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A B S T R A C T

Industrial sludge is a type of solid waste that is known for its high ash content and heavy metal concentrations. In
this study, industrial sludge was used for co-pyrolysis with rice straw at different temperatures (400, 500, and
600 °C) and mixture proportions (1:0, 9:1, 4:1, and 3:2, w/w). The relationship between heavy metal speciation
and char properties was characterized in detail to investigate the effects of co-pyrolysis. Results show that the
addition of rice straw can decrease the ash content and increase thermal stability and pore structure of char due
to its high organic content. Simultaneously, co-pyrolysis decreases heavy metal concentrations and enhances the
transformation of Cr, Zn, and Cd to a more stable fraction, with higher alkalinity, aromaticity, and specific
surface area of char. Moreover, the leaching toxicity of Zn with high content is decreased to below threshold
values, and the potential ecological risk of char is reduced to the lowest level under the condition of 600 °C with
a mixing proportion of 4:1. This work demonstrates that co-pyrolysis provides an effective industrial sludge
treatment for improving char characteristics and immobilizing heavy metals, indicating its superior application
potential.

1. Introduction

Industrial sludge (IS) is a byproduct of processes from steel, elec-
troplating, paper mill, and chemical industry wastewater treatment. It
has engendered serious environmental concern over the past few dec-
ades owing to rapid industrialization [1]. According to the China En-
vironment Statistical Yearbook (2017), approximately 37.78 billion
kilograms of IS (80 % moisture content) are produced in China. IS has
high ash content and is rich in some metallic oxides such as silicon,
iron, and aluminum, along with abundant pathogens, microorganisms,
and organic pollutants [2]. Furthermore, the properties of heavy metals
(HMs) in IS are closely related to their origin. For example, the Cr
concentration in tannery sludge exceeds 5000 mg/kg, and Ni is the
main hazardous element in sludge from metal and battery fields [1].
Without proper treatment, these HMs in IS accumulate in the human
body through food chain [3]. At present, landfill, incineration, and
agricultural application are still the common methods for sludge
treatment [4]; however, some characteristics of sludge such as high ash
content, organic pollutants, and HMs risk limit the agricultural

application of traditional technologies [5].
Pyrolysis has presented some advantages for sludge treatment in

recent years. It can effectively reduce sludge volume and eliminate
pollutants [6] and simultaneously, some bio-available HMs are trans-
formed to more stable fractions at high temperatures [7]. Conversely,
the char obtained can be used for satisfactory adsorption and soil re-
mediation because of its pore structure, abundant functional groups,
and plentiful nutrients elements [8,9]. The pure pyrolysis of sludge still
has some deficiencies such as low energy utilization efficiency and poor
char properties [10] and therefore, other types of solid waste have been
widely used in the formation of char. For example, the addition of
corncob with increased temperatures is beneficial to the production of
H2 and organic acids, with a high heating value during the pyrolysis of
sludge [11]. The co-pyrolysis of municipal sludge and rice husk can
capture more gaseous hydrocarbons and promote the carbonization and
aromatization of char [12]. Yin et al. [13] verified that the sludge char
obtained at 600 °C, with the addition of 25 % walnut shell, exhibited a
high specific surface area of 47.13 m2/g. The maximum adsorption
capacity of NH4

+ reached 22.85 mg/g after the formation of additional
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adsorption active sites. The co-pyrolysis of municipal sludge and
bamboo sawdust led to a 50 % reduction in HM concentrations (Cu, Zn,
Pb, Cr, Mn, and Ni) of char, and the speciation of HMs was transferred
from the exchangeable and reducible fractions to the residual fraction
[14]. This was because the solute HMs were entrapped or chelated with
some functional groups for further immobilization during treatment.
Moreover, pyrolysis technology has been widely used for HM im-
mobilization in the treatment of sludge from paper mills, electronic
industrial applications, and the textile dyeing process [15–17]. Chanaka
Udayanga et al. [18] also found that pyrolysis treatment at 400–600 °C
could effectively enhance the immobilization of HMs in IS. The for-
mation of metal halides at higher temperatures would cause an increase
in the leaching toxicity of Mn, Cu, and Zn. However, the effects of
biomass on HMs toxicity during IS pyrolysis need to be further verified.

The production of rice straw (RS) is approximately 200 billion
kilograms annually in China, and its direct discard and combustion
leads to serious air pollution [19]. The high content of lignocellulose
and low amount of silica make RS an excellent pyrolysis material [20].
Therefore, the co-pyrolysis of sludge and RS can achieve the synergistic
disposal and utilization of wastes. Consequently, pyrolysis behavior and
char characteristics have been studied in traditional and microwave
technology [20–22]. However, there is little information regarding the
migration and transformation of HMs during the co-pyrolysis of RS and
sludge, especially for IS with high contents and risk of HMs. Further
research is necessary to explore how the improvement in char proper-
ties affects the immobilization of HMs during IS pyrolysis with the
addition of RS.

The main objectives of the present study are to: (1) comprehensively
investigate the properties of char from co-pyrolysis such as chemical
composition, micromorphology, and functional groups; (2) study the
conversion of HM speciation and the potential ecological risk of char;
and (3) explore the interactions between char improvement and HMs
immobilization.

2. Materials and methods

2.1. Raw materials

The naturally dry IS was sampled from a chemical fiber industrial
wastewater treatment plant in Jilin City, China, based on an anox-
ic–oxic (A/O) process. The used RS in the experiment was collected
from a farm in Xiamen City, China. The IS and RS were added in a
drying oven for 24 h at 105 °C. The dried materials were ground, sieved
(less than 0.15 mm), and kept in a glass desiccator for subsequent ex-
periments. The basic properties of the IS and RS are listed in Table S1.

2.2. Pyrolysis experiments

Char samples were prepared by a fixed-bed pyrolysis reactor (Fig.
S1a). Details of the apparatus have been previously reported [23]. In
the current experiment, a 40 g homogenous mixing sample, prepared
with IS:RS ratios (on dry weight basis) of 1:0, 9:1, 4:1, and 3:2 was
loaded into a quartz tube located in the center of the pyrolysis appa-
ratus. To create an anaerobic environment, nitrogen of 80 mL/min was
then used to remove the air in the quartz tube. The pyrolysis apparatus
was then heated to a pre-set temperature (400, 500, or 600 °C) from
ambient temperature at a heating rate of 10 °C /min, respectively. After
maintaining the system at the target temperature for 60 min, heating
was stopped, and the quartz tube was cooled to 30 °C with continued
nitrogen flow. All the char samples obtained were stored in a glass
desiccator for subsequent analysis after the char yield was calculated
and named S4R1−400, S4R1−500, S1R0−600, S9R1−600,
S4R1−600, and S3R2−600, based on the IS:RS ratio and the pre-set
temperature.

2.3. Characterization analysis

Thermogravimetric analysis (TGA) was performed (TGA 209 F3,
Netzsch, Germany) for 10 mg of raw material with a temperature ran-
ging from 40 to 900 °C under a heating rate of 10 °C/min with the
carrier gas (nitrogen) of 60 mL/min and protective gas (nitrogen) of
20 mL/min, respectively. The pH of the solid sample was measured by a
pH meter after extraction using deionized water at a ratio of 1:20 (w/v)
[16]. Proximate analysis was conducted via combustion according to
the Chinese National Standard (GB/T 28731−2012). Elemental ana-
lysis was performed with an elemental analyzer (VarioEL III, Germany)
via combustion at 950 °C. The specific surface area, pore volume, and
average pore diameter were calculated according to the Brunauer–-
Emmett–Teller (BET) method after obtaining the 77.4 K nitrogen ad-
sorption/desorption isotherms with a Tristar 3000 analyzer (Tristar
3000, USA) and the calculated methods referred to in other research
[24]. The micromorphology was characterized by scanning electron
microscopy (S-4800, Hitachi, Japan) with an accelerating voltage of
5.00 kV. The surface functional groups were examined by fourier
transform infrared spectrometry (iS10, Thermo, USA) after the dried
samples were mixed with KBr at 1:100. The main ash-forming compo-
nents were measured using X-ray fluorescence (XRF, Axios-MAX,
Netherlands) after the sample was compressed into tablet. The phase
composition of the sample was analyzed via X-ray diffraction (X’ Pert
Pro, PANalytical B. V.) and the relevant tests referred to standard power
diffraction procedures [25].

2.4. Heavy metals analysis

The speciation distributions of HMs in the samples were analyzed
according to the three-step extraction procedure from the European
Community Bureau of Reference (BCR), which are classified as ex-
changeable fraction (F1), reducible fraction (F2), oxidizable fraction
(F3), and residual fraction (F4). The extraction of the total HMs was
referred to the F4 procedure (Fig. S1b) [26]. The leaching toxicity of
HMs was analyzed by taking the solution (sample to acetic acid ratio of
1:20) and shaking it for 18 h at 200 r/min, adhering to the toxicity
characteristic leaching procedure (TCLP) [16]. The extracted solutions
were tested with an inductively coupled plasma mass spectrometry
(Agilent 7500, USA) after centrifugation, filtration, and constant-vo-
lume.

The residual rate (R, %) was used to show the enrichment degree of
HM in char, with the following calculation:

=
+

× ×R C
X C

Y
XC (100 )

100c

r s (1)

where Cc (mg/kg) is the total concentration of each HM in char; Cr and
Cs (mg/kg) are the total concentrations of the individual HM in RS and
IS, respectively; X (%) is the proportion of RS addition; Y (%) is the
yield of char after pyrolysis.

The environmental impact of HMs in the sample can be assessed by
the potential ecological risk, which was calculated as follows [16]:

Cf = Ci / Cn (2)

Er = Tr × Cf (3)

RI = ∑Er (4)

where Cf is the individual HM contamination; Ci presents the F1 + F2
+ F3 fractions; Cn presents the F4 fraction; Tr is the individual HM
toxicity response factor with the following values, Cd (30), Ni (6), Cu
(5), Pb (5), Cr (2), and Zn (1); Er is the potential ecological risk index of
an individual HM; RI is the potential ecological index of IS or char.
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3. Results and discussion

3.1. Thermogravimetric analysis

The RS is significantly decomposed at 900 °C with a mass loss of
56.9 %, compared with an IS mass loss of 22.4 % (Fig. 1a–b). The
differences in mass loss between IS and RS are attributed to the higher
content of easily decomposed volatile matter in RS [27]. Simulta-
neously, the high residue mass after TGA of IS is related to its ash
content (80.1 wt.%). For IS, the first decomposition stage extends from
87 °C to 237 °C, comprising the removal of bound water and lighter
compounds [28]. The second stage of mass loss between 432 °C and
647 °C is due to the decomposition of higher molecular weight organic
compounds [29]. Additionally, the main chemical conversion occurs in
the temperature range of 800–850 °C, with the highest rate of 0.72
%/min at 828 °C, resulting from the decomposition of calcium carbo-
nate and other minerals [30]. However, RS is converted in the tem-
perature range of 200–550 °C, with the highest mass loss rate of 5.36
%/min at 303 °C. This phenomenon can be attributed to the decom-
position and devolatilization of lignocellulose in biomass [31]. Con-
versely, the lack of evident peak in this temperature range is because of
the low content of volatile substances in IS. Additionally, the synergistic
effect of co-pyrolysis was studied by comparing the differences of ex-
perimental and theoretical data based on TGA (Fig. 1c). The accel-
erative co-pyrolysis interaction between 263–708 °C can be attributed
to the large amount of Fe2O3, Al2O3, and SiO2 in IS that acts as a cat-
alyst to promote the decomposition of biomass tar [32]. The inhibitive
effect occurred at 778–848 °C, suggesting that the more stable minerals
are formed after co-pyrolysis. The additional mass loss after TGA,
compared with theoretical data, suggests that co-pyrolysis can produce
more oil and gas.

3.2. General properties of char

The physicochemical properties of char, including the yield, pH,
proximate analysis, and elemental analysis, are summarized in Table 1.
The yield of char decreases with rising pyrolysis temperature and RS
proportion, which suggests that more volatile matter is released as oil
and gas. Additionally, the more high-value products can be applied in a
co-pyrolysis system for energy supplementary to reduce energy input
and carbon emission [33]. The results are also verified in the mass and
mass loss rate curves of raw materials (Fig. 1). The pH of char increases
from 6.7 to 8.9 with increasing temperature, which is because all metal
oxides and minerals are maintained in char after the decomposition of
acidic functional groups, and the condensation of aliphatic substances
[34,35]. The char obtained with alkalinity can be used as remediation
in acid-contaminated soil [9,36]. In addition, pH was reported to have
played an important factor in HM immobilization [37].

Fig. 1. Mass loss and mass loss rate curves of (a) industrials sludge, (b) rice
straw, and (c) their mixture.

Table 1
Physicochemical properties of feedstocks and char samples.

Sample Yield (%) pH Proximate analysis (wt. %) Elementals analysis (wt. %)

Ash VMa FCb C H N S H/C N/C

IS / 6.7 80.1 18.1 1.8 11.5 1.1 3.0 1.9 1.10 0.22
RS / 7.7 17.0 66.6 16.4 34.0 5.1 1.4 0.1 1.80 0.04
S4R1−400 81.2 7.5 80.9 9.4 9.7 14.9 0.8 2.3 1.9 0.68 0.13
S4R1−500 80.4 8.4 84.1 5.6 10.3 15.1 0.7 2.0 2.0 0.53 0.11
S1R0−600 83.6 8.4 92.3 1.2 6.5 9.5 0.4 1.5 2.2 0.56 0.13
S9R1−600 79.3 8.6 90.7 1.4 7.9 12.8 0.5 1.4 2.2 0.46 0.09
S4R1−600 75.1 8.9 89.5 2.8 7.7 15.8 0. 6 1.3 2.1 0.42 0.07
S3R2−600 65.8 8.9 87.3 5.0 7.7 23.0 0.7 1.2 1.8 0.37 0.04

a VM, Volatile matter.
b FC, Fixed carbon.
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The proximate analysis results show that RS has a higher volatile
matter content (66.6 %) compared with 18.1 % for IS. The ash content
of IS reaches 80.1 % owing to the high inorganic mineral content. The
ash content increases markedly with increasing pyrolysis temperature
as the variation affects the pH of char, as reported in other studies
[35,37]. In particular, the high ash content of char (92.3 % at 600 °C)
limits its further utilization. The ash content of char decreases, and the
volatile matter content increases, after the addition of RS. Moreover,
the content of fixed carbon is also increased in char compared with IS,
suggesting higher thermal stability [28]. The triangle plot (Fig. 2)
shows the proximate analysis data of different char samples obtained at
300–700 °C from municipal sludge [21], cow manure [38], pig manure
[39], chicken manure [39], food waste digestate [40], cotton stalk [41],
and wood [42]. The dashed arrows show the trend with rising pyrolysis
temperature. For all materials, the rising pyrolysis temperature causes
an increase in ash content and a decrease in volatile content in char.
Higher ash and lower fixed carbon contents exist in sludge char com-
pared with other char samples obtained by manure, digestate, and
biomass, suggesting its limitation as a fuel [28]. Furthermore, the char
from IS pyrolysis presents more ash and less volatiles than the muni-
cipal sludge char, suggesting its suitability for ceramsite material [43].
The addition of RS can improve the char properties and thermal sta-
bility (opposite trend to that of rising temperature) due to its high or-
ganic contents (Fig. 2).

The decreases in H and N contents after co-pyrolysis are attributed
to the loss of volatile matter [34]. However, the contents of C and H
increase significantly with the proportion of RS because of the high
volatile matter in raw RS. Moreover, the variation in S content in char
samples shows the opposite trend compared with those in C and H. The
molar ratio of H/C declines markedly with an increase in pyrolysis
temperature and RS proportion. The lower molar ratio of H/C indicates
the occurrence of dehydrogenative polymerization and higher ar-
omaticity of char [21,34]. The molar N/C ratio declines significantly
with increasing pyrolysis temperature and RS proportion, which sug-
gests the reduction of the N-related functional groups on the surface of
the char [44]. Similar results have been observed in the pyrolysis of
municipal sludge [14].

3.3. Surface morphology and porosity

The variations in the surface morphology of the samples after pyr-
olysis are shown in Fig. 3. There are many dense blocks relative to the
inorganic condensed phase in IS and smooth lamellae in RS, indicating
that the feedstocks have an undeveloped pore structure. These dense
blocks in IS are broken up into small lumps after co-pyrolysis and the
number of pores on the surfaces of the char samples increases sig-
nificantly with an increase in temperature. Furthermore, adding RS has
a positive effect on the formation of loose and developed surface
morphology. This is because the gases produced by the thorough de-
composition of organic matter can extend the pore structure of char at
high pyrolysis temperatures [24,35].

The N2 adsorption/desorption isotherms exhibit the type IV iso-
therm related to physical adsorption, and their loops belong to the H3
type, according to the classification of the International Union of Pure
and Applied Chemistry (Fig. S2), which indicates the existence of a slit-
like mesoporous structure in the char [24,45]. The specific surface area
of the char presents an increasing trend with rising temperature
(Table 2). Similarly, adding RS has a positive effect on the development
of the porosity and specific surface area of the char (25.1 m2/g for
S1R0−600 to 117.2 m2/g for S3R2−600). Accordingly, the enhance-
ment in char specific surface area causes an increase in the pore volume
and a decrease in the average pore diameter. The variations in the
porosity of char also verify the changes in surface morphology. In
particular, addition of 20 and 40 wt.% of RS can bring remarkable
improvement in the BET specific surface area with 2.83 and 5.04 times
increases, compared with that of IS, respectively, suggesting better
application in wastewater treatment.

3.4. Fourier transform infrared spectra

Among all spectra, many bonded functional groups can be observed
in the spectra of raw materials (Fig. 4). The specific stretching vibra-
tions appear at approximately 3600 cm−1 (eOH from mineral matter),
3400 cm−1 (eOH from hydroxyl or carboxyl), 2950 cm−1 (aliphatic
eCH asymmetric stretch), 2850 cm−1 (aliphatic eCH symmetric
stretch), 1625 cm−1 (eCONH– and C]O in amide groups and C]C),

Fig. 2. Triangle plot of proximate analysis results for char (dash arrows show the trend with rising pyrolysis temperature and solid arrow indicates the trend with
rising rice straw proportion).
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1050 cm−1 (aromatic CeOeC), 800 cm−1 (aromatic groups and het-
eroaromatic compounds), and 400–600 cm−1 (metal halogen groups)
[16,23,36,45]. RS has stronger stretching vibrations of aliphatic eCH
compared with IS spectrum as a result of its large lignocellulose con-
tent. The broad peak of amide groups is derived from the presence of
protein or amino acid in IS. Moreover, the evident peak at 800 cm−1

from IS suggests more metallic groups existed in organic and inorganic
halogens compounds, which is the main difference between sludge and
other plants materials [44]. After the preparation of char, stretching
vibrations remained largely, but the intensities of the surface functional
groups become significantly weaker, which is related to the dehydra-
tion and decarboxylation reactions [28]. The intensity of the broad

Fig. 3. Surface morphology of feedstocks and char samples.
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band from eOH deceasing significantly suggests that a larger amount of
free and associated hydroxyl or carboxyl groups are decomposed after
pyrolysis. This has been observed in municipal sludge and manure
[39,44]. The disappearance of the aliphatic eCH vibration can be at-
tributed to the conversion of organic fatty hydrocarbons into aromatic
structures, or CO2, CH4, and other gases [21]. The decrease in the
eCOeNHe vibration intensity in char verifies the variation of N con-
tent and N/C (Table 1). The excursion of the eCOeNHe vibration after
co-pyrolysis suggests its complexation with HMs during pyrolysis [46].
The decrease in aromatic CeOeC intensity involves the breakage of the
aromatic CeO linkages, volatilization of oxygen in different com-
pounds, and poly-condensation of the aromatic structure [44]. The in-
crease in the intensity of the aromatic groups with increasing tem-
perature suggests that it can provide π electrons and promote strong
bonding with the HM cations [7]. Based on the aforementioned dis-
cussion, pyrolysis temperature has a greater impact on the surface
functional groups compared with the addition of RS and in particular,
the catalysis action of high ash content in IS will facilitate the decom-
position of these groups [28]. However, the char obtained with abun-
dant CeOeC is beneficial to the removal of organic pollutants in
wastewater [47].

3.5. Heavy metals in char

The order of HM concentrations in IS is as follows:
Zn > Cr > Cu > Ni > Pb > Cd (Table S1). Generally, the con-
centrations of some HMs in IS from different industries can reach high
levels. In the present study, the concentration of Zn in IS is extremely
high (> 12,000 mg/kg), whereas the other HM concentrations are
lower than 300 mg/kg. This is because large amounts of ZnSO4 are
added in the process of the fabrication of fibrous materials. In parti-
cular, the Zn concentration has far exceeded the threshold value
regulated by the Chinese Standard (GB/T 23485−2009: Quality of
sludge for co-landfilling) and those reported by municipal sludge
[21,35]. However, the concentrations of Cr, Ni, Cu, Cd, and Pb are
lower than other IS from electronic and pharmaceutical industries

[18,28], and therefore, the direct landfills of this IS will bring potential
Zn pollution to the environment. After char preparation, the Cr, Ni, Cu,
and Zn concentrations in the samples present an increasing trend with
rising temperature (Fig. 5a). These results may be due to the lower
losses in the weight of the HMs than those of the organic matter, in-
cluding large amounts of C, H, and N that result in the enrichment of
HMs in the char matrix [7]. Additionally, the concentrations of HMs
(except Cd) in char decrease significantly with the increasing ratio of RS
addition (Fig. 5b), owing to the dilution effect of RS, including low
contents of HMs. Specifically, the Zn concentration in S3R2−600 de-
creases by 22.56 % compared with that of S1R0−600. However, Zn
concentrations in the char samples obtained after the addition of RS still
exceed GB/T 23485−2009, and hence, it is important for assessing the
speciation distribution and leaching toxicity of HMs.

The residual rates of HMs (except Cd) in char are higher than 80 %

Table 2
Pore properties of industrial sludge and char samples.

Sample BET specific surface
area (m2/g)

Total pore volume
(cm3/g)

Average pore
diameter (nm)

IS 19.4 0.07 14.7
S4R1−400 24.8 0.08 13.1
S4R1−500 33.5 0.08 9.8
S1R0−600 25.1 0.07 11.1
S9R1−600 44.8 0.08 7.3
S4R1−600 74.3 0.10 5.1
S3R2−600 117.2 0.12 4.0

Fig. 4. Fourier transform infrared spectra of feedstocks and char samples.

Fig. 5. (a-b) Total concentrations and (c) residual rates of heavy metals in in-
dustrial sludge and char samples. a: the samples were obtained at different
temperatures for the mixture of industrial sludge and rice straw (4:1, w/w); b:
the samples were obtained from different rice straw proportions at 600 °C.
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(Fig. 5c), indicating that these HMs mainly remain in the solid product
after pyrolysis. However, the residual rate of Cd is below 40 % when the
temperature reaches 600 °C. It was reported that Cd bound to carbonate
was easily volatilized during pyrolysis, and similar results can be found
in textile dyeing sludge [16]. Moreover, a higher pyrolysis temperature
decreases the residual rates of HMs in the char owing to the migration
of HMs into other phases. Moderate RS addition can promote the re-
tention of HMs (except Cd) in char and decrease the emission of metal
vapor through adsorption by the pore structure [18], which has rarely
been reported in the study of sludge and biomass. However, a greater
RS proportion (S3R2−600) would cause a decrease in the residual rates
of HMs as a result of the formation of metal chlorides with high content
of volatiles [37].

The environmental impact of char samples is directly determined by
the speciation distributions of HMs. The F1 and F2 fractions can be
adsorbed on the particle surface or combined with carbonates and
Fe–Mn hydroxides, demonstrating high biotoxicity in the environment
and therefore, they are recognized as bioavailable fractions. The F3
fraction is bound with sulfides or organic matter, and the F4 is occluded
in crystalline structures, which is considered a stable fraction [26], and
thus, the stability of HM speciation is ranked as follows: F4 > F3 >
F2 > F1. Fig. 6 shows the changes in the HM speciation in the IS and
char samples. The F3 fractions of Cr, Ni, and Cu in IS have high pro-
portions (35.05 %, 45.82 %, and 37.49 %, respectively), and the
F1 + F2 fractions of Zn and Cd reach 55.17 % and 35.88 %, respec-
tively. Similar results were also reported in textile dyeing sludge [16].
However, Pb is primarily distributed to the stable F4 fraction (> 97 %),
in agreement with previous research on municipal sludge [7]. These

results indicate a high potential risk of IS without proper treatment.
After char preparation, the F3 fraction of Cr and the F1 + F2 fractions
of Zn and Cd decrease substantially with an increase in temperature.
Simultaneously, the F4 fractions of Cr, Zn, and Cd exhibit an increasing
trend, because unstable HMs in IS are first dissolved and then bound
with the crystal lattices to form a more stable state during pyrolysis
[48]. The densification of the char after the decomposition of organic
matter causes an increase in the F3 fractions of Ni and Cu [18]. Fur-
thermore, the speciation of each HM has different variations after the
addition of RS. Specifically, the F1 + F2 fraction of Zn decreases from
41.81 % for S1R0−600 to 35.6 % for S4R1−600, with the F4 fraction
increasing from 29.10% to 39.99%. The F1 + F2 fraction of Cd de-
creases from 28.67 % to 5.87 % as the RS proportion increases to 40 %.
Accordingly, the F4 fraction of Cd increases from 29.99 % to 75.85 %.
The F3 fraction of Cu decreases slightly, and the F4 fraction increases
after RS addition. These results can be explained due to the released
HMs being entrapped by the enlarged structure of biomass, or chelated
with some functional groups and inorganic substances [14,49]. While
Jin et al. [14] found that bamboo sawdust substantially increased the
F4 fractions of Cr and Pb in municipal sludge char, something was not
observed in the present study due to high F4 percentage for Cr and Pb in
IS. Furthermore, the increases in F1 fraction for Cu and Zn with more
RS addition is due to the formation of metal chloride [18], which is
different from the effects of other types of biomass (cotton stalks and
bamboo sawdust) on HM immobilization [14,50].

3.6. Relationship of heavy metals with char properties

The crystallographic structure of Zn was investigated because of the
high concentration of Zn in IS (Fig. S3). The main inorganic compounds
are SiO2 and AlPO4 in the feedstock, which is verified in the properties
of high ash content in IS [43]. Furthermore, the crystallographic species
of Zn are mainly related to the compounds bound with Fe, Mn, and S
(Wurtzite-2 H) [18]. The inorganic composition in char exhibits an in-
significant change after char preparation, which suggests that the for-
mation of new stable crystal phases is not the main reason for Zn im-
mobilization at the low temperature of 600 °C. The Pearson correlation
coefficient can reflect the degree of correlation between the HM spe-
ciation and the characteristics of the sample. The larger absolute value
indicates a stronger correlation (Fig. 7). The pH shows significant ne-
gative correlations with the F1 + F2 fractions of Cr, Zn, Cd, and Pb
(Fig. 7a) and positive correlations with the F4 fractions of Cr and Cd
(Fig. 7c). However, the increase in pH inhibits the stability of Ni spe-
ciation as a result of the significant positive correlation with the F3
fraction (Fig. 7b) and significant negative correlation with the F4
fraction. A similar result was also found in municipal sludge [7]. There
is a significant positive correlation with the F4 fraction of Cr for the ash
content in char because some oxides and mineral residue related to
metals are immobilized in char as ash content [44]. A significant cor-
relation cannot be found between ash content and the F4 fraction of Zn,
which has been verified by crystallographic analysis. H/C shows sig-
nificant positive correlations with the F1 + F2 fractions of Cr, Zn, and
Cd and a negative correlation with the F3 fraction of Pb. For the BET
specific surface area, there are marked negative correlations with the
F1 + F2 fraction and F3 fraction of Cd and a positive correlation with
the F4 fraction. Other HM speciations exhibit insignificant correlations
with specific surface area as a result of the high residual rates in char.
According to this analysis, the promotion of RS on HM immobilization
during IS pyrolysis can be summarized as follows: (1) RS can decrease
the dissolution of HM by increasing the alkalinity of char, (2) the for-
mation of an aromatic structure has a positive influence on HM stabi-
lity, and (3) the greater specific surface area allows better contact

Fig. 6. Speciation distributions of heavy metals in industrial sludge and char
samples. a: the samples were obtained at different temperatures; b: the samples
were obtained from different rice straw proportions.
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between the liquid and solid particle and can decrease the leaching of
HMs after the addition of RS [15,18,37].

3.7. Risk assessment of char

The leaching concentration of Zn in IS is extremely high
(152.228 mg/L), exceeding the threshold value from the Chinese
National Standard (GB-5085.3–2007), listed in Table 3. This suggests
that IS would be restricted for application in the environment. The
leaching concentrations of Cr, Ni, and Zn in char substantially decrease
after char preparation, and moderate RS addition (< 40 %) can further
reduce the leaching toxicity of these HMs. The increase in Cu leaching
efficiency for char obtained at 400–500 °C can be attributed to the
formation of metal chloride [18]. In addition, the leaching concentra-
tions of Cd and Pb have extremely low levels (< 0.01 mg/L). In parti-
cular, S4R1−600 has the lowest leaching toxicity of HMs and satisfies
the requirements of GB-5085.3–2007, which suggests that this im-
proved char can be applied safely in the construction and adsorption
field.

The environmental influence of HMs in char derived from the co-
pyrolysis of IS with RS can be analyzed through potential ecological risk
assessment, which is determined by the summation of the risk indices of
HMs [16]. The Cf values of Zn and Cd in IS reach 3.01 and 3.08, re-
spectively, indicating their moderate contamination levels (Fig. 8). The
Cf value of Ni in IS is 1.43, suggesting a low contamination level. The Cf

values of the other HMs have negligible contamination levels (lower
than 1.0) and furthermore, the Er value of Cd (92.35) in IS indicates its
considerable ecological level. The RI of IS reaches 108.28, contributed
mainly by Cd (85.29 %) and has a considerable contamination level.
After the preparation of char, the Cf and Er values of Cr, Zn, and Cd
decrease significantly, and the addition of RS can further reduce the
potential ecological level of HMs. However, the Er value of Ni presents
an increasing trend after pyrolysis, although still at a low ecological
level. These results are in accordance with those of the HM speciation.
Simultaneously, the RI values of HMs in char decrease markedly with
increasing pyrolysis temperature and moderate RS proportion. The RI of
the HMs in S4R1−600 exhibits the lowest value of 37.75, with a low
contamination level.

4. Conclusions

This study was conducted for the treatment of IS with high ash and
HM contents by co-pyrolysis with RS. After co-pyrolysis, the ash content
is decreased and the thermal stability, aromaticity, and pore structure
of char are increased, due to the high organic contents in RS. In addi-
tion, the reduction in HM concentrations in char was observed after the
addition of RS due to the dilution effect. Moderate addition of RS can
promote the retention of HMs in char and decrease the emission of
metal vapor. A higher pyrolysis temperature and suitable RS proportion
can also promote the transformation of Cr, Zn, and Cd from the bioa-
vailable states to more stable forms, because of the higher alkalinity,
aromaticity, and specific surface area of char. In summary, 600 °C and
an RS addition of 20 % are the optimal conditions, and the obtained
char has better application potential, with low leaching toxicity and
potential ecological risk of HM.
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