted and the relationship between Y and X 
are shown in Fig. 5.

Although different orders have been tried, the relationship 
between X and Y is nonlinear in different cases. As illustrated 
in Fig. 2, at lower temperatures, because the dehydration 
process of the sample can cause certain errors, the pyroly-
sis kinetics calculation in this section does not consider the 
reaction kinetics of this process. In the second and third 
stages of pyrolysis, there is a significant nonlinear relation-
ship between Y and X caused by different pyrolysis reactions.

As there were different reaction stages, the curves in the 
stages except for the evaporation of waster are divided into 
two sections according to the reaction temperature ranges. 
This concept was also used in other literatures (He et al. 
2020). To accurately describe the reaction kinetics of each 
stage, the kinetic parameters of each stage are calculated, 
which is in line with the objective reaction process. Combin-
ing the results in Fig. 5, a linear function is used to fit dif-
ferent stages. When n ≤ 2, the calculated apparent activation 
energy of the third stage is negative, which does not conform 
to its physical significance. When the reaction orders are 2.5 
and 3, the fitting results are shown in Fig. 6.

As shown in Fig. 6, satisfactory fitting accuracy can be 
achieved by performing segmented linear fitting for different 
pyrolysis stages. By combining Eqs. (6) and (7), the kinetic 
parameters of different pyrolysis stages can be obtained, and 
the results are listed in Table 2.

The results indicate that at the second and third stages of 
pyrolysis, there are significant differences in kinetic param-
eters due to the different pyrolysis mechanisms. Regardless 
of whether the reaction order is 2.5 or 3, the apparent activa-
tion energy of the second stage is much greater than that of 

Fig. 5   Relationships between X and Y with different reaction orders
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the third stage. At the same time, it can be seen that the pre-
exponential factor in the second stage is also much greater 
than that in the third stage. He et al. (2020) used the same 
method to investigate the pyrolysis kinetics, which divided 
the temperature range into 200–340 °C and 350–530 °C for 
the linearity fitting. The apparent activation energies of the 
raw biomass are 68.28 kJ/mol and 67.83 kJ/mol in these 
ranges, which are higher than those of the material in this 
work.

Retention characteristics of heavy metals

As the mass of pyrolyzed biochar in TG is quite low, the 
pyrolysis experiment was conducted in a fixed bed reactor 
with the same conditions as the TG pyrolysis experiment to 
obtain more biochar for analyses. In each test, a 1.0000 g 
biomass sample was placed in the fixed bed reactor, and then 
it was heated to pyrolysis temperatures (450, 500, 550, and 
600 °C) with a specific rate of 10 °C/min. Then, the tempera-
ture was kept for 2 h. After that, the pyrolysis product was 
cooled in the N2 atmosphere. Under different conditions, the 
weight loss in pyrolysis is shown in Fig. 7.

It is seen that the weight loss increases against pyrolysis 
temperature in different reactors. Commonly, the weight loss 
in TG is slightly lower than that in a fixed-bed reactor at the 
same pyrolysis temperature. In a fixed bed reactor, the gas 
stream may carry a part of fine sample powder while it can 
not take place in TG. This should be the reason why the 
weight loss in the fixed bed reactor is higher than that in TG. 
In addition, the tar produced in pyrolysis using TG can not 
be carried out while it flows downstream of the fixed bed 

reactor. The weight loss differences between TG and fixed 
bed reactor experiments are very close, demonstrating the 
pyrolysis experiment’s reliability. To investigate the reten-
tion of Cu and Mn in contaminated biomass, the pyrolyzed 
biochar from a fixed-bed reactor was analyzed. The contents 
and retention rates of Cu and Mn in biochar are shown in 
Fig. 8.

Results in the figure demonstrate that both the content 
and retention rate decrease with the climb of pyrolysis tem-
perature. The concentrations of Cu and Mn in biochar are 
much higher than those in the raw samples. That means 
pyrolysis is beneficial to the enrichment of Cu and Mn in 
solid products. The concentration of Cu shows an obvious 
decrease between 450 and 500 °C. And their retention rates 
also decrease in this range. When the pyrolysis temperature 
increases from 450 °C to 600 °C, the retention rate of Cu 
decreases from 64.6% to 26.4% while that of Mn decreases 
from 58.8% to 34.4%.

Conclusion

To utilize the resource of contaminated biomass, a two-
stage thermochemical method was employed to dispose 
of it. Based on this concept, pyrolysis and combustion 

Fig. 6   Y and X fitting results of 
pyrolysis stages with different 
orders

Table 2   Kinetic parameters of different pyrolysis stages

Parameter n = 2.5 n = 3

Second stage Third stage Second stage Third stage

Ea (kJ/mol) 39.73 2.20 42.04 4.78
A (min−1) 209.10 0.013 406.58 0.055

Fig. 7   Weight loss of biomass sample during the pyrolysis process
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performances are investigated in TG-MS and a fixed-bed 
reactor to identify the products behaviors. Following conclu-
sions can be drawn from the results:

(1)	 The results indicate that low-temperature pyrolysis 
can improve carbon retention and facilitate the enrich-
ment of Cu and Mn in solid products. TG and fixed-
bed pyrolysis experiments have similar levels of sample 
weight loss.

(2)	 When the pyrolysis temperature increases from 450 ℃ 
to 600 ℃, the retention rate of Cu in the solid phase 
decreases from 64.6% to 26.4%, while the retention rate 
of Mn decreases from 58.8% to 34.4%.

(3)	 In the second stage of the pyrolysis process, the appar-
ent activation energy of the pyrolysis reaction is 39.73–
42.04 kJ/mol, while the apparent activation energy of 
the third stage is much lower than that of the second 
stage, which is about 2.20–4.78 kJ/mol.

Further investigation is needed to investigate the behavior 
of heavy metals in biochar during the combustion process.
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