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Thermal gradient-driven heavy metal speciation
and risk evolution in municipal and industrial
sludge: a 300-700 °C pyrolysis perspective

Ke Zhao, (23" Chundi Si,**® Pei Zhang® and Yaning Cui®®

This work investigated the effect of pyrolysis temperatures (300-700 °C) on the speciation distribution and
environmental risks of heavy metals (Cu, Zn, Pb, Cd, Ni, Cr) in biochar derived from municipal sludge (MS)
and industrial sludge (IS). Through analyses of characterization, heavy metal content, sequential extraction
experiment, leaching experiments, and ecological risk assessment, high-temperature pyrolysis promoted
the migration of heavy metals into stable forms. The stabilization mechanism primarily relied on the
increased specific surface area and porosity of biochar, leading to surface adsorption and pore-filling
effects. In contrast, the stabilization of Cu and Ni under low-temperature pyrolysis was closely
associated with complexation involving N/O-containing functional groups. The leaching concentration
of heavy metals in pyrolytic biochar exhibited a gradual decrease with increasing pyrolysis temperature,
and the potential ecological risk index decreased compared to raw sludge. The results demonstrated
that high-temperature pyrolysis technology can effectively achieve the stabilization and resource
recovery of heavy metals in sludge.

1 Introduction

In recent years, with the increasing number and scale of
wastewater treatment plants in China, the discharge of residual
sludge has continued to rise.* In 2015, the municipal sludge
output in China reached 35 million tons, and it is projected to
increase to 60-90 million tons by 2020.> The composition of
sludge from urban wastewater treatment plants is highly
diverse, potentially containing large quantities of pathogens,
inorganic or organic toxic pollutants (such as trace metals and
polycyclic aromatic hydrocarbons), which exhibit characteris-
tics of high toxicity, long latency periods, and a tendency to
accumulate in the food chain.?® For example, the accumulation
of the heavy metal copper (Cu) in the human body can disrupt
cerebral copper metabolism and accelerate the progression of
Alzheimer's and Parkinson's diseases.*® Therefore, the harm-
less treatment of sludge is of utmost importance. Currently, the
primary disposal methods for residual sludge in China include
landfilling, composting, natural drying, and incineration.®’
Among these techniques, landfilling and composting may
severely contaminate groundwater and soil; natural drying fails
to effectively remove hazardous substances from sludge; and
incineration generates large amounts of harmful gases,
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polluting the environment.? Pyrolysis is a widely applied solid
waste treatment technology that decomposes organic materials
under oxygen-free conditions into liquid, solid, and volatile
products.” It can effectively degrade organic pollutants in
sludge, sterilize pathogens, immobilize heavy metals, and ach-
ieve volume reduction.

In recent years, sludge biochar with high stability, tunable
porous structure, and easy surface modification has been
employed for the removal of various pollutants.’**> However,
studies have shown that the majority of heavy metals in sludge
remain in the biochar after pyrolysis, limiting its further
application.*" Devi et al' found that biochar derived from
paper mill sludge is rich in heavy metals, primarily Cd, Cr, Cu,
Ni, Pb, and Zn. The migration behavior of heavy metals during
pyrolysis and found that the alkalinity of biochar enhances the
immobilization of endogenous heavy metals, thereby reducing
their environmental risks during application.” In terms of
environmental effect assessment, total metal content can indi-
cate the overall levels and mobility of metals in sludge.
However, the bioavailability and associated ecotoxicity of heavy
metals largely depend on their specific chemical forms or
binding states.'® To effectively determine metal speciation, the
Bureau Community of Reference (BCR) proposed a three-step
sequential extraction method, which classifies extracted metal
forms into four categories: (1) exchangeable and carbonate-
bound fractions, referred to as bioavailable forms; (2) reduc-
ible forms; (3) organic and sulfide-bound forms, referred to as
oxidizable forms; and (4) silicate lattice or crystalline forms,
referred to as residual forms.>*'* Among these, the residual
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fraction of heavy metals is stable and exhibits low environ-
mental toxicity, while the acid-extractable and reducible frac-
tions are unstable and pose higher environmental risks.
Studies have found that the speciation of heavy metals
undergoes transformation during sludge pyrolysis, promoting
the conversion of unstable forms into more stable ones.®**** Ji
et al® demonstrated that increasing pyrolysis temperature
facilitates metal stabilization, with significant decreases in the
percentages of acid-extractable and reducible fractions and
notable increases in oxidizable and residual fractions, which
predominantly exist in biochar. Li et al.” also confirmed that
during sludge pyrolysis, a substantial portion of heavy metals
can migrate from bioavailable fractions to more stable
fractions.

This study systematically investigates the migration
patterns, speciation distribution characteristics, and dominant
stabilization mechanisms of Cd, Cu, Cr, Ni, Zn, and Pb at
different pyrolysis temperatures (300-700 °C) using municipal
sludge (MS) and industrial sludge (IS) as subjects. By integrating
physicochemical characterization, sequential extraction, and
leaching experiments, the study quantitatively analyzes the
transformation pathways of heavy metals. Furthermore, risk
assessment indices and potential ecological risk indices are
employed to evaluate the ecotoxicity of sludge-derived biochar
for resource utilization. The research aims to clarify the regu-
latory role of pyrolysis temperature on the environmental
behavior of heavy metals, providing multidimensional theoret-
ical support for the safe resource utilization of sludge.

Table 1 The BCR three-step sequential extraction method
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2 Materials and methods
2.1 Determination of heavy metal content

Approximately 0.1 g of the sample was accurately weighed and
placed in a polytetrafluoroethylene digestion vessel. Then,
10 mL of HCI was added for pre-digestion for over 10 h.
Subsequently, 5 mL of HNOj3, 5 mL of HF, and 2 mL of HCIO,
were added. The vessel was sealed and heated on an electric
hotplate at 110 °C for 1.5-2 h. After removing the lid to expel
yellow fumes, the temperature was raised to 130 °C until the
solution evaporated to approximately 1 mL. Upon cooling to
room temperature, 1 mL of 50% HNO; solution was added, and
the mixture was transferred to a 50 mL colorimetric tube for
volume adjustment. The solution was filtered through a 0.22 pm
nylon membrane, and the concentrations of Zn, Cr, Cu, Pb, Ni,
and Cd in the filtrate were determined using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Shimadzu ICPE-
9000, Japan).

2.1.1 Sequential experiment. A modified
sequential extraction method proposed by the European
Communities Bureau of Reference (BCR) was employed for the
sequential extraction of heavy metals in sludge and biochar.***
According to this method (Table 1), heavy metal speciation was
classified into three categories: (1) bioavailable fraction (F1) and
reducible fraction (F2): these fractions exhibit high bioavail-
ability or direct ecotoxicity; (2) oxidizable fraction (F3): this
fraction has potential bioavailability and can be leached under
highly acidic or oxidizing conditions; (3) residual fraction (F4):

extraction

Step Speciation

Method

I Bioavailable fraction (F1)

I Reducible fraction (F2)

111 Oxidizable fraction (F3)

v Residual fraction (F4)

© 2025 The Author(s). Published by the Royal Society of Chemistry

Briefly, 0.50 g of sample was placed into a plastic
centrifuge tube, followed by the addition of

30 mL of 0.11 mol L ™" acetic acid solution. The
mixture was shaken on a rotary shaker for 16 h
and then centrifuged at 3000 r min~". The
supernatant was collected, filtered through

a 0.45 pm membrane, diluted, and subsequently
analyzed. The remaining residue was washed by
adding 20 mL of deionized water, shaking for
20 min, and centrifuging to remove the
supernatant, in order to eliminate residual
acetic acid from the solid fraction prior to the
next extraction step

The residue obtained from step I was treated
with 30 mL of 0.1 mol L™! NH,OH HClI solution,
and the subsequent procedures were carried out
in the same manner as in step I

The residue obtained from step II was treated
with 6 mL of 8.8 mol L™ ! H,0, solution and left
to stand at room temperature for 1 h. It was then
subjected to a water bath at (85 & 2) °C until
evaporation was complete. After cooling to room
temperature, 30 mL of 1.0 mol L™ NH,Ac
solution (pH = 2) was added, and the
subsequent procedures were carried out in the
same manner as in step I

Subtraction method
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this fraction is non-bioavailable, resistant to leaching or
degradation, and considered to have negligible ecotoxicity or
bioavailability.

2.1.2 Leaching experiment. The toxicity characteristic
leaching procedure (TCLP), recommended by the U.S. Envi-
ronmental Protection Agency (EPA), was used to determine
leaching concentrations.” An extraction solution (pH 2.88 +
0.05) was prepared using glacial acetic acid. A liquid-to-solid
ratio of 20:1 was maintained, and the mixture was shaken at
200 rpm for 18 £ 2 h at 25 °C. After centrifugation and filtration,
the heavy metal concentrations in the filtrate were measured.

2.1.3 Heavy metal risk assessment methods. The descrip-
tions of the risk assessment index and the potential ecological
risk Index were provided in the SI.

3 Results and discussion
3.1 Characterization of biochar

3.1.1 Surface morphology analysis. The surfaces (Fig. 1) of
both raw sludge types exhibited an uneven texture. The
municipal sludge (MS) displayed relatively underdeveloped
pore structures, while the industrial sludge (IS) featured more
pronounced grooves. As pyrolysis temperature increased, both
sludge types gradually fragmented into smaller particulate
structures.

The pH (Table 2) of MS was 6.85, and that of IS was 6.97, both
weakly acidic. When pyrolysis temperature rose to 700 °C, the
pH of MS and IS pyrolysis products increased to 8.45 and 9.52,
respectively. This alkalization phenomenon was closely associ-
ated with the formation of alkaline substances (e.g., metal
oxides, carbonates, or alkaline ash) during high-temperature
pyrolysis. Notably, IS exhibited a more significant pH
increase, likely due to its higher content of precursors (e.g,
calcium and magnesium salts) convertible to alkaline
compounds.’” The elevated pH promoted the precipitation of
some heavy metals as hydroxides, which further decomposed
into metal oxides during pyrolysis, enhancing heavy metal
stabilization.”

Ash content (Table 2) showed a monotonic increase with
rising pyrolysis temperature. For MS, ash content increased
from 56.74% in raw sludge to 75.42% at 700 °C, while IS ash
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content rose from 64.73% to 81.43%. This trend reflected the
volatilization and decomposition of organic components
during pyrolysis, resulting in the relative enrichment of inor-
ganic residues (e.g., silicates, metal oxides).** Notably, IS
consistently exhibited higher ash content than MS across all
temperatures, suggesting either higher initial inorganic
content. These differences may stem from sludge sources (e.g.,
industrial sludge containing more inorganic additives).*

3.1.2 Elemental composition. With increasing pyrolysis
temperature, the contents (Table 2) of C, H, N, S, and O in
sludge gradually decreased. For MS, C content dropped from
23.69% to 14.06% at 700 °C, while IS decreased from 19.86% to
12.26%. C loss primarily resulted from the cracking of aliphatic
and aromatic organic compounds into gaseous products (e.g.,
CO, CO,, or CH,).° H reduction indicated intensified dehydro-
genation and aromatization reactions, while rapid O loss was
directly linked to the thermal removal of oxygen-containing
functional groups.* Declines in N and S were attributed to
the thermal decomposition of proteins and sulfur-containing
compounds, releasing gases such as NH; and SO,.*** The H/C
ratios of MS and IS decreased from 0.073 and 0.083 to 0.042
and 0.051, respectively, at 700 °C, signifying enhanced carbon
skeleton aromatization and the conversion of aliphatic struc-
tures into polycyclic aromatic hydrocarbons.***¢ IS consistently
exhibited lower H/C ratios than MS, indicating higher aroma-
tization degrees in its pyrolysis products.

3.1.3 Porosity and surface properties. In Table 2, the
specific surface area (SSA) of MS increased dramatically from
12.87 m* ¢! to 105.34 m* g~ ! at 700 °C, whereas IS only rose
from 5.69 m”> g~ ' to 48.46 m” g~ ". The high SSA of MS-derived
biochar originated from microporous structures formed via
intense volatile release at high temperatures, while IS's lower
values likely resulted from pore blockage caused by its high ash
content (81.43%). Pore volume (PV) expanded from 0.023 cm?
¢ ' t00.371 cm® g~ for MS and from 0.008 cm® g~ t0 0.103 cm?
g~ * for IS, suggesting that MS pyrolysis favored the development
of interconnected hierarchical pore structures.'® The average
pore diameters (PD) of both sludge types initially increased
before decreasing, peaking at 300 °C (12.92 nm for MS;
10.49 nm for IS). At 700 °C, average pore diameters reduced to
3.61 nm (MS) and 5.40 nm (IS), with differences potentially

Fig. 1 Morphology of sludge and its pyrolysis products ((a): MS, (b): MS300, (c): MS500, (d): MS700, (e): IS, (f): IS300, (g): IS500, (h): IS700).
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Table 2 Analysis of physicochemical properties of different types of sludge and their pyrolysis products

MS MS300 MS500 MS700 IS 1S300 1S500 1S700
pH 6.85 7.41 7.93 8.45 6.97 7.68 8.59 9.52
Ash (%) 56.74 64.53 71.4 75.42 64.73 72.03 76.94 81.43
C (%) 23.69 19.75 16.23 14.06 19.86 17.72 15.09 12.26
H (%) 1.96 1.34 0.86 0.72 1.43 0.95 0.67 0.51
0 (%) 11.53 9.94 8.26 6.88 9.56 5.62 4.12 3.51
N (%) 3.72 2.59 2.04 1.85 2.56 2.04 1.73 1.43
S (%) 2.36 1.85 1.21 1.07 1.86 1.64 1.45 0.86
H/C 0.072 0.054 0.044 0.042 0.083 0.068 0.053 0.051
SSA (m* g™ 12.87 57.91 89.24 105.34 5.69 23.07 34.73 48.46
PV (em®g™") 0.023 0.094 0.238 0.371 0.008 0.016 0.084 0.103
PD (nm) 6.74 12.92 6.34 3.61 9.35 10.49 8.62 5.40

linked to more vigorous organic decomposition-condensation
reactions in MS, while IS's ash content may had inhibited
micropore formation.>"’

3.1.4 FTIR and XRD analysis. Based on FTIR analysis
(Fig. 2a and b), all biochars exhibited a broad peak at 3430 cm ™"
attributed to —~OH stretching vibrations, which diminished with
rising pyrolysis temperature, indicating decomposition of
hydroxyl groups (-OH) associated with water, alcohols, and
carboxylic acids.®* The peak at ~2922 cm ™', assigned to -CH,
stretching vibrations, confirmed aliphatic carbon structures.
This peak disappeared at =500 °C, demonstrating the decom-
position of aliphatic hydrocarbons into gases (e.g., CO,, methyl
hydrides) or their conversion to aromatic structures.'”” The C=0

stretching vibration peak at 1656 cm ™" shifted to 1620 cm ™" at

700 °C, suggesting potential complexation between C=0 and
heavy metals.® The C-O stretching vibration peak at 1421 cm ™"
gradually weakened with temperature.*” The peak at 1040 cm ™
corresponded to C-O or Si-O stretching vibrations, consistent
with high silica content in raw sludge.'®* Aromatic C-H
bending vibrations at 782 cm™ ' and 695 cm ™" intensified at
higher temperatures, confirming the formation of aromatic ring
structures.” Peaks at 470 cm ™" and 530 cm™ " were assigned to
Al-O-Si bending vibrations, which may react with heavy metals
to form silicate precipitates, enhancing stabilization.®

XRD analysis (Fig. 2c and d) identified SiO, (PDF#46-1045)
and gismondine (PDF#20-0452) as the primary crystalline
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Fig. 2 FTIR ((@) MS and (b) IS) and XRD ((c) MS and (d) IS) analysis of different types of sludge and their pyrolysis products.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 43932-43940 | 43935


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04990c

Open Access Article. Published on 11 November 2025. Downloaded on 1/20/2026 4:36:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a) 300 T
vz ms
250 | MS30 &
52" EI mss00 |
S  1Ms700 N
€ 200+ AN
= 7
c : AN
(<} N| AN
= E AN 757
5 7NN N AN
c ‘ 7
NP
8 100- N7\
: L E
o AN AN VAN AN g N
50 AN OAN V4N V4N AN
. VAN 79N VAN AN PAN
N
o LEAN VAN VN VAN VAN VAN

Cd Cu Cr Ni Zn Pb

View Article Online

Paper
(b) 1500 =
A s

1200

(o]

E

c 900

S

g

E 600+

[0]

o

c

3 3001

o
I

Fig. 3 Analysis of heavy metal content in sludge at different pyrolysis temperatures ((a) MS and (b) IS).

minerals in both sludge types and pyrolysis products.>**
Notably, CaCO; (PDF#05-0586) was detected in IS-derived
samples, further evidencing its higher inorganic content.*®

3.2 Analysis of heavy metals in sludge and pyrolysis products

3.2.1 Heavy metal content analysis. In MS (Fig. 3a), the
total heavy metal content followed the order Cd > Cu > Cr > Ni >
Zn > Pb, with Zn exhibiting a considerably higher concentration
(159.98 mg kg 1), likely due to the widespread use of galvanized
pipes in China's municipal drainage systems. In IS (Fig. 3b), the
order was Cu > Pb > Zn > Ni > Pb > Cd, with concentrations
substantially higher than those in MS. As pyrolysis temperature
increased, the total content of Cd, Ni, Zn, and Pb in pyrolysis
products showed an upward trend, primarily because the vola-
tilization of water and organic matter at higher temperatures
resulted in the relative enrichment of heavy metals in the ash
fraction.?® In contrast, Cr and Cu exhibited an initial increase
followed by a decrease, peaking at 500 °C, likely due to the
volatilization of heavy metals with pyrolysis gases under high-
temperature conditions.” In MS, Zn was the most abundant
metal, reaching a maximum of 258.54 mg kg™ " at 700 °C. In IS,
Cu reached its highest concentration (969.01 mg kg™ ') at 500 ©
C. Notably, the total amount of heavy metals in the pyrolysis
product may be higher than that in the original sludge, likely
due to the enrichment of heavy metals in the residue as a result
of organic matter volatilization.*'®

3.2.2 Heavy metal speciation analysis. The chemical
speciation of heavy metals represents the most critical factor
controlling bioavailability and ecotoxicity. In MS (Fig. 4a) and IS
(Fig. 4b), the bioavailable fractions (F1 + F2) of heavy metal
accounted for 15-55% and 20-78%, respectively, indicating
potential environmental risks in raw sludge. During pyrolysis,
the proportion of stable fractions (F3 + F4) for Cd, Cu, Cr, Ni, Zn,
and Pb increased to varying degrees, suggesting reduced envi-
ronmental risks in pyrolysis production.” In MS, the F4 of Cd,
Cr, Zn, and Pb increased with temperature, while Ni's residual
fraction decreased, indicating its transformation from stable to
unstable forms under high temperatures. Cu's residual fraction
remained nearly unchanged, but oxidizable fraction (F3)
increased from 37.28% to 45.53%. Similarly, the F3 fractions of
Ni and Zn also rose with temperature, possibly due to the
decomposition of Fe/Mn oxides (F4 fraction) into oxidizable

43936 | RSC Adv, 2025, 15, 43932-43940

forms under high temperatures. Compared to F4, F3 is less
stable and may readily convert to bioavailable forms under
oxidizing conditions.*>** In IS pyrolysis products, the residual
fractions of Cd, Cr, Zn, and Pb increased with temperature,
indicating their transformation from unstable to stable forms,
favoring immobilization. For Cu, the bioavailable fraction (F1 +
F2) decreased, while F3 increased, and F4 initially rose before
stabilizing, suggesting Cu's conversion from bioavailable to
oxidizable forms. Ni exhibited a similar speciation trend to
MS‘21,23

Combined with FTIR results (Fig. 2), heavy metals not only
complexed with functional groups (-OH, C-O, C=0) on biochar
surfaces but also interacted with m-electrons from aromatic
groups to enhance stabilization.” However, MS and pyrolysis
products contained higher N and O functional groups than IS,
implying that m-electron interactions and functional group
complexation were not the dominant mechanisms for increased
stable fractions of Cd, Cr, Pb, and Zn.* Previous research sug-
gested that the rise in stable fractions correlates with increased
biochar surface area and pore structure.’ In this study, the
significant enhancement of surface area and pore volume with
temperature highlights surface adsorption and pore-filling as
the primary stabilization mechanisms. Except for Cu and Ni,
the F4 fraction of heavy metals increased with pyrolysis
temperature, demonstrating the potential of co-pyrolysis to
directly convert unstable fractions into safer residual forms.*>*
In contrast, Ni's stable fraction decreased with temperature,
indicating that low-temperature pyrolysis was more effective for
Ni stabilization. FTIR and elemental analysis revealed
declining N and O content with temperature, suggesting func-
tional group complexation as the key mechanism for Ni stabi-
lization in biochar.*"”

In summary, high-temperature pyrolysis significantly
reduced the proportion of unstable heavy metal fractions,
passivating their environmental risks. Mineral phase trans-
formations, m-electron interactions, functional group
complexation, surface adsorption, and pore-filling collectively
enhanced heavy metal stabilization. For Cd, Cu, Cr, Pb, and Zn,
surface adsorption and pore-filling driven by increased surface
area and porosity dominated stabilization, while N/O functional
group complexation primarily contributed to Ni stabilization at
low temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Morphological analysis of heavy metals in sludge at different pyrolysis temperatures ((a): MS and (b): IS).

3.2.3 Heavy metal leaching analysis. As shown in Table 3,
the leaching concentrations of heavy metals generally decreased
after pyrolysis in both MS and IS, though variations existed

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

among metals and temperatures. For MS, higher pyrolysis
temperatures reduced leaching concentrations of Cd, Cr, Zn,
and Pb, but Ni rebounded to 0.225 mg L™ at 700 °C. Cu's

RSC Adv, 2025, 15, 43932-43940 | 43937


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04990c

Open Access Article. Published on 11 November 2025. Downloaded on 1/20/2026 4:36:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 3 Analysis of the concentration of heavy metals in and out of
sludge at different pyrolysis temperatures

Cd Cu Cr Ni Zn Pb

MS 0.771 1.649 0.206 0.774 1.533 0.615
MS300 0.447 1.186 0.094 0.257 0.388 0.169
MS500 0.216 1.405 0.041 0.088 0.27 0.081
MS700 0.111 0.949 0.015 0.225 0.104 0.017

IS 2.540 2.542 1.222 3.472 4.132 1.553

1S300 1.870 1.816 0.162 2.847 3.267 0.484
1S500 0.757 1.445 0.068 1.983 2.015 0.246
1S700 0.339 0.935 0.014 1.126 1.856 0.063
China's identification standards 1 100 10 5 100 5

for hazardous wastes—toxicity

characteristic leaching procedure

(GB 5085.3-2007)

U.S. EPA threshold 1 15 5 5 5 5

leaching concentration fluctuated, initially decreasing, then
increasing, and finally decreasing again. However, all values for
MS and its pyrolysis products remained below the limits set by
China's Identification Standards for Hazardous Wastes—
Toxicity Characteristic Leaching Procedure (GB 5085.3-2007)
and the U.S. EPA threshold (Method 1311, 1990). In IS, leaching
concentrations of Cd, Cu, Cr, Ni, Zn, and Pb declined with rising
temperature, consistent with prior findings. Notably, the
leaching concentration of Cd in IS exceeded 1 mg L' but
dropped to 0.339 mg L™ " after high-temperature pyrolysis.

3.3 Risk assessment of heavy metal

3.3.1 Risk assessment code method. According to the
tabulated data, the pollution risks of heavy metals in both MS
and IS were significantly reduced after pyrolysis treatment,
though variations were observed among different metals and
sludge types. For MS (Table 4), as the pyrolysis temperature
increased from ambient to 700 °C, the RAC value of Cd dropped
sharply from 27.35 (medium risk, MR) to 0.15 (no risk, NR),
shifting its pollution level from “moderately high” to “non-
polluting,” demonstrating the excellent stabilization effect of
high temperatures on Cd. Similarly, the RAC values of Cr, Zn,
and Pb also decreased substantially with rising temperature,
with their risk categories all downgraded to NR or low risk (LR).
However, Ni in MS700 retained an RAC value of 7.06 (LR),
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indicating its relatively poor thermal stability. In IS, the initial
RAC value of Cd was notably high (32.94, MR) but decreased to
2.11 (LR) after 700 °C, though some residual risk remained. The
RAC value of Zn in IS700 improved significantly to 1.51 (LR)
compared to its original value of 18.59 (MR) in IS. However, Ni
exhibited the highest residual risk among all metals, with its
RAC value only declining from 19.74 to 8.65 (LR) under high-
temperature conditions. Notably, Cu performed exceptionally
well in both sludge types, with its RAC values reduced to NR or
LR at high temperatures, effectively eliminating pollution
risks.>*®

3.3.2 Potential ecological risk index method. The contam-
ination factors (Cy), ecological risk factors (), and risk indices
(Ry) of heavy metals in sludge and biochar were shown in Fig. 5.
According to the ecological risk assessment criteria (Table S1),
the environmental risk levels of heavy metals in sludge and
biochar were determined. In MS and IS, the C¢ values (Fig. 5a) of
Cd were 3.61 and 4.39, respectively, indicating high contami-
nation levels. The C¢values of Cu, Zn, and Pb ranged between 1-
3, suggesting low contamination levels in both MS and IS, while
Cr and Ni were classified as clean.”® With increasing pyrolysis
temperature, the C¢ values of Cd, Cu, Cr, Pb, and Zn gradually
decreased, demonstrating that pyrolysis effectively reduced the
risk levels of most heavy metals in sludge. However, the C¢value
of Ni in MS increased with pyrolysis temperature, whereas in IS,
it initially increased before decreasing. At 700 °C, the C¢ values
of all heavy metals in both MS and IS were below 1, reaching
clean levels. Previous studies had shown that the high Zn
content in raw sludge makes it difficult to reduce its risk level to
clean, highlighting the effectiveness of high-temperature
pyrolysis in mitigating heavy metal environmental risks.**"?

The E, values (Fig. 5b) of Cd in both raw sludges were at high
ecological risk levels, with IS exhibiting higher values than MS.
Most pyrolysis products showed E, values for Cd below 40,
indicating low ecological risk, except for 1S300, which ranged
between 40-80 (moderate risk). For other heavy metals, both
raw sludge and pyrolysis products had E; values below 40, cor-
responding to low ecological risk. The R; values (Fig. 5¢c) of MS
and IS peaked at 129.80 and 151.81, respectively, but decreased
significantly with increasing pyrolysis temperature, indicating
a substantial reduction in potential ecological risks. This
confirmed that high-temperature pyrolysis effectively lowered
the ecological risk levels of both municipal and industrial
sludge.

Table 4 Risk assessment code for sludge at different pyrolysis temperatures

Ccd Cu Cr Ni Zn Pb

RAC Level RAC Level RAC Level RAC Level RAC Level RAC Level
MS 27.35 MR 2.42 LR 15.68 MR 17.91 MR 15.53 MR 21.35 MR
MS300 10.73 MR 0.72 NR 7.52 LR 8.46 LR 9.65 LR 3.78 LR
MS500 3.71 LR 0.50 NR 0.52 NR 7.45 LR 0.94 NR 0.92 NR
MS700 0.15 NR 0.19 NR 0.32 NR 7.06 LR 0.36 NR 0.59 NR
IS 32.94 MR 8.31 LR 16.41 MR 19.74 MR 18.59 MR 28.69 MR
1S300 21.19 MR 1.24 LR 8.21 LR 9.69 LR 14.48 MR 8.80 LR
1S500 5.29 LR 1.15 LR 3.15 LR 9.45 LR 9.63 LR 4.44 LR
1S700 2.11 LR 0.32 NR 0.40 NR 8.65 LR 1.51 LR 2.60 LR
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Fig. 5 Evaluation of heavy metal ecological risk of sludge species at different pyrolysis temperatures ((a): Cy, (b): E, and (c): R).

4 Conclusions

This study elucidated the regulatory mechanisms of pyrolysis
temperature (300-700 °C) on the speciation transformation and
environmental risks of heavy metals in biochar derived from MS
and IS. High-temperature pyrolysis (700 °C) enhanced the
stabilization of Cd, Cr, Pb, and Zn by increasing biochar's
specific surface area and pore structure, with surface adsorption
and pore-filling as the dominant mechanisms. In contrast, the
stabilization of Cu and Ni at low pyrolysis temperatures (300-
500 °C) primarily relied on complexation with N/O-containing
functional groups. After pyrolysis, the proportions of bioavail-
able heavy metal fractions and leaching concentrations
decreased, while the potential ecological risk index was reduced
compared to raw sludge. These findings provided theoretical
and technical foundations for the safe disposal of sludge.
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