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This work utilizes pyrolysis technology to convert urban sludge into a pyrolyzed sludge at temperatures
ranging from 300 °C to 600 °C and investigates its potential application in cement-based materials. The
results showed that as the pyrolysis temperature increases, the yield of the pyrolyzed sludge decreases
(from 73.7% to 58.7%), while the ash content and specific surface area increase (specific surface area
increases from 11.9 m? g™t to 186.5 m? g~%). The pH shifts from neutral to alkaline (approximately 6.9 to
9.5), indicating that the product is more stable and possesses a good porous structure. Performance
tests reveal that untreated sludge significantly delays cement setting and reduces compressive strength
(with a 10% dosage, the 3 days strength is only 11.5 MPa), whereas pyrolyzed sludge significantly
improves mechanical properties. At an appropriate dosage, the 3 days strength
approximately 37%, and the 28 days strength improves by up to 35%. Pyrolyzed urban sludge (600 °C, 3—
5%) significantly improved splitting tensile strength, while untreated sludge and higher replacement ratios

increases by

reduced it. Environmental risk assessment shows that although the pyrolysis process concentrates heavy
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Accepted 12th January 2026 metals, the leaching concentrations of all metals in the concrete are well below the limits specified in GB

5085.3-2007, indicating that the environmental risks are controllable. In conclusion, pyrolysis not only

DOI: 10.1039/d5ra07550e enables the reduction and stabilization of sludge but also enhances its performance in concrete,
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1 Introduction

The quantity of sludge generated by urban sewage treatment
plants has increased rapidly with urbanization and the
construction of wastewater treatment facilities." Municipal
sludge typically contains high moisture, large amounts of
organic matter, and various inorganic components, as well as
pathogens and heavy metals.? If sludge is not properly treated,
conventional disposal options such as landfilling, land appli-
cation and simple incineration may cause secondary pollu-
tion.>* Landfilling occupies valuable land resources and may
lead to the leaching of organic contaminants and heavy metals
into soil and groundwater.® Land application can recycle
nutrients, but its long-term use is restricted by sanitary
concerns and the risk of heavy-metal accumulation.®” Inciner-
ation can significantly reduce the volume of sludge and recover
part of its energy content, but the process is energy-intensive
and the generated ash still requires safe disposal. Conse-
quently, achieving simultaneous stabilization, harmless treat-
ment and resource utilization of urban sludge has become
a critical issue in environmental engineering.
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demonstrating that pyrolyzed sludge is a feasible resource utilization approach as cement admixtures.

Among the various emerging sludge treatment technologies,
pyrolysis has attracted increasing attention due to its high
volume-reduction efficiency and its potential to convert sludge
into value-added products.*® During pyrolysis, organic matter
in the sludge is thermally decomposed under oxygen-limited
conditions, yielding a solid residue rich in mineral compo-
nents (sludge-derived biochar), together with gaseous and
liquid products.®' The solid pyrolyzed sludge can be used in
the construction industry as a cementitious or filler material,
enabling long-term immobilization of the inert components
and heavy metals within a cement matrix.” Previous studies
have shown that sludge-derived char may partially replace
cement or aggregates in concrete, mortar or bricks, and that the
alkaline environment of cement-based materials can further
stabilize heavy metals and reduce their leaching risk.** In
addition, the inorganic phases in the pyrolyzed sludge (e.g,
silica and alumina) may exhibit pozzolanic activity or micro-
filling effects, potentially improving certain mechanical prop-
erties of cementitious materials.” However, most existing
research is limited in two important aspects. First, many studies
adopt a single pyrolysis temperature or a narrow temperature
range, making it difficult to elucidate the systematic influence
of pyrolysis temperature on the physicochemical properties of
pyrolyzed sludge and their subsequent performance in cement
systems.'®" Second, previous work often focuses primarily on
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mechanical properties (such as setting time or strength), while
the environmental safety aspects—especially the evolution of
total and leachable heavy metals in cementitious matrices—are
less comprehensively addressed.*® As a result, there is still a lack
of integrated evaluations that couple the thermal evolution of
sludge, the multiscale performance of cement-based materials,
and the environmental risk of heavy metals under different
pyrolysis conditions.

Based on these considerations, this study investigates the
potential of municipal sludge pyrolyzed at 300~600 °C for
application in cement-based materials. The physicochemical
evolution of the sludge biochar (e.g., yield, pore structure, and
composition) was first characterized. Subsequently, cement
pastes with varying char dosages were evaluated for setting
time, compressive strength, and splitting tensile strength.
Finally, the environmental safety was assessed by determining
the total content and leaching toxicity of heavy metals (Cu, Cr,
Ni, Cd, Pb, Zn, and As). This integrated approach is novel in that
it (i) provides a multi-temperature comparison of sludge
pyrolysis products in cement systems and (ii) couples
mechanical performance with heavy metal immobilization to
identify optimal pyrolysis conditions and replacement levels
that simultaneously satisfy mechanical and environmental
requirements.

2 Materials and methods
2.1 Materials and reagents

The primary raw material for this experiment was P-O 42.5
Portland cement. The sludge was sourced from the Wuhan
wastewater treatment plant (Hubei Province, China). Prior to
the experiment, the raw sludge was dried in a laboratory
constant temperature oven at 105 °C for 24 h, then ground
separately using a multifunctional grinder. The prepared raw
materials were stored in sealed bags for later use.

2.2 Preparation of pyrolyzed sludge

The sludge (SS), which had been air-dried outdoors, was placed
in an oven and dried to a constant weight. Afterward, it was
crushed into powder using a grinder and then transferred into
clean crucibles with lids, maintaining a low-oxygen environ-
ment. The crucibles were then placed in a programmable muffle
furnace (KSMF-2000). The temperature was set to increase at
a rate of 20 °C min ', following the pyrolysis procedures out-
lined in previous studies on pyrolyzed sludge, and the SS was
pyrolyzed at temperatures ranging from 300 to 600 °C. After
maintaining the specified temperature for 2 h, the pyrolyzed
sludge was removed and allowed to cool naturally to room
temperature in a ventilated area. The pyrolyzed sludge was then
ground into powder using a ball mill and stored in dry, light-
blocking bottles in a cool and dry place. The dried SS was
pyrolyzed at 300, 500 and 600 °C, and the resulting products
were denoted as SS300, SS500 and SS600, respectively. Subse-
quently, SS300, SS500 and SS600 were incorporated into cement
paste as partial cement replacements to compare the effects of
sludge pyrolysis at different temperatures on hydration
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2.3 Experimental methods

2.3.1 Setting time. To assess the effect of different sludges
and their pyrolyzed sludge on the cement hydration process, the
setting time method was used to test the initial and final setting
times of cement. P-O 42.5 Portland cement was used as the
baseline, and control paste without sludge or pyrolyzed sludge
(CK), untreated SS and pyrolyzed sludge (SS300, SS400, SS500,
SS600) were used as partial substitutes for the cement. The
dosage range was set at 1%, 3%, 5%, and 10%. The cement was
thoroughly mixed with sludge or pyrolyzed sludge in the spec-
ified proportions, and deionized water was added to obtain
a standard-consistency cement paste. The standard consistency
water requirement and the corresponding water-to-binder ratio
(w/b = 0.40) were determined in advance according to GB/T
1346-2011.** The initial and final setting times of the
standard-consistency paste were then measured using a Vicat
apparatus, in accordance with GB/T 1346-2011, and the effects
of different admixtures on cement setting behavior were
compared.

2.3.2 Preparation of cement specimens. To evaluate the
effect of different admixtures on the cement strength, cement
paste specimens were prepared using different types of sludge
and pyrolysis products as substitutes for cement. Standard P-O
42.5 Portland cement and pyrolyzed sludge obtained at different
temperatures (300 °C, 400 °C, 500 °C and 600 °C) were used as
admixtures. The SS or pyrolyzed sludge were mixed with cement
in varying proportions (1%, 3%, 5% and 10% by mass of
binder), and deionized water was then added at a constant
water-to-binder ratio (w/b = 0.40) for all mixtures. The paste was
stirred until homogeneous and cast into standard molds,
vibrated to remove entrapped air, and cured in a humid envi-
ronment at room temperature for 3 days and 28 days before the
compressive strength tests. The compressive strength of the
specimens was measured at 3 days and 28 days using
a compressive testing machine.

2.3.3 Leaching test. To evaluate the environmental risk of
heavy metals in cement-based materials, the TCLP method was
used to determine the leaching concentration of heavy metals in
concrete with different admixtures. Following the standard
TCLP leaching method, an acetic acid buffer solution with a pH
of 4.93 £+ 0.05 was prepared. The volume ratio of leachate to
cement specimen mass was 20:1 (mL g~ '). The cement speci-
mens were removed after 28 days of curing, and then cut to
ensure a smooth surface and consistent mass. The cut speci-
mens were placed in containers, and acetic acid buffer solution
was added. The containers were sealed, and the specimens were
shaken at a constant temperature of 25 °C for 24 h. After
leaching, solid particles were removed using filtration to obtain
the leachate.

The leachate was analyzed for Cu, Cr, Ni, Cd, Pb, Zn, and As
content using an inductively coupled plasma mass spectrom-
eter (ICP-MS, Shimadzu ICPE-9000, Japan). The heavy metal
leaching concentrations were compared with the limit values
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Table 1 Limit values of hazardous components in leachate (mg L™}

Cu Cr Ni cd Pb Zn As

<100 <15 <5 <1 <5 <100 <5

(Table 1) in the Identification Standard for Hazardous Waste:
Leachability Toxicity Identification (GB/T 5085.3-2007) to assess
whether the concrete containing sludge and pyrolyzed sludge
qualifies as a leachability toxic hazardous waste.*

After 28 days of curing, the hardened cement specimens
were crushed and ground to pass a 0.075 mm sieve. Approxi-
mately 0.20 g of the powdered sample was accurately weighed
into a digestion vessel, and a mixed acid solution of HNO;-HCl
(3:1, v/v) was added. The mixture was heated on a hot plate
until the residue became clear and nearly colorless, then cooled,
diluted with deionized water and filtered into a volumetric flask.
The resulting solutions were analyzed for Cu, Cr, Ni, Cd, Pb, Zn
and As by ICP-OES.

3 Results and discussion
3.1 Physicochemical properties analysis

Table 2 provides an overview of the properties of sludge and
pyrolyzed sludge was provided. As the pyrolysis temperature
increased from 300 °C to 600 °C, the yield of pyrolyzed sludge
decreased markedly from 73.69% to 58.71%. At the same time,
the ash content increased from 46.74% to 83.79%, and the
volatile matter content decreased from 48.28% to 6.84%. This
trend was consistent with literature reports: higher pyrolysis
temperatures promoted the removal of moisture and volatiles,
which decreased the yield of the pyrolyzed sludge and increased
the residual ash content." At elevated temperatures, the organic
matter in the sludge underwent pyrolysis, leading to the release
of a substantial amount of volatile components (resulting in
a decrease in volatile matter).® Meanwhile, the proportion of
inorganic minerals in the residue increased (causing a rise in
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ash content), which contributed to a notable reduction in the
yield of the pyrolyzed sludge.* As the pyrolysis temperature
increased, the pH of the pyrolyzed sludge rose from 6.87 in SS to
9.47 in SS600, indicating a distinct transition from neutral-
acidic to alkaline. The literature suggests that pyrolyzed
sludge produced through high-temperature pyrolysis exhibited
enhanced alkalinity, as the removal of acidic functional groups
and the enrichment of mineral components led to an increase
in alkaline functional groups in the pyrolyzed sludge.>**¢

In terms of elemental composition, pyrolysis resulted in
a continuous decrease in the contents of C, H, N, and O. For
instance, C decreased from 19.65% to 10.48%, and H dropped
from 3.02% to 0.53%. This suggested that at high temperatures,
the volatile elements in the sludge were largely decomposed and
lost. The literature also reported that as the temperature
increased, the contents of C, H, N, and O in the pyrolyzed sludge
structure significantly decreased.®”'¢ Although the proportion
of residual C in the pyrolyzed sludge decreased, it tended to
form more aromatic structures (as evidenced by the atomic ratio
analysis below), and the reduction in N content also indicated
that nitrogen escaped in the form of volatile matter or gas. The
H/C ratio decreased from 0.15 in SS to 0.05 in SS600, and the O/
C ratio dropped from 0.78 to 0.31. The decrease in both the H/C
and O/C ratios reflects a relative reduction in hydrogen and
oxygen content, along with an increase in the aromaticity of the
carbon structure. The literature indicated that high-
temperature pyrolysis significantly reduced the H/C ratio of
pyrolyzed sludge, suggesting that the carbon skeleton became
more saturated and stable, with enhanced aromatic clusters.**?
Pyrolyzed sludge with low H/C and low O/C ratios generally
exhibited higher carbon fixation stability, making it more
resistant to microbial and oxidative decomposition, thus facil-
itating long-term carbon storage.

As the pyrolysis temperature increased, the surface area of
the pyrolyzed sludge rose sharply, from 11.88 m”> g~' in the
original sludge to 186.53 m> g~ in $S600. The literature reports
that high-temperature pyrolysis significantly expanded the
surface area and porosity of pyrolyzed sludge. The micropore

Table 2 Analysis of the physical properties of sludge and sludge-derived products

Ss $S300 $5400 $S500 $S600
Yield (%) — 73.69 + 3.18 67.82 +2.04 62.16 + 1.74 58.71 + 1.64
Ash (%) 46.74 £ 0.58 53.69 £ 1.19 67.37 £ 1.42 78.09 + 1.44 83.79 + 1.57
Volatile matter (%) 48.28 £ 1.19 25.47 + 0.96 17.92 + 2.07 11.59 + 1.06 6.84 £ 0.74
pH 6.87 + 0.13 7.67 + 0.27 8.32 + 0.31 8.96 + 0.21 9.47 + 0.12
C (%) 19.65 16.62 13.62 11.63 10.48
H (%) 3.02 2.11 1.07 0.86 0.53
N (%) 2.27 1.85 1.04 0.76 0.34
0 (%) 15.32 10.70 7.84 5.22 3.28
H/C (%) 0.15 0.13 0.08 0.07 0.05
0/C (%) 0.78 0.64 0.58 0.45 0.31
Surface area (m”> g™ %) 11.88 59.82 104.82 156.28 186.53
Micropore surface area (m”> g~ ") 4.21 6.53 7.15 6.58 6.43
External surface area (m” g ) 7.67 53.29 97.67 149.70 180.10
Total pore volume (cm® g™ ) 0.12 0.36 0.40 0.65 0.71
Micropore volume (cm?® g™*) 0.23 x 1072 0.27 x 1072 0.28 x 1072 0.15 x 107> 0.15 x 1072
Average pore diameter (nm) 41.24 23.89 15.22 13.52 10.53
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surface area showed little change, peaking slightly at 7.15 m?
g~ at 400 °C, while the external surface area continued to
increase with temperature, reaching 180.10 m> g~ at SS600.
The total pore volume also increased, from 0.36 cm® g™ ' at
$S300 to 0.71 cm® g~ ' at $SS600, with the micropore volume
decreasing slightly after reaching a maximum value at the
medium-temperature stage (400 °C). This suggested that some
micropores may have merged to form larger pore sizes at higher
temperatures.”> The average pore diameter decreased from
41.2 nm in SS to 10.5 nm in SS600, demonstrating that pyrolysis
shifted the pore size distribution toward smaller scales. This
indicated that increasing the pyrolysis temperature favored the
formation of larger pore volumes and surface areas in pyrolyzed
sludge. The reasons for this were as follows: first, the higher the
pyrolysis temperature, the more volatile substances were
produced, which led to the formation of larger pore volumes
and surface areas;>® second, high temperatures caused the
collapse of the original pore structure, forming larger pores.*>*®
Therefore, higher pyrolysis temperatures resulted in larger
surface areas and pore volumes. Overall, high-temperature
pyrolysis produced pyrolyzed sludge with abundant micro-
pores and large surface areas.

3.2 Structural characterization of pyrolyzed sludge

To further determine the effect of pyrolysis temperature on the
surface morphology and pore structure of pyrolyzed sludge,
a comparative analysis of the morphology of the original sludge
and pyrolyzed sludge was performed (Fig. 1). The original dried
sludge exhibited a plate-like layered structure under SEM, with
a smooth and dense surface (Fig. 1a). When the pyrolysis
temperature was 300 °C (Fig. 1b), cracks began to appear on the
pyrolyzed sludge surface, and tar-like aggregates were visible
adhering to the particle surface, making the local morphology
slightly rough. As the temperature continued to rise to 400-
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500 °C (Fig. 1c and d), the original dense structure gradually
fragmented and dispersed, forming particulate debris with
obvious pores and cavities, resulting in a looser, more porous
structure. At 600 °C pyrolysis (Fig. 1e), most of the volatile
organic matter was completely removed, and the product
exhibited a highly porous and rough surface structure with
numerous cracks and deep pores penetrating the particle
surface. Overall, with increasing pyrolysis temperature, the
sludge particles transitioned from the original dense and
smooth state to a fragmented, dispersed, and porous rough
form, with a significant increase in the number of cracks and
pores, while surface aggregation phenomena weakened.

The FTIR spectrum of pyrolyzed sludge is shown in Fig. 2a.
The absorption peak in the range of 3240-3460 cm™ ' was
attributed to the stretching vibration of -OH groups.'” As the
pyrolysis temperature increased from 300 °C to 600 °C, the
intensity of this peak gradually weakened, indicating that
hydroxyl-related functional groups decomposed at high
temperatures. The stretching vibration peaks of aliphatic -CH;
appeared at 2930 and 2853 cm™ ', but they were almost absent in
the 300 °C pyrolysis sample (SS300), suggesting that unstable
aliphatic alkyl structures easily decomposed during pyrolysis,
releasing small molecule gases such as methane and carbon
dioxide.® This reflected that the pyrolysis process was primarily
a dehydrogenation-condensation process, resulting in the
formation of stable aromatic structures.®* The C=O vibration
peak at 1655 cm ™" in the original sludge shifted to 1630 cm™*
after pyrolysis and gradually weakened with increasing
temperature.” In the pyrolyzed sludge, the characteristic peak
at 1540 cm™ ' corresponded to the stretching vibration of -
COOH, while the ~-CH,-related absorption peaks at 1460 cm ™"
and 1403 cm ™' almost disappeared. The peak observed near
1032 cm™ ' was attributed to C-O stretching vibrations or Si-O
bonds, and this feature remained present at 600 °C, indicating
the formation of quartz structures and stable C-O bonds in

Fig. 1 Morphological images of dried municipal sludge and sludge-derived products obtained at different pyrolysis temperatures (a: SS, b:
SS300, c: SS400, d: SS500 and e: SS600). The red dashed circle in SEM represents pore or gully structures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR (a), XRD (b), TG (c), and DTG (d) analyses of dried sludge and pyrolyzed sludge.

pyrolyzed sludge.™ The absorption peaks in the 800-600 ¢cm ™

range corresponded to aromatic or heterocyclic aromatic
compounds (-CH), and they were still clearly visible at 600 °C,
suggesting that such aromatic structures were relatively stable.*
Additionally, the absorption peak at 633 cm ™" was attributed to
the stretching vibration of R-M (where M was a metal element)
in metal compounds, which weakened with increasing
temperature, indicating that some metal compounds decom-
posed at high temperatures. The characteristic peak at 470 cm ™
corresponded to Si-O vibrations.*®

X-ray diffraction (XRD) analysis was carried out to identify
the crystalline mineral phases in the dried sludge and pyrolyzed
sludge (Fig. 2b). The results showed that the main crystalline
phases in the original sludge and pyrolyzed sludge were SiO,
(PDF#46-1045) and Gismondine (CaAl,Si,O,-4H,0, PDF#11-
0650)."” As the pyrolysis temperature increased to 500 °C and
600 °C, characteristic peaks of alumina (Al,O3, PDF#10-0173)
gradually appeared and the intensity of gismondine peaks
decreased, indicating that gismondine partially decomposed
and transformed into Al-containing oxide phases under high-
temperature conditions.” However, the overall changes in
peak intensity remained relatively subtle, which can be attrib-
uted to the predominance of amorphous phases and the low
proportion of crystalline minerals in the sludge, as well as
dilution of crystalline phases by the glassy matrix after pyrolysis.

The TG (Fig. 2c) and DTG (Fig. 2d) curve of the original
sludge could be divided into four stages. Stage I (room
temperature-200 °C) primarily involved the volatilization of free

4008 | RSC Adv, 2026, 16, 4004-4014

and bound water, with a mass loss of about 8.9%.> Stage II (200-
400 °C) corresponded to the decomposition and volatilization of
organic matter (proteins, fats, and easily degradable organic
substances), with a loss of about 12.0%.> Stage III (400-600 °C)
involved the slow cracking of some hemicellulose/cellulose
components, with a loss of about 6.3%.> Stage IV (700-900 °C)
corresponded to the decomposition of inorganic substances
such as carbonates, metal carboxylates, or certain hydrated
silicate minerals, with a loss of about 4.0%.” In comparison, the
sludge preheated at 300 °C showed almost no significant weight
loss in the 200-400 °C range (as volatile organic components
had already been released during pyrolysis). Its weight loss
occurred in three stages: room temperature-200 °C (about
2.93%), 400-600 °C (about 5.57%), and 700-900 °C (about
3.93%). The sludge preheated at 400 °C exhibited significant
weight loss in only two stages: room temperature-200 °C (about
2.65%) and 400-600 °C (about 3.57%). For SS500 and SS600,
only one weight loss stage occurred from room temperature to
200 °C, with weight loss rates of 2.24% and 2.21%, respectively.
These results suggested that pyrolysis reduced the content of
volatile organic matter in the sludge, leading to a marked
decrease in mass loss during the mid-temperature stage.® The
pyrolysis evolution process aligned with the pattern of “active
cracking” followed by “slow cracking/char formation” and
ultimately mineral decomposition, as previously reported in the
literature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3 Characteristic analysis of concrete

3.3.1 Setting time. Fig. 3 shows that the incorporation of
sludge and its pyrolyzed sludge extended both the initial
(Fig. 3a) and final (Fig. 3b) setting times of cement, with a more
pronounced delay as the dosage increased. The untreated SS
exerted the strongest retarding effect: at a 1% dosage, the initial
and final setting times were extended to about 580 min and
864 min, respectively, and at 10% they further increased to
776 min and 1101 min. In contrast, the effect of pyrolyzed
sludge was weaker, with high-temperature products (SS500,
S$S600) showing delays similar to the baseline. This indicated
that increasing the pyrolysis temperature significantly weak-
ened the retarding effect.”® These results suggested that the
addition of urban sludge, whether untreated or pyrolyzed
sludge, generally delayed the hydration and setting process of
cement; no admixture accelerated setting, but rather, stronger
retardation occurred as the dosage increased. By contrast, high-
temperature pyrolyzed sludge, particularly SS500 and SS600,
had only minimal effects on setting time, indicating that the
factors responsible for hydration delays in sludge were signifi-
cantly reduced during thermal treatment.

The underlying reasons for this difference were twofold.
First, untreated SS contained abundant organic matter and
soluble phosphate salts, which reacted with calcium ions or
coated cement particle surfaces, thereby hindering hydration.
Second, some heavy metal ions (such as Zn>") formed poorly
soluble precipitates that inhibited the hydration of cement
minerals.” The pyrolysis process decomposed or stabilized
these retarding components, reducing their reactivity. In
particular, under high-temperature conditions, most organic
matter decomposed, while phosphorus and metal elements
were transformed into insoluble forms, allowing cement
hydration to proceed more normally.*® In summary, untreated
sludge significantly delayed cement setting, whereas the pyro-
lyzed sludge derived from high-temperature pyrolyzed sludge
had only a limited effect. This indicated that pyrolysis not only
contributed to the resource utilization of sludge but also
reduced its adverse impacts on cement properties. High-
temperature products (=500 °C) were especially suitable for
application in building materials.
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3.3.2 Compressive strength. In this work, the CK group,
which used P-O 42.5 ordinary Portland cement as the reference,
served as a reasonable control because the compressive
strengths at 3 days and 28 days fell within the typical perfor-
mance range of this grade. The data show that the incorpora-
tion of different types of sludge and their pyrolyzed sludge
significantly affected the compressive strength of cement
specimens, and the effect varied with curing age. At 3 days
(Fig. 4a), the compressive strength of CK was approximately
35.31 MPa, consistent with the expected performance of P-O
42.5 cement. The addition of untreated SS markedly reduced
the early strength: at a 1% dosage, it decreased to 25.11 MPa,
and at 10% it dropped to 11.52 MPa, only about one-third of the
control. In contrast, the pyrolyzed sludge generally increased
the 3 days strength compared with CK, with the enhancement
becoming more evident at higher dosages. At 10%, SS300
reached 37.28 MPa, SS400 43.55 MPa (23% increase), SS500
48.44 MPa (37% increase), and SS600 43.02 MPa (22% increase).
Among them, SS500 exhibited the most pronounced early
strength gain, which can be attributed to its moderately devel-
oped pore structure and residual carbon content that enhance
water retention and provide additional nucleation sites for
hydration products without causing excessive dilution at a 10%
replacement level.

At 28 days (Fig. 4b), all specimens exhibited strength growth
with curing age. CK reached 42.73 MPa. The untreated sludge
group remained below CK, with 41.45 MPa at 1% and only
30.13 MPa at 10%, showing a persistent long-term negative
effect. The pyrolyzed sludge groups, however, displayed a “rise-
fall” pattern with dosage. SS300 peaked at 49.56 MPa at 5%,
SS400 at 53.21 MPa at 5% (24% increase), SS500 at 55.42 MPa at
3% (30% increase), and SS600 at 58.00 MPa at 1% (35%
increase), indicating that the highly mineralized and ash-rich
SS600 can improve strength only at low replacement levels,
whereas higher dosages mainly act as an inert filler and dilute
the effective clinker content. Although strength decreased
beyond the optimum dosage, it remained higher than CK.
These results suggest that as the pyrolysis temperature
increases, the optimal dosage of sludge-derived products tends
to decrease because higher-temperature products become less
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reactive and more ash-rich, so that excessive replacement leads
to dilution of cement and strength loss.

The difference in performance arose from the distinct
physicochemical characteristics of the admixtures. Untreated
sludge contained abundant organic matter and soluble impu-
rities, which interfered with cement hydration, increased
porosity, and introduced interfacial defects, thereby reducing
strength.>* By contrast, pyrolysis removed most organic matter
and produced pyrolyzed sludge with porous structures and
active inorganic mineral phases.”” At low to moderate dosages,
these pyrolyzed sludge improved strength by filling voids,
providing internal curing, and participating in pozzolanic
reactions, thus densifying the cement matrix and promoting
additional cementitious products. However, at higher dosages,
the dilution effect and excess porosity offset these benefits,
leading to a decline in strength. Untreated sludge significantly
weakened both early and long-term strength, whereas pyrolyzed
sludge pyrolyzed sludge, especially products obtained at 400-
600 °C and applied at dosages of 1-5%, markedly enhanced the
compressive strength of cement specimens.”® Among these,
SS500 and SS600 demonstrated the most notable improve-
ments. These results indicated that pyrolysis treatment not only
mitigated the adverse effects of sludge on cement properties but
also promoted its resource utilization and performance
optimization.

3.3.3 Splitting tensile strength. Compared with CK
(Fig. 4c), the splitting tensile strength of cement blocks
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prepared with dried SS and its pyrolyzed sludge at different
temperatures (300, 400, 500, and 600 °C) with replacement
ratios of 1% to 10% showed that: The splitting tensile strength
of the CK samples remained stable at 3.89 MPa. The untreated
urban sludge generally reduced the mechanical properties, and
as the replacement ratio increased from 1% to 10%, the
strength decreased from 4.05 MPa to 3.19 MPa, with the optimal
replacement ratio being 1%. Pyrolysis treatment improved the
strength, and with the increase in pyrolysis temperature, the
average splitting tensile strength increased from 4.58 MPa for
SS300 to 6.06 MPa for SS600. This enhancement was attributed
to the increased specific surface area and porosity of the pyro-
lyzed sludge as the pyrolysis temperature increased, along with
enhanced surface alkalinity, which facilitated the micro-filling
effect and pozzolanic reactions, thereby improving the cement
matrix densification. The strength of the pyrolyzed sludge
increased first and then decreased with the replacement ratio.
SS300 achieved the highest strength (4.92 MPa) at a 5%
replacement ratio, while SS400, SS500, and SS600 reached their
peak strength at 3% replacement ratios (5.79 MPa, 5.99 MPa,
and 6.32 MPa, respectively). After that, as the replacement ratio
increased, the strength gradually declined. This phenomenon
indicated that an appropriate replacement amount could play
the role of active filler, while excessive replacement diluted the
leading to a decrease in
strength.>*** Overall, pyrolyzed urban sludge could be used as
an efficient mineral admixture, and the pyrolyzed sludge at

cement and introduced pores,
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600 °C showed the most significant improvement in splitting
tensile strength at replacement ratios of 3% to 5%. This sug-
gested that controlling the pyrolysis temperature and replace-
ment ratio could effectively utilize sludge resources and
improve the mechanical performance of cementitious material.

3.4 Environmental risk analysis

3.4.1 Heavy metal content analysis. Urban sludge con-
tained a certain number of heavy metals, and its incorporation
inevitably influenced the background heavy metal content in
cement-based materials. The total contents of Cu, Cr, Ni, Cd,
Pb, Zn and As in different cement specimens were therefore
determined experimentally after acid digestion of the hardened
paste, and the results are presented in Fig. 5. As the pyrolysis
temperature increased, the heavy metals in sludge were
progressively enriched in the solid phase, and this effect
became more evident at 600 °C, leading to higher total heavy
metal contents in the corresponding cement specimens. For
instance, the Cu content increased approximately linearly as the
sludge dosage rose from 1% to 10%. The Cu content in the
concretes with pyrolyzed products was higher than that of the
untreated sludge, and the content further increased with higher
pyrolysis temperatures: at a 10% dosage under SS600, the Cu
content reached approximately 37 mg kg ', whereas under
S$S300 it was about 14 mg kg™, and the untreated SS exhibited
an even lower value. Similarly, Zn showed the highest content in
concrete, reaching about 299 mg kg™ ' (SS600, 10% dosage),
which was significantly higher than the approximately 132 mg
kg ! observed when untreated sludge was added. These results
indicated that pyrolysis concentrated the heavy metals in the
residual solids, thereby increasing the total heavy metal content
per unit mass of the product. At the same incorporation ratio,
high-temperature pyrolyzed sludge introduced more heavy
metals into the concrete. Notably, the behaviors of different
heavy metals varied slightly. The contents of Cd and As in
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untreated sludge and low-temperature pyrolyzed sludge
remained extremely low (with values close to 0). However, in
high-temperature pyrolyzed sludge, the contents of these
elements increased. For example, the Cd content in SS600 at
a 10% dosage reached approximately 1.33 mg kg™, and the As
content reached about 2.40 mg kg™, whereas no Cd or As was
detected under SS300 or untreated SS conditions. This may have
been due to the fact that Cd and As did not concentrate to
detectable levels at lower temperatures but became evident after
being enriched during pyrolysis at 600 °C.

Overall, increasing the pyrolysis temperature of sludge
elevated the total heavy metal content in the resulting products,
thereby raising the background heavy metal content in
concrete. As the incorporation ratio increased, the cumulative
heavy metal content exhibited a pronounced upward trend.
However, when the leaching concentrations are viewed together
with the corresponding total contents, it becomes clear that
only a very small fraction of the incorporated metals was
released into the leachate, suggesting that most heavy metals
were strongly retained within the cement matrix.

3.4.2 Heavy metal leaching concentration study. The
leaching concentrations of heavy metals in concrete under
different conditions were determined using an acetic acid
buffer leaching method (simulating TCLP leaching under acidic
conditions) to assess their release potential. The results (Fig. 6)
showed that as the sludge dosage increased, the concentrations
of heavy metals in the leachate also increased. At the same time,
the pyrolysis temperature exerted a complex influence on heavy
metal leaching behavior.

In most cases, the heavy metal leaching concentrations in
concrete containing pyrolyzed sludge were higher than those
with untreated sludge, and high-temperature pyrolyzed sludge
was more likely to induce elevated leaching concentrations.
Taking Zn as an example, at a 10% dosage the Zn concentration
in untreated sludge was approximately 0.62 mg L', while it
decreased to 0.33 mg L' with $S300. However, the

Content (mg/kg)

Proportion (%)

Fig. 5 Analysis of heavy metal contents in different cement specimens.
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concentrations rose to 0.69 and 0.92 mg L~ with SS400 and
$S500, respectively, and peaked at 1.64 mg L™ with SS600. This
suggested that low-temperature pyrolyzed sludge could, under
certain conditions, slightly reduce the leaching of some heavy
metals (e.g., Zn in SS300 being slightly lower than in untreated
sludge), possibly due to adsorption by residual organic matter.
Nevertheless, as the pyrolysis temperature increased, heavy
metals in the sludge ash became more concentrated and
therefore more easily leached under acidic conditions, resulting
in higher leaching concentrations. Cu and Ni were particularly
sensitive to pyrolysis temperature. At a 10% dosage, the Cu
concentration increased from 0.007 mg L~ " in untreated sludge
to 0.247 mg L' with S$S600, while Ni increased from
0.0007 mg L' to approximately 0.011 mg L. This indicated
that although high-temperature pyrolysis reduced the total
organic matter, it did not stabilize metals such as Cu and Ni;
instead, their enrichment during pyrolysis led to greater
leaching. In contrast, the leaching concentrations of Pb and Cd
remained almost undetectable (<0.001 mg L™') under all
conditions, implying either extremely low background levels in
sludge or effective immobilization within the cement matrix.
This behavior can be attributed to their relatively low baseline
contents in the raw sludge and the strong stabilization of Pb
and Cd in mineral phases during high-temperature pyrolysis
and subsequent cement hydration. In addition, the leaching
concentrations of Pb and Cd were close to the detection limits of
the analytical method, so minor variations with dosage may not
be fully resolved. Notably, the leaching concentration of As
increased significantly under high-temperature conditions: at
a 10% dosage of SS600, the As concentration reached approxi-
mately 0.24 mg L', whereas no As leaching was detected in
untreated sludge. This suggested that arsenic persisted in
a form more prone to leaching after high-temperature
treatment.

Overall, the heavy metal concentrations in the leachates
under all conditions remained relatively low (mostly in the pg

4012 | RSC Adv, 2026, 16, 4004-4014

L' range), indicating that the cement matrix provided a certain
capacity for immobilizing and diluting heavy metals.

3.4.3 Environmental risk assessment. By jointly consid-
ering the total heavy metal contents (Fig. 5) and the leaching
concentrations (Fig. 6), and comparing the latter with the limit
values (Table 1) specified in the Identification Standard for
Hazardous Waste: Leachability Toxicity Identification (GB
5085.3-2007), it was observed that the heavy metal concentra-
tions under all tested conditions remained far below the stan-
dard limits. In qualitative terms, the leaching ratio, defined as
the fraction of leached metal relative to its total content in the
cement matrix, was very low for all elements, indicating a high
immobilization efficiency.” Therefore, from the perspective of
leachability toxicity identification, the concretes incorporating
sludge or pyrolyzed sludge did not qualify as leachability toxic
hazardous waste.

Considering both the total heavy metal contents and the
leaching test results, the environmental implications of sludge
thermal treatment appeared two-fold. On the one hand, pyrol-
ysis significantly reduced sludge volume and organic pollut-
ants, while the concentrated heavy metals became encapsulated
in inert carbon or ash phases and were subsequently immobi-
lized within the cement matrix. This immobilization can be
attributed to a combination of physical encapsulation of sludge-
derived particles by hydration products, precipitation of metal
hydroxides and carbonates under alkaline conditions, and
adsorption or surface complexation on C-S-H and other cement
hydrates. Within the scope of this experiment, whether or not
the sludge was pyrolyzed, the heavy metal leaching concentra-
tions after incorporation into concrete remained low and never
exceeded the hazardous waste toxicity thresholds. This sug-
gested that, with appropriate dosage control, the utilization of
pyrolyzed sludge in cement-based materials was feasible, and
thermal treatment did not induce excessive heavy metal leach-
ing. On the other hand, pyrolysis increased the total heavy metal
concentration in sludge, and high-temperature products even

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enhanced the leaching of certain metals such as Cu, Ni, and As.
This behavior is likely related to the specific speciation of these
elements in high-temperature ash, which makes them weaklier
bound to the solid matrix and thus relatively more susceptible
to acidic leaching, even though their absolute concentrations
remain well below the regulatory limits. This finding high-
lighted the necessity of carefully considering pyrolysis temper-
ature and its associated environmental risks in practical
applications. Low-to medium-temperature products, which
retained some carbon content, appeared to provide better
stabilization for certain metals. By contrast, high-temperature
pyrolysis maximized sludge volume reduction but required
more stringent solidification measures to prevent heavy metal
release.

In this work, sludge thermal treatment followed by incor-
poration into cement did not lead to excessive heavy metal
leaching, and the environmental risk was considered control-
lable. A suitably selected pyrolysis process, when combined with
cement solidification, effectively stabilized heavy metals and
enabled the resourceful utilization of sludge.

4 Conclusion

This work showed that urban sludge could be effectively
upgraded by pyrolysis and safely utilized in cement systems.
Compared with previous studies that considered only a single
pyrolysis condition or focused solely on mechanical properties,
this work provides a systematic comparison of 300-600 °C
pyrolysis products in cement paste and couples’ mechanical
performance with heavy metal leaching behavior to deliver an
integrated mechanical-environmental evaluation. The main
conclusions were as follows:

(1) Pyrolysis at 500-600 °C converted urban sludge into
a more stable, porous and alkaline solid that was compatible
with cement hydration and suitable for use as a partial cement
replacement.

(2) Untreated sludge markedly retarded setting and reduced
strength, whereas pyrolyzed sludge at 500-600 °C, used at low
dosages (1-5%), mitigated the retarding effect and enhanced
both early and 28 days compressive strength (maximum
increases of ~37% and ~35%). Products obtained at 600 °C and
dosed at 3-5% also improved splitting tensile strength, while
excessive replacement remained detrimental.

(3) Although pyrolysis increased the total heavy metal
contents in the solid phase, all metals were effectively immo-
bilized in the cement matrix, and leaching concentrations of
Cu, Cr, Ni, Cd, Pb, Zn and As remained far below the GB 5085.3-
2007 limits.

Therefore, appropriately designed pyrolysis conditions and
dosages enabled pyrolyzed sludge to serve as environmentally
acceptable and performance-enhancing cement admixtures,
offering a practical route for sludge reduction, stabilization and
resource utilization.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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