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Pyrolysis temperature dependence of Pb?* removal
by sewage sludge biochar: characteristic evaluation
and adsorption performance

Rui Zhao,?°¢ Xin Li,
and Guoke Zhang™

*ac Xiaoxin Jiang,® Guangzhi Wang,”® Guoren Xu,® Sai Qi

Converting sewage sludge into biochar (SSB) offers a promising path for waste reduction and pollution
mitigation. This study systematically investigated the effect of pyrolysis temperature (400-700 °C) on the
physicochemical properties of SSB and its Pb?* adsorption performance. As temperature increased,
carbonization and aromaticity of SSB improved progressively. The biochar produced at 600 °C (SSB600)
showed optimal characteristics—high hydrophobicity, large surface area, well-developed pores, and
abundant functional groups—achieving a maximum Pb2* adsorption capacity of 131 + 10.2 mg g~*. The
Langmuir model best fit the adsorption isotherm data, while kinetic analysis using the Weber—Morris
model indicated a multi-stage process where intraparticle diffusion was significant but not the sole rate-
limiting step. SSB600 exhibited strong adsorption performance over a wide pH range (2-6) and in the
presence of common competing cations (Na* and NOs~), demonstrating suitability for complex water
environments. Mechanism analysis revealed that Pb2" removal was driven by multiple processes:
complexation (39.2%), cation exchange (38.3%), mw—electron interactions (19.2%), and precipitation
(3.30%). Notably, SSB600 retained over 79% of its initial capacity after eight adsorption—desorption
cycles, showing excellent regenerability. It also achieved high Pb?* removal (>50%) at environmentally
relevant concentrations (e.g., 0.5 mg L), with environmental safety confirmed by standardized leaching
tests. This work provides a pyrolysis temperature-guided synthesis strategy, fundamental mechanistic
insight, and a practical viability assessment for sludge-based adsorbents. Future work should extend to
pilot-scale column tests and resource recovery, supported by life-cycle analysis.

This study aims to develop an economical, environmentally friendly, efficient and stable adsorbent from wastewater treatment waste (residual sewage sludge) to
remove heavy metals from wastewater. This study has dual advantages of waste reuse and environmental remediation. It opens up a path for the sustainability of
residual sludge resources and wastewater recovery.
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1 Introduction

A large amount of dried sewage sludge (ss) is produced from
municipal wastewater treatment plants (WWTPs) in China every
year (>180 x10° t),* of which the disposition and reuse have
attracted more concerns in environmental fields. Although
unprocessed sewage sludge in WWTPs has been successfully
applied in the remediation and agricultural soils as organic
additives previously, the potential release of toxic metals (Pb,
Ni, Cd, Cr, As, Hg, etc.) in sewage sludge may cause ecological
risks.” Therefore, the disposition and reuse of sewage sludge
from WWTPs have been a challenge because of these toxic
metals. Previous studies have suggested that the pyrolysis
process can stabilize toxic metals in sludge,** and the pyrolysis
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temperature is key to immobilize heavy metals in the biochar.?
This process is also particularly promising because it can be
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self-sustaining by making use of the energy derived from the
combustion of the pyrolyzed bio-gas without additional energy
input.® And the solid carbonaceous product resulting from the
pyrolysis of sludge—sewage sludge biochar (SSB)—has been
a considerable subject in environmental remediation due to its
unique properties (e.g., porous structure, abundant elemental
carbon, exchangeable cations, surface adsorption sites and
nutrients).” For example, biochar adsorption has been increas-
ingly applied to environment remediation in both wastewater
and polluted soil systems for heavy metal removal, based on
a large amount of surface adsorption sites comprising carboxyl
and hydroxyl groups.® The mechanism of biochar adsorption on
heavy metal remediation mainly involves complexation with
oxygen-containing functional groups on the surface, chemical
precipitation with inherent minerals, ion exchange and elec-
trostatic interactions.” As a result, biochar has a considerable
capacity for adsorbing heavy metals.®

Moreover, heavy metals generally have the characteristics of
degradation, difficulty, persistence and toxicity. In particular,
the most typical heavy metal, Pb*", can inhibit water purifica-
tion when its concentration reaches 0.100 mg L', Thus, Pb**
removal has also been a research focus due to its adverse effects
on human and aquatic life.* Noticeably, adsorption is an effi-
cient strategy with the advantages of simple design, specific
affinity, and low cost."* Previous studies have suggested that
biochar adsorption is a feasible strategy for efficiently removing
Pb>".»> Moreover, the results proved that the raw materials, final
temperature, residence time and heating rate during pyrolysis
will play crucial roles in determining the physico-chemical
properties of biochar, among which the raw materials and
final temperature are the key factors.’>'* The raw material used
for pyrolysis in this study was sewage sludge, which consists of
organic matters (polysaccharides, protein, nucleic acids,
humus, lipids and undigested organic matters), inorganic ions
(CO5*>7, PO, SO, NO; ™ etc.), heavy metals (Zn**, K*, Na*,
Ca**, Mg>", etc.), pathogens and water.’® These heavy metals in
biochar mainly come from the biochemical immobilization
from municipal wastewater, and the corrosion process of
sewage pipes. Pyrolysis can reduce the risk of heavy metal
release into the environment, and more importantly, previous
studies have found that the final temperature can considerably
affect biochar yields and its physico-chemical properties.'® The
pyrolysis temperature generally ranges from 300 to 900 °C. In
contrast, a lower final pyrolysis temperature (<300 °C) will not
lead to significant chemical composition change on the surface
due to incomplete carbonization.'” Studies have shown that the
final pyrolysis temperature could affect the yields, ash content,
pH, specific surface area, cation exchange capacity (CEC) and
other characteristics of biochar,”® as well as the element
contents and heavy metal stability of biochar.” It is widely
known that the organic components of biochar are composed of
crystalline graphene sheets and randomly ordered amorphous
aromatic structures. The high pyrolysis temperature can
prompt high degrees of carbonization and graphitization, while
the released gases and volatiles can form cracks and a porous
structure. Thus, it is of great significance to explore the optimal
final pyrolysis temperature for SSB preparation to improve Pb>*
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adsorption performance. However, there is still insufficient
understanding of how the final pyrolysis temperature system-
atically affects the multi-dimensional properties of sludge bi-
ochar (yield, ash content, pH, CEC, pore structure, surface
properties, etc.) and its quantitative correlation with Pb**
adsorption performance, as well as the dominant adsorption
mechanism contribution.

In this study, sewage sludge was pyrolyzed at different final
temperatures (400, 500, 600, and 700 °C) to produce a series of
biochars (SSB400-700). Their physicochemical properties,
including yield, ash content, elemental composition, specific
surface area, pore structure, morphology, and surface chem-
istry, systematically characterized. The correlation
between these properties and the Pb** adsorption performance
was thoroughly investigated through batch adsorption experi-
ments and model fitting. The main objectives of this work were
to: (1) elucidate the influence of pyrolysis temperature on the
evolution of SSB's properties, (2) determine the optimal pyrol-
ysis conditions for maximizing Pb>* adsorption capacity and
evaluate the corresponding adsorption kinetics and isotherms,
(3) quantitatively decouple the contributions of different
adsorption mechanisms, such as complexation, cation
exchange, precipitation, and m-electron interaction, and (4)
critically assess the practical viability of the optimal adsorbent,
including its performance under varied pH conditions, in the
presence of competing ions, its reusability over multiple cycles,
and its effectiveness at environmentally relevant concentra-
tions, complemented by an environmental safety evaluation.
This study not only provided fundamental insights into the
design of sludge-derived adsorbents but also demonstrated
a sustainable strategy for simultaneous waste valorization and
heavy metal-laden water remediation.

were

2 Materials and methods
2.1 Sludge pyrolysis and SSB preparation

As shown in Fig. 1, the dehydrated sludge used in this study
originated from the primary sedimentation tank and the
secondary sedimentation tank in a local Sewage Treatment
Plant of Harbin, Heilongjiang Province. The moisture content
of the sludge after dehydration was about 80.0%. The dehy-
drated sewage sludge was dried in an oven at 105 °C for 12 h.
Then, the dried sludge was crushed using a shredder and sieved
through a 60-mesh screen. A certain amount of sludge in
a quartz boat was put into a pyrolysis furnace at different
temperatures (400 °C, 500 °C, 600 °C, and 700 °C). The heating
rate was set at 20.0 °C min~ ", and the heating processes were
maintained for 2 h. The nitrogen flow rate was controlled at
0.100 m® min~ " as a protective gas. After the pyrolysis furnace
cooled down, the produced sludge biochar was collected and
marked as SSB400, SSB500, SSB600, and SSB700, respectively,
for further experiments.

2.2 The characteristic evaluation of SSB

2.2.1 Thermogravimetry, yields, ash contents, pH, and
elemental analysis. The thermogravimetric analysis (TGA) of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The pyrolysis process of sewage sludge for preparing SSB400-700 (filtering: 60 mesh; pyrolysis rate: 20.0 °C min~*; gas atmosphere: N,

0.100 m* min™Y).

SSB was performed by using a thermogravimetric analyzer (TG/
DSC3+, Mettler Toledo) for studying mass changes at different
final pyrolysis temperatures. The detection temperature range
was 30.0-830 °C, and the heating rate was set at 10.0 °C min™ ",
with N, used as the gas atmosphere. The yields of SSB were
calculated as the ratio between the product mass after pyrolysis
at different final pyrolysis temperatures and the raw sewage
sludge mass (20.0 g). The ash contents of SSB (1.00 g) were
measured by weighing the residual cooled solid mass after
pyrolysis under open conditions in a muffle furnace at 750 °C
for 4 h. The pH of SSB (1.00 £ 0.02 g) was obtained by mixing
with 2.00 mL deionized water after equilibration for 24 h at
25.0 °C. The elemental analysis of SSB was performed using an
elemental analyzer (UNICUBE, Elementar, Germany) for the
determination of C, H, O, and N in SSB (200 mesh).

2.2.2 Water contact angles, SEM-EDS, and BET analysis.
The water contact angles (WCAs) on the surface of the biochar
pyrolyzed from different raw materials (ss, corn straw, and
vinasse) under the same pyrolysis conditions (final pyrolysis
temperature: 600 °C) were measured using a dynamic contact
angle analyzer (DCA-322, Thermo Cahn, USA). Meanwhile, the
surface energy of SSB600 was analyzed using the Fowkes
model.>® And the surface morphology of SSB was observed by
scanning electron microscopy (SEM, ZEISS Sigma 500, UK) with
an extraction voltage of 3.86 kV, and the surface elemental
composition was also characterized using an energy dispersive
spectrometer (EDS, X - Max 50, Oxford). Simultaneously, the
Brunauer-Emmett-Teller (BET, Quadrasorb SI-MP, Quantach-
rome, USA) method was used to measure the specific surface
area and pore size distribution of SSB.** The SSB samples were
pretreated at 150 °C for 8 h, and N, was used as the gas
atmosphere.

2.2.3 FT-IR and Raman analysis. A Fourier transform
infrared spectrometer (FT-IR) (Specturm One B, PerkinElmer)
was used to characterize the functional groups on the surface of
SSB. The samples and KBr were mixed and ground in an agate
mortar to prepare pellets, with a mass ratio of 1:200. The
Raman spectral analysis was performed using a Raman spec-
trometer (LabRAM HR Evolution, Horiba, Japan). The SSB
samples were evenly placed on a slide; the emission wavelength
of the laser was 533 nm, equipped with an objective lens (50x),
with a power of 10 mW, a detection time of 5 s, and 2 cycles.

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

2.2.4 Cation exchange capacity analysis. The cation
exchange capacity (CEC) of biochar was measured by the BaCl,-
H,SO, method.”” Specifically, the biochar (1.00 g) was mixed
with BaCl, solution (20.0 mL, AR), centrifuged at 3.00 x 10° rpm
for 10 min, and this step was repeated twice. Then, H,SO,
(0.100 mol L', 25.0 mL, AR) was added to the mixture for
20 min. After complete reaction, the supernatant (10.0 mL) was
titrated with standard NaOH solution (AR), and the CEC of bi-
ochar was obtained by measuring the consumption of H,SO,.

2.2.5 The leaching risk evaluation of SSB. For extracting the
dissolved organic matter (DOM), SSB600 was mixed with
deionized water in a 1:10 (w: v) ratio and placed in a constant
temperature shaker. It was shaken at 180 rpm for 24 h. Then,
the mixture was filtered, and the obtained filtrate was filtered
through a 0.45 pm filter membrane and labeled as DOM600 for
further experiments. The heavy metals in DOM600 were detec-
ted by inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7700e, USA) after diluting with (1% v/v) HNO;. The
detailed organic matter composition of DOM in SSB600 was
identified by pyrolysis gas chromatography-mass spectrometry
(Py-GCMS, Agilent 1260/6120, USA) and liquid chromatography-
mass spectrometry (LC-MS, Agilent 5977C GC/MSD, USA). The
luminescence inhibition experiment of Vibrio fischeri was
studied by the Microtox method. First, the freeze-dried Vibrio
fischeri powder in the reagent vial was equilibrated at 25 °C for
15 min. Then, the NaCl solution (0.850%, 0.500 mL) was added
to the Vibrio fischeri suspension and mixed at 25 °C for 15 min to
maintain the same salinity level for each sample. Subsequently,
the treated DOM solution was mixed evenly with 5.00 x
10~ mL of Vibrio fischeri — NaCl solution in a clean test tube and
incubated at 25 °C for 15 min. The fluorescence intensity of
Vibrio fischeri was measured using a Microtox biotoxicity
analyzer. The fluorescence intensity of Vibrio fischeri in the NaCl
solution was used as the negative control blank (100% lumi-
nescence). Additionally, 3,5-dichlorophenol was used as
a toxicity reference substance to evaluate its effect on the fluo-
rescence intensity of Vibrio fischeri at different concentrations
(0.00, 2.00, 4.00, 6.00, 8.00, and 10.0 mg L™'), and the lumi-
nescence inhibition efficiency (%) = (fluorescence value of NaCl
solution — fluorescence value of DOM solution)/fluorescence
value of NaCl solution x 100.

Environ. Sci.: Adv.
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2.3 Batch assays of SSB adsorption performance on Pb**
adsorption

The diverse SSB samples (SSB400-700, 20.0 g) and Pb>" solu-
tions (initial concentration: 0.500, 1.00, 10.0, 20.0, 50.0, 100,
150, 200, 250, 300 mg L%, 20.0 mL) were mixed in PET bottles
(50.0 mL). The electrolyte solution was NaNOj; (10.0 pmol L™1),
and the initial pH was adjusted to 5.00 & 0.010. The PET bottles
were oscillated at 220 rpm at 25.0 °C for 24 h. After the reaction,
the samples (1.50 mL) were picked up from the PET bottles at
fixed times, immediately followed by centrifugation at 3.00 x
10® rpm, filtration through a 0.220 pm filter membrane, and
storage at 4.00 °C. Then, the supernatant was diluted with
(1.00% v/v) HNO; (AR) and the Pb** concentration was finally
determined using an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES, 5300DV, PerkinElmer, USA).>*
The results present averages of experiments in triplicate, and
error bars represent standard deviations. In further recycled
experiments, 0.1 mol L' HNO; was utilized as the regenerant,
and after achieving Pb*>" adsorption saturation, eight consecu-
tive adsorption-regeneration cycles during Pb** adsorption by
SSB600 were performed.

2.4 The fitting of the Langmuir, Freundlich, and Weber-
Morris intraparticle diffusion adsorption models

A series of different initial concentration Pb** solutions (20.0,
50.0, 100, 150, 200, 250, 300 mg L") were adjusted to pH 5.00 &
0.10, and then mixed with SSB400-700 at 220 rpm and 25.0 °C
for 24 h. Eventually, the water samples were filtered through
a 0.220 pm filtration membrane, and the Pb*" concentration
was measured by ICP-OES.

The Langmuir isothermal adsorption model was generally
utilized to describe monolayer adsorption on the surface of
adsorbents. The Langmuir isothermal adsorption model is
expressed as follows eqn (1):**

C. 1 1

@ - %Cﬁ! * Qmaka (1)

The Freundlich isothermal adsorption model was used to
describe the process of heterogeneous adsorption on the surface
of adsorbents. The equation is expressed as follows eqn (2):*

In Q. =In k¢ + lln C. 2
n

where k. - Langmuir constant (L mg '), k¢ - Freundlich
constant (mg"' */(L"" g)), Q. - adsorption capacity at equilib-
rium (mg g 1), Qmax -~ Maximum adsorption capacity (mg g 1),
C. - solution concentration at equilibrium (mg L™"), and 1/n -
heterogeneous factor.

The Weber-Morris intraparticle diffusion model was partic-
ularly useful for identifying whether the transport of Pb>* within
the pores of SSB600 controlled the adsorption rate. The model is
expressed as follows eqn (3):>°

q, = k" +b 3)
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where g, — adsorption amount at time ‘¢ (mg g '), k - particle
internal diffusion constant (mg (g h*/?)), and b - intercept.

2.5 The experiment of adsorption contribution

First, SSB600 was pre-treated for demineralization. SSB600 (1.00
+ 0.01 g) was weighed and mixed with HCI (1.00 mol L™", 50.0
mL). After fully removing the minerals in SSB600, the samples
were collected by centrifugation from the solid-liquid mixture
(repeated three times) and washed until the pH of the filtrate no
longer changed. The Pb** solution was mixed with unmined
and mined SSB600 (20.0 mL) for adsorption, respectively. After
the adsorption reaction was completed, the concentrations of
K, Ca®*, Mg?*, Mn** and Pb*" were detected. The formula for
calculating the adsorption amount of the specific adsorption
mechanism is shown as follows:

41 = qvec — qoa ¥ (4)

where g, - the amount of Pb>" adsorption attributed to the
precipitation effect, gp. — the amount of Pb*" adsorption by
unmined SSB600 (mg g ), gbq - the amount of Pb** adsorption
by mined SSB600 (mg g~ '), and Y - correction factor.

1
0= 4k + gca + qmg + G (5)

where g, - the amount of Pb®>" adsorption attributed to the cation
exchange effect (mg g "), qi - the amount of K* release during
Pb** adsorption by unmined SSB600 (mg g ), gca - the amount of
Ca*" release during Pb*>" adsorption by unmined SSB600 (mg g™ ),
gmg — the amount of Mg®" release during Pb*" adsorption by
unmined SSB600 (mg g '), and gy, - the amount of Mn** release
during Pb** adsorption by unmined SSB600 (mg g™ ).

43 =¢quY (6)

where g; - the amount of Pb®" adsorption attributed to the
complexation effect (mg g~ '), and gy - the amount of K" release
during Pb*" adsorption by unmined SSB600 (mg g ).

qs=qbc —q1 — 42— q3 (7)

where g, - the amount of Pb** adsorption attributed to 7
electron coordination.

3 Results and discussion

3.1 Effect of final pyrolysis temperature on Pb>* adsorption
performance

A series of different final pyrolysis temperatures (400 °C, 500 °C,
600 °C, and 700 °C) were set for investigating the adsorption
performance of SSB for Pb** removal (initial Pb*>* concentration:
0.500-300 mg L™ "). And the SSB samples pyrolyzed at 400-700 ©
C were marked as SSB400, SSB500, SSB600, and SSB700,
respectively. As the initial Pb** concentration increased, the
Pb>" adsorption efficiencies declined gradually, and the corre-
sponding adsorption efficiencies of SSB400-SSB700 were 16.4-
63.2%, 21.7-64.3%, 26.9-70.1%, and 28.8-70.2% respectively.
The higher Pb>" adsorption efficiency was shown between 600

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pb2" adsorption efficiencies of SSB400-700 (initial Pb**
concentration: 0.500, 1.00, 10.0, 20.0, 50.0, 100, 150, 200, 250,
300 mg L% adsorbent dosage: 1.00 g L%, pH: 5.00 =+ 0.1, 25.0 °C;
reaction time: 24 h).

and 700 °C by SSB600 or SSB700 (Fig. 2). Sequentially, based on
consideration of energy savings, 600 °C was chosen to be
a better final pyrolysis temperature for SSB production and
SSB600 was utilized to remove Pb** and study the Pb**
adsorption process by SSB in the following experiments. For
Pb”" trace concentration removal, the Pb>" removal capacity was
investigated at low initial Pb*>" concentration (0.500, 1.00, and
10.0 mg L") by optimal SSB600. The stable removal efficiency
was kept at 50%, 55%, and 56%, respectively, suggesting
effective Pb>" removal by SSB. Furthermore, the adsorption
capacity of biochar for heavy metals under varying pyrolysis
conditions was strongly influenced by its functional groups and
specific surface area.” The ability of biochar to adsorb Pb** was
likely due to synergistic interactions among morphological
characteristics, CEC, BET surface area, surface functional
groups and the release potential elements (P, Mg, etc.).””

Therefore, Pb>* adsorption by SSB was further studied by
charactering SSB surface properties.
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Fig. 3 Thermogravimetric analysis curve of the raw sewage sludge (ss)
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Considering the significant influence of pH fluctuations and
co-existing ions on Pb®" adsorption in actual wastewater, the
amount of Pb>" adsorbed by SSB600 at different initial pH
values (2.00-6.00) and ionic strengths (Na', NO;™) is further
discussed in Fig. S1. It was shown that the adsorption capacity
of SSB600 was significantly reduced at pH < 4.00 by 45.9% on
average, which was mainly due to the competition between the
high concentration of H" and Pb** for adsorption sites, result-
ing in the inhibition of the protonated surface for binding of
metal ions. In the pH 5.00-6.00 range, the Pb>" adsorption
performance reached a peak and tended to be stable, indicating
that the material had a stable adsorption capacity. Therefore,
the optimal experimental pH was selected as 5.00 £ 0.10. Based
on the preliminary experiments and reported studies, the
optimal Pb*" adsorption pH range was between 5.00 and 6.00,
where Pb*>" exhibited a low degree of hydrolysis and strong
complexation with surface functional groups (such as carboxyl
and hydroxyl groups). Simultaneously, for discussing the
compatibility with actual pH fluctuations in wastewater, it was
fully agreed that the pH of actual wastewater may be much lower
than 5.00, while some ambient water bodies may be close to
neutral or weakly alkaline. Thus, SSB was expected to exhibit
good adsorption performance (84.2% on average) when the pH
was between 5.00 and 6.00, and if the pH was consistently below
4, the pH would be adjusted by pretreatment or the develop-
ment of modified materials with more acid tolerance should be
considered. If the pH was above 6, it should be noted that Pb*>*
may gradually form hydroxide precipitates, and the adsorption
mechanism will change from complexation to precipitation
synergy, which would affect the final Pb*>" removal performance
in practical applications. Regarding the effect of different ionic
strengths (NaNO; concentration: 1.00 x 10~%, 1.00 x 102, 1.00
x 107" mol L") on Pb*" adsorption, the effect was more
obvious at high ionic strength, which had an increasing trend of
Pb>" adsorption capacity with increasing ionic strength. It was
indicated that pH and ionic strength may jointly affect the Pb**
adsorption capacity in practical wastewater with complex ionic
composition. And the equilibrium pH values after adsorption
were 2.53-8.52 at pH 2-6. It was suggested that alkaline
conditions gradually formed during the Pb*" adsorption

100 -

—(<

Weight loss rate (%-min™")
Yield (%)

0 L L L L L
SS SSB400 SSB500 SSB600 SSB700

(instrument model: TG/DSC3+; heating rate: 10 °C min™* under a N,

atmosphere) (a); yields of ss and SSB400-700 after pyrolysis at 400-700 °C (yield calculation based on 20.0 g of ss) (b).
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Fig. 4 Water contact angles of SSB600 and two kinds of biochar pyrolyzed at 600 °C from other raw materials (corn straw biochar 600 and
vinasse biochar 600): average water contact angle (a); change in dynamic water contact angle within 120 ms (b). Test liquid: deionized water;

droplet volume: 2 plL.

process, implying the probable lead-containing hydroxide
production.

3.2 General characteristics of SSB

As shown in Fig. 3, the weight loss of ss during the pyrolysis
process occurred in three stages within the temperature range
of 30.0-830 °C: 30.0-160 °C, 160-540 °C, and 540-830 °C. In the
three stages, the weight loss was 4.00%, 36.0%, and 6.00%,
respectively, with the maximum weight loss occurring at 338 °C
(Fig. 3a). This was consistent with the yield reduction observed
with increasing pyrolysis temperature (Fig. 3b). In the first
stage, the weight loss was mainly due to water evaporation.
During the 160-540 °C period, the mass loss increased rapidly,
which may be attributed to the condensation of aromatic
compounds, volatilization and decomposition of inorganic
salts, and the chain reactions of other complex compounds.*”
Simultaneously, redox reactions probably occurred, produced
by the functional groups such as quinonyl, phenolic hydroxyl
group, etc.”® And in the 540-830 °C stage, the weight loss
gradually stabilized, mainly due to the residual decomposition
of organic and inorganic matters in the ss. Based on the gradual
decomposition of the substances in the sludge, the yields of
SSB400-700 declined steadily from 62.3% to 56.9%, respec-
tively, with increasing pyrolysis temperature (Fig. 3b). Impor-
tantly, the more volatile components will eventually be
converted into gas and liquid products as the final pyrolysis
temperature improvement,* resulting in a decreased reduction

Environ. Sci.. Adv.

rate of biochar yields. This was in agreement with other
studies.®® Compared with biochar pyrolyzed from other raw
biomass, it can be found that the yields of fiber, pigment, and
lignin of biochar from agricultural biomass (e.g. corn straw bi-
ochar, rice straw biochar, vinasse biochar, rape straw biochar,
peanut shell biochar, and coffee residue biochar) were usually
30.0-55.0% (Table S1). The yields of SSB were higher than those
pyrolyzed from agricultural biomass, which may be due to more
inorganic salts in sewage sludge.**

Simultaneously, the super wettability of SSB600 by dynamic
water contact angle (WCA) measurements was evaluated and
compared with other biochar pyrolyzed from diverse raw
materials. As shown in Fig. 4a, the average WCA of SSB600 was
136° (>90.0°), larger than that of corn straw biochar 600 (133°)
and vinasse biochar 600 (124°), exhibiting stronger hydropho-
bicity compared with biochar pyrolyzed from lignin and cellu-
lose biomass. And according to the Fowkes model analysis,
SSB600 possessed a larger polar surface energy (4.72 mN m ™)
than its non-polar component (1.48 mN m™'), which also
proved the strong hydrophobicity of SSB. During the dynamic

Table 1 The ash content, pH, and CEC of ss and SSB400-700

ss SSB400 SSB500 SSB600 SSB700
Ash content 44.2% 70.1% 73.2% 75.7% 80.7%
pH 4.45 5.58 7.51 8.9 8.72
CEC (cmol kg’l) 16.7 3.42 3.67 4.00 2.93

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Scanning electron microscopy (SEM) images of SSB prepared at
different pyrolysis temperatures (400-700 °C) at 2000x magnifica-
tion, accelerating voltage = 3.86 kV: (a) SSB400, (b) SSB500,
(c) SSB600, and (d) SSB700.

process within 120 ms, there was a constant WCA of SSB600
than that of other two biochar products (Fig. 4b), which showed
a porous structure and stable surface chemical properties.

Except for yields, the final pyrolysis temperature also affected
ash contents, pH and cation exchange capacity (CEC) of the
biochar (Table 1).*> The percentage of ash contents increased
significantly by 25.9%, 29.0%, 31.6%, and 36.5% with
increasing final pyrolysis temperature from 400 to 700 °C. A
similar phenomenon was consistent with previous studies by
Yuan et al* and Wang et al®* Compared to the initial ash
contents of raw sewage sludge (44.2%), an increase in ash
contents (>70.1%) was observed in SSB, and there was an
influent positive relation between pyrolysis temperature and the
ash contents of the biochar. This may suggest that a majority of
inorganic components were retained in the biochar, along with
the decomposition of organic matter in the raw sludge biomass
during the pyrolysis process simultaneously.**

After the pyrolysis process, the pH of SSB was usually neutral
and become alkaline, corresponding to increasing pH values of
5.58, 7.51, 8.90, and 8.72 with increasing final pyrolysis
temperature (400-700 °C) (Table 1). Significantly, there was an
important correlation between ash contents and the pH of bi-
ochar pyrolyzed at 400-700 °C, which indicated that the ash
content may be a major factor contributing to the alkaline
surface of the biochar.*® There were also two main explanations
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the alkaline properties of SSB: (i) biochar had diverse alkaline
components (e.g., hydroxides or oxides of heavy metals) that
could be released into the wastewater as soluble substances,*”
which was consistent with the ash content improvement of
SSB400-700 (Table 1); (ii) there were highly aromatic functional
groups on the surface of biochar (i.e., phenolic-OH, alcoholic—
OH, and -COOH),* which could also have an influent impact on
pH of the biochar.*® And it has proved that the removal effi-
ciency of Pb>* adsorbed by SSB increased with the increasing pH
value (Fig. 2). The Pb>" adsorption capacity was increased
because of more OH™ concentrations, which reacted with Pb**
to precipitate Pb(OH),. On the other hand, the competition
between the protons and cations such as K" and Ca*", released
by SSB into the solution would also lead to decreased Pb>*
adsorption by the complexation effect at lower pH.**

The CEC could reflect the biochar ability to retain cations,
which was indicated by the surface negative charge. The ss had
a CEC value of 16.7 cmol kg™ *. And the CEC values of SSB400-
700 were 3.42 cmol kg™ ", 3.67 cmol kg™, 4.00 cmol kg™ and
2.93 cmol kg™ ', respectively (Table 1). It could be observed that
there was a slight increase followed by a decrease in CEC value
of SSB, among which SSB600 exhibited the highest value as the
final pyrolysis temperature increases. Generally, higher pyrol-
ysis temperature could result in higher CEC values. This trend
in CEC change aligned with that observed for functional groups
based on temperature.® With increasing pyrolysis temperature,
there was a rise in pH, which promoted dissociation of func-
tional groups (-COOH and -OH) present on the biochar surface.
Thus, more negative charges remained on it and CEC increased,
which facilitated cation exchange between SSB and cations
ultimately. These findings were consistent with pH variations
for SSB and Pb*" adsorption performance presented in Table
1'41,42

For studying the surface structure, scanning electron
microscopy (SEM) was utilized to determine how the surface
morphology changed during conversion of sludge into biochar
with increasing pyrolysis temperature (Fig. 5). The surface
morphology and porous structure of the biochar developed
gradually as the pyrolysis temperature increased. SSB400
(Fig. 5a) exhibited the structure of resembling fish scale bundles
of inorganic components. As the pyrolysis temperature
increased, SSB500 exhibited a more porous surface, while
SSB600 and SSB700 appeared to contain more micropores but
exhibited a less rough biochar surface. The changes in texture
continued, as revealed by the rougher and more porous surface;
SSB500-700 were adhered with inorganic components irregu-
larly to both the outer surface and the internal pores (Fig. 5b-d).
The gray particulate matter consisted of C, O, Fe and Mn
elements based on mapping analysis of SSB600, as shown in

Table 2 The BET surface area and pore size distribution of SSB400-700

ss SSB400 SSB500 SSB600 SSB700
The surface area (m”> g ) 7.30 17.6 21.1 22.4 22.8
Average pore size (nm) 21.1 18.7 18.5 18.9 18.6
Total pore volume (cm® g™ ) 4.19 x 1072 7.63 x 1072 7.79 x 1072 8.33 x 10?2 8.34 x 1072

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comprehensive characterization of raw sewage sludge (ss) and SSB400-700: elemental percentage (C, H, O, N, and S) and molar ratios
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wavelength = 533 nm, power = 10 mW, acquisition time = 5 s, 2 accumulations) (c); zeta potential (measured in 1.00 x 1072 mol L™* NaNOs

electrolyte) (d).

Fig. S2, and the micropores could provide abundant surface
area for the attachment and adsorption of Pb>" 43

As displayed in Table 2, this was corroborated by the data of
the surface area of ss and SSB400-700. The surface area and the
total volume of sewage sludge increased markedly from 7.30 m?*
g 'and4.19 x 10 >ecm* g ' to 17.6 m* ¢ ' and 7.63 x 10~ > cm?
g~' (SSB400) after pyrolysis, while the average pore size
decreased from 21.1 nm to 18.7 nm. And as the pyrolysis
temperature increased (400-700 °C), the surface area and the
total volume also increased gradually from 17.6 m> g~ " and 7.63
x 1072 ecm® g7 ' to 22.8 m®> ¢! and 8.37 x 1072 ecm?® g~ . This
suggested that the interactions among components of the
sewage sludge would affect the pyrolysis process of the various
constituents of sludge and result in the increase of SSB
heterogeneity.

As shown in Fig. S3, the adsorption/desorption isotherms of
ss and SSB400-700 reflected the inherent porous structure of
the materials. Both ss and SSB exhibited similar shapes in
adsorption/desorption isotherms, corresponding to Type IV
adsorption isotherms with H3 hysteresis loop formation, which
indicated a well-developed mesoporous structure within ss and
SSB400-700. As evident from these isotherms, an increase in
pyrolysis temperature led to augmentation of the specific
surface area of ss and SSB400-700. When pressure (P/P,)
approached to 1.00, a rapid increment can be observed in
SSB400-700 adsorption behavior, which further indicated their
abundant mesoporous structure. Typically, the average pore

Environ. Sci.. Adv.

sizes of ss and SSB400-700 predominantly fell within the
mesoporous range between 18.5 nm and 21.1 nm (Table 2),
which affirmed the micropore-trapping effect of SSB during
Pb** adsorption.

The specific surface area, average pore size, and total pore
volume of original sewage sludge (ss) were 7.30 m®> g~ ', 21.1 nm,
and 4.19 x 10~ % cm® g™ respectively (Table 2). Generally, the
specific surface area and total pore volume of the biochar were
increased with the increase of final pyrolysis temperature.*
With increasing final pyrolysis temperature from 400-700 °C,
the total pore volume of SSB400-700 increased from 7.63 x
107? cm® g7 t0 8.34 x 107> cm® g, while the specific surface
area increased from 17.6 m”> g~ to 22.8 m*> g . The increase in
total pore volume was due to the exposure of lignin nuclei as
a result of the formation of aromatic compounds with
increasing final pyrolysis temperature.*® Simultaneously, the
increase in specific surface area indicated the development of
an improving porous structure during the increasing heating
process.* However, SSB600 showed the highest maximum Pb**
adsorption capacity, although its specific surface area was lower
than that of SSB700 (Fig. 1), which inferred that Pb>" adsorption
was also probably governed by other factors (such as precipi-
tation).” It was generally acknowledged that the physical
adsorption capacity mainly depended on the specific surface
area itself, while chemical adsorption was related to the
amounts of bonding sites. Notably, the results showed that
there was no significant correlation between the Pb*"

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacity and specific surface area of SSB400-700,
which suggested that chemical adsorption also existed during
the Pb>* adsorption process by biochar (SSB400-700). For
analyzing the vital chemical groups of SSB related to Pb**
adsorption, the specific elements, functional groups, molecular
structure, and surface electric charge were studied further.

The elemental composition of ss and SSB400-700 at different
final pyrolysis temperatures is shown in Fig. 6a. The main
elements of SSB were C, H, O, N, and S. With increasing, final
pyrolysis temperature the contents of C, H, N, and S decreased,
and the S contents in SSB were relatively low with a concentra-
tion below 2.00%. The ratio of H/C is a carbonization degree
parameter that can be used to characterize the degree of
aromaticity of the biochar.*® The ratio of H/C decreased sharply
with increasing pyrolysis temperature, which suggested
a higher degree of aromatic condensation and stability of the
biochar, developing with an enhanced degree of aromatic
condensation. The ratio of C/N also decreased along with signal
reduction of C and N elements with the pyrolysis temperature
increasing from 400-700 °C, suggesting a greater loss of N-
related functional groups in biochar or N depletion. The ratio of
C/N was commonly used as a signal of the inorganic N releasing
capacity of organic matters. Significantly, with the increase of
final pyrolysis temperature, the contents of O, as well as O/C and
(N + 0)/C, decreased sharply from 27.2%, 0.818%, and 0.954%
to 2.86%, 0.121%, and 0.185% respectively (Fig. 6a), which was
the reason that the oxygen-containing groups of sewage sludge
decomposed during the pyrolysis process. Therefore, compared
to the initial sewage sludge, there should be less N in biochar. In
particular, the molar ratio of O/C is widely characterized as the
aromaticity of organic compounds. Generally, a smaller ratio
indicated stronger aromaticity.”” The decrease of O/C in
SSB400-700 showed that more aromatic carbon structures and
stronger stability formed at the higher temperature. And it was
shown that nearly all the oxygen-containing groups decom-
posed, resulting in thorough carbonization over 700 °C.*° Thus,
it could be revealed clearly that the amounts of the oxygen-
containing groups on the surface of SSB were the key factor
for Pb>" adsorption capacity by SSB.
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Fig. 6b shows the FTIR spectra of SSB400-700. It comprised
abundant hydrocarbon functional groups and oxygen-
containing groups, including hydroxyl (with -OH stretching
vibration peak at 3700-3200 cm '), carbonyl (with -C=0
stretching vibration peak at 1755-1630 cm ™), and ether (with -
C-O-C- stretching vibration peak at 1053 cm™'). This was
coincident with previous studies,* and with increasing pyrol-
ysis temperature, peaks of the hydroxyl group became weaker
and weaker. The results suggested that Pb®" adsorption
performance by SSB400-700 was influenced by the hydrogen
bonding between oxygen-containing functional groups and
Pb**, and electrostatic interaction as well.*’

The Raman spectra of SSB400-700 are shown in Fig. 6c,
which are wildly utilized to identify the degree of graphitization
and defect of carbonaceous materials.> There were obvious
double peaks of SSB400-700 at around 1350-1370 cm ™' and
1600 cm ™', among which 1350-1370 cm ™" was the character-
istic band of amorphous carbon called the D-band, and around
1600 cm ™" was the characteristic peak of graphitic carbon called
the G-band.* In general, the value of I/I; is used to represent
the disorder and defect degree of carbon materials; a higher I,/
I value means a higher disorder and defect degree of carbon
materials, where I/l stands for the intensity of the D-band and
G-band of carbon materials. After calculation, the value of Ip/I
was 1.045 (SSB400), 1.052 (SSB500), 1.054 (SSB600), and 1.053
(SSB700), respectively. This indicated that the degree of
disorder and defect of biochar improved along with increasing
pyrolysis temperature (400-600 °C). The Ip/I; value increases
with the pyrolysis temperature, indicating that the proportion
of defective and thickened aromatic structures increases, which
is due to the hydrogenation aromatics and aromatic substances
generated during the pyrolysis process. With increasing pyrol-
ysis temperature, biochar mainly undergoes polycondensation
reactions, and the compounds formed by the fracture of small
molecular function groups on side chains were partially
deposited on the surface of the biochar, forming defective and
amorphous structures, which increased the disorder of biochar.
It was reported that the defective structure of biochar can serve
as the adsorption sites of the adsorbent,* and the Ip/I; value
had a positive correction with the Pb>" removal efficiencies by
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Fig. 7 High-resolution XPS spectra of Cls (a) and O1s (b) orbitals of SSB600.
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Table 3 The peak area percentage of XPS spectra

Peak area percentage (%)

Cls O1s

C=C/C-C C-O C=0 O0=C-0 C-0 C=0 C-O-H

285
28.4

286
41.7

287
27.4

290
2.50

531
35.4

532
30.6

533
34.0

(eV)
SSB600

SSB400-700, as shown in Fig. 2. And this phenomenon sug-
gested that the carbon atoms of SSB showed high defect levels,
the surface was rich in oxygen-containing functional groups,
and the SSB possessed a conjugate structure that was beneficial
for 7 - electron coordination, hydrogen bonding, and electro-
static interaction to promote Pb*>" adsorption.

The relationship between the zeta potentials of SSB400-700
and pH is represented in Fig. 6d. The results suggested that the
surface charge of SSB400-700 transitioned from positive to
negative as the pH value rose from 4.45 to 8.72, with increasing
pyrolysis temperature. The isoelectric point was 4.94, and when
pH > 4.94, the hydroxyl groups were deprotonated, yielding
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a negative charge on the surface. Conversely, when pH < 4.94,
these groups were protonated, resulting in a positive charge on
the surface. Thus, it was suggested that the precipitates of Pb>*
could form above pH 4.94, and this result is approximate to that
of Cheng™ et al., where the precipitates of Pb>* formed at pH
5.50.

The XPS results suggested that the surface of SSB600 was
rich in C, H, and O elements. The peak fitting results and peak
area percentages for C1s and O1s in XPS spectra of SSB600 are
provided in Fig. 7a and b. It revealed that the C1s spectra can be
deconvoluted into four peaks centered at 285 eV, 286 €V, 287 €V,
and 290 eV, which corresponded to C=C/C-C, C-O, C=0, and
O=C-O, respectively. Similarly, the O1s spectra can also be
deconvoluted into three peaks centered at 531 eV, 532 eV, and
533 eV, which represented C-O, C=0, and C-O-H, respectively
(Table 3). A high percentage of oxygen-containing functional
groups (C=0, C-O, and C-O-H) exhibited high chemical
activity, which could also demonstrate the high Pb>" adsorption
capacity of SSB600, as shown in Fig. 2a. Furthermore, associ-
ated with the low ratio of O/C (Fig. 4), a large amount of C=C/C-
C at 285 eV also suggested that there were more aromatic
structures in SSB600. According to the peak area percentage of
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Fig. 8 Pb2* adsorption isotherms of SSB400-700 with fittings by the Langmuir and Freundlich models (a); the maximum adsorption capacity
(Qyy) derived from the Langmuir model (b); the intraparticle diffusion curve of Pb?* by SSB400-600 (c) (adsorbent dosage = 1.00 g L™ initial pH
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Table 4 Isothermal model parameters for Pb?* adsorption with SSB400-700

Langmuir Freundlich

Qm (mgg™) Ky (Lmg™") R? n Ke(mg'™" 1" g™ R?
SSB400 71.6 £ 5.73 0.0110 + 0.00572 0.987 0.400 £ 0.0521 6.76 + 1.84 0.938
SSB500 91.8 + 4.24 0.00200 + 0.00123 0.989 0.440 £+ 0.0871 7.36 + 3.36 0.878
SSB600 131 £ 10.2 0.00300 £ 0.00220 0.997 0.595 £ 0.0000 4.74 £+ 0.00 0.972
SSB700 136 + 9.39 0.00149 + 0.00149 0.995 0.530 £+ 0.0646 5.63 + 1.92 0.953

C=C/C-C and C-O at 285 eV (28.4%) and 286 eV (41.7%), it can
be calculated that there were a lot of aromatic nuclei within the
structure of SSB600. And a large amount of oxygen-containing
functional groups connected with the aromatic structure, as
confirmed in Fig. 6b. The oxygen-containing functional groups
(such as -OH and C=O0,) could form different complexes
combined with Pb**, which was proved a contribution of
oxygen-containing functional groups for Pb>* adsorption.

3.3 The adsorption mechanism of SSB for Pb>* removal

The Pb*" adsorption isotherm curves of SSB400-700 that pyro-
lyzed at different temperature are shown in Fig. 8a, and detailed
fitting parameters are listed in Table 4. The isotherm curves
suggested that the Langmuir adsorption model (R* > 0.987) was
more appropriately suitable than the Freundlich adsorption
model (R*> > 0.878), which proved that Pb>" adsorption with
SSB400-SSB700 was monolayer adsorption on the surface of
SSB400-SSB700 and the active sites of SSB are relatively evenly
distributed on the homogeneous surface.>® And the theoretical
adsorption capacities of SSB400-SSB700 for Pb*' adsorption
were 71.6 £ 5.73 mg g ',91.8 + 4.24 mgg ', 131 £ 102 mgg "
and 136 + 9.39 mg g, respectively. And based on the high
affinity suggested by the Langmuir model (Q, = 131 +
10.2 mg L™, Ky = 0.00300 + 0.00220 L mg™ ', R* = 0.997) and
the steeper initial slope of the isotherms, SSB600 still possessed
strong binding sites effective at low concentrations. It can be
found that with the increase of final pyrolysis temperature, the
Pb>" adsorption capacity of SSB showed an upward trend, and
the adsorption capacity of SSB600 exhibited a higher Qp,
increasing rate (ksspsoo-sss7oo = 0.0400 < kssps00-sspeo0 = 0.400 <
ksspaoo-sseso0 = 0.200) (Fig. 8b) and adsorption affinity, which
indicated the joint Pb®>" adsorption result of organic group
complexation and precipitation.** Thus, a further Pb** adsorp-
tion analysis in following studies was investigated using
SSB600. Previously, Liu et al®** used cotton straw to produce
cotton straw-derived biochar via pyrolysis at 300-700 °C for Pb**
adsorption (Pb*>" adsorption capacity: 49.7 mgg ™' <131 mgg ™"
in this study), among which a better Pb>* removal performance
was attained at 600 °C similarly. The reasons behind this
phenomenon can be summarized as follows: biochar pyrolyzed
at low temperature contained a variety of chemical components,
including organic functional groups.®” These organic groups
exhibited a relatively low Pb®" adsorption capacity. Further-
more, the low temperature resulted in slower mass transfer. In
contrast, at higher pyrolysis temperature, the reduction of polar
functional groups and the formation of inorganic salts

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

contribute to the rapid adsorption of heavy metals. High
temperature biochar also can develop more micropores, leading
to a larger specific surface area,”® which can enhance mass
transfer efficiency. Consequently, adsorption equilibrium was
achieved more quickly for biochar pyrolyzed at higher temper-
ature. In addition, a higher temperature would lead to the
deformation, collapse, and blockage of biochar micropores,
resulting in thorough carbonization of biochar pyrolyzed over
700 °C, with only a slight increase in Pb*>* adsorption perfor-
mance for SSB700.> This observation was consistent with this
study; thus, SSB pyrolyzed at higher temperature, which
possesses a greater surface area, enhanced superior micropo-
rosity and hydrophobicity, is conducive to Pb>* adsorption.

This model was powerful for elucidating the rate-limiting
steps and mass transfer mechanisms during the Pb>" adsorp-
tion process. As shown in Fig. 8c, the Weber-Morris plots
indicated that Pb*>" adsorption by SSB600 was a multi-stage
process. The particle internal diffusion constants (k;—k;) were
31.6, 3.98, 0.492, respectively (Table S2). The initial stage was
a rapid surface and boundary layer interaction, which deter-
mined the maximum adsorption rate. With the pyrolysis
temperature increasing from 400-600 °C, the adsorption rates
were increased from 20.9-31.6. The subsequent gradual stage
was a gradual diffusion into the porous structure of SSB400-
600. Crucially, the plots for the diffusion stage did not pass
through the origin, indicating that intraparticle diffusion was
involved but was not the sole rate-controlling step. This
phenomenon provided strong kinetic evidence supporting the
coexistence of multiple mechanisms (e.g., complexation and ion
exchange), which aligned with and reinforced the multi-
mechanism model proposed from equilibrium studies. The
final plateau signified the equilibrium stage and saturation of
available adsorption sites.

In addition to the parameters of the Langmuir and Freund-
lich models fitted to the Pb** adsorption data of SSB400-700,
the standard errors of the parameters are also summarized in
Table 4. First, the high determination coefficient (R* = 0.987) of
the Langmuir model and the relatively low standard errors
associated with the estimated parameters (such as Q,,) jointly
indicated that the Langmuir model could reliably and robustly
describe the adsorption isotherm. This further confirmed the
conclusion that monolayer adsorption occurs on a relatively
uniform surface. Notably, the relative error of Q,, was relatively
controllable, which showed a sharp increasing trend with
pyrolysis temperature. The relative errors of Q,, ranged from
+4.60% to +8.00% at 400 °C, 500 °C, and 700 °C, indicating the
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Fig. 9 SEM-EDS spectra and elemental mapping images of SSB600 before (a) and after (b) Pb?* adsorption (SEM magnification: 2.00kx and
5.00kx); the Pb-loaded sample was obtained from adsorption experiments at an initial Pb?* concentration of 100 mg L™, adsorbent dosage:

1.00 g L™} pH: 5.00 + 0.1, 25.0 °C, reaction time: 24 h.

reliability of Langmuir model's prediction of saturated
adsorption capacity. And the optimal SSB600 exhibited a larger
relative error in Q. (£11.9%), which suggested a greater
heterogeneity in the availability or energy distribution of its
adsorption sites, likely stemming from the complex interplay
between carbonization and mineral formation at 600 °C. The
Langmuir constant (Ki), indicating adsorption affinity, was
generally small (ranging from 0.00100 to 0.0110), which carried
a large uncertainty (relative error: 52.0%-100% for SSB400-
700). This was common in the adsorption process at low
pollutant concentrations. And in the Freundlich model, the
heterogeneity factor, n, was less than 1 for SSB400-700, con-
firming favorable adsorption. And the highest value of SSB600
(n = 0.550 £ 0.0680) aligned with the Langmuir model fitting,
reinforcing the notion of its highly heterogeneous surface at
600 °C. Notably, the Freundlich intensity parameter Ky showed
large standard errors (relative error: 27.0%-46.0%), indicating
that it was unstably reliable to compare adsorption strength
across diverse biochars. This error analysis underscored that
compared to the Freundlich model, the Langmuir model
offered a more physically plausible and stable fitting (mono-
layer adsorption) of the dominant adsorption process.

Fig. 9 illustrates the surface morphology and elemental
composition of SSB600 before and after Pb>" adsorption. Before

Environ. Sci.. Adv.

adsorption, the SSB600 surface was rough with a well-developed
porous structure, which contained elements of C, O, Fe, and Mn
(Fig. 9a). And after Pb>" adsorption, EDS and mapping analysis
revealed that Pb*>" was successfully and uniformly adsorbed on
the surface of SSB600. The Pb elements on the SSB600 surface
are spatially coincident with Fe and Mn elements, which sug-
gested that the Fe and Mn oxides on the surface of SSB600 likely
facilitated Pb>" adsorption. It has reported that Fe and Mn
oxides on biochar played a crucial role in the adsorption of
heavy metals, as they can form metal-organic complexes.®>*
Based on the Pb** adsorption experiment conducted under
acidic conditions (initial pH 5)in this study, it was proposed
that Fe and Mn oxides can complex with Pb*>*, leading to the
formation of Fe-Pb oxide crystals and Mn-Pb oxide crystals. As
shown in Fig. 9b, needle-like and rod-shaped crystals, as well as
blocky grayish-white particles, appeared on the surface of
SSB600. These were uniformly distributed in a flower-like or
radiating shape and agglomerated or embedded on the SSB600
surface. This observation confirmed the presence of Fe-Pb
oxide crystals and Mn-Pb oxide crystals. This proved that
precipitation was one of the primary Pb>* adsorption mecha-
nisms by SSB600.

During the Pb*" adsorption process by SSB (for example
SSB600), the contribution of diverse mechanisms to the Pb**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The contribution percentage of Pb?* adsorption mechanisms by SSB600

SSB600 Complexation Cation exchange m—electron coordination Precipitation
Adsorption amounts (mg g~ ) 11.1 10.8 5.40 0.900
Contribution percentage (%) 39.2 38.3 19.2 3.30

adsorption could be calculated. The contributions of precipi-
tation (g,), cation exchange (g,), complexation (g3), and -
electron coordination (g,) are shown in Table 5. Precipitation
(1) and cation exchange (g,) contributed 41.6% in the total
adsorption capacity, complexation (g;) accounted for 39.2%,
and m—-electron coordination (g,) was 19.2%, respectively. First,
the grey crystals showed in SEM could prove the precipitation
effect by Fe and Mn oxides with Pb>*. Besides, SSB also had the
inorganic cations such as K*, Ca®*, and Na*, which could realize
Pb** removal from wastewater by the cation exchange reac-
tion.® In addition, oxygen-containing functional groups (-OH
and C=0) could combine with Pb>* by the complexation effect,
and Pb(OH), could also be formed as a complex. Moreover, Pb>*
permitted for a Pb>*~r coordination between the electron donor
of the Pb®" and the m-electron acceptor in the aromatic struc-
ture of SSB600.

In Table S3, the properties, Pb*>" adsorption capacity and
adsorption mechanisms of SSB600 were compared with bi-
ochars derived from similar or different materials (e.g., sewage
sludge, Douglas fir, peanut shell, and commercial activated
carbon) reported in recent studies. First, a trend was observed
in which the yields of SSB decreased as the pyrolysis tempera-
ture increased from 400-700 °C (Fig. 3b). This result was highly
consistent with those of similar sludge pyrolysis studies and
was significantly higher than that of biomass raw materials
mainly composed of cellulose (Table S1) and plants (Table S3).
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Fig. 10 The recycle experiment for Pb®* adsorption by SSB600
(adsorption conditions of per cycle: adsorbent dose = 1.00 g L™, initial
Pb2* concentration = 100 mg L%, volume = 20.0 mL, pH =5.00 + 0.1,
temperature = 25.0 °C, reaction time = 24 h, regenerant =
0.100 mol L™ HNO3).
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This consistency reasonably reflected the characteristics of high
ash contents (inorganic minerals) of municipal sewage sludge
as raw materials, which remained as a substrate during the
pyrolysis process and resulted in a relatively higher yield. In
addition, regarding the final pyrolysis temperature corre-
sponding to the optimal Pb** adsorption performance, the re-
ported studies indicated that the optimal temperature for
sludge-based biochar was typically concentrated in the
medium-high temperature range (400-600 °C). And this study
found that the material prepared at 600 °C had the highest Pb**
adsorption capacity (132 mg g™ '), which precisely reflected that
the optimal pyrolysis temperature was influenced by the specific
raw material properties, the pyrolysis process, and the evalua-
tion system. While the specific surface area of SSB600 was
moderate compared to some plant-derived biochars, its supe-
rior adsorption capacity could be attributed to the synergistic
effect of its higher pH (favoring precipitation), abundant
mineral content (providing ion exchange and precipitation
sites), and complex surface functional groups. This highlighted
the unique advantage of municipal sewage sludge as a raw
material for producing biochar with multifunctional adsorption
mechanisms.

3.4 The leaching risk analysis of DOM in SSB

First, the total amounts of key heavy metals (Cd, Cr, Cu, Ni, Pb
and Zn) in DOM600 were analyzed in the prepared biochar
(SSB600), as shown in Table S4. The contents of Cd, Cr, Cu, Ni,
Pb and Zn in all samples were far below the strict limit values of
the sludge pollutant control standards (<0.001 =+ 0.000), which
indicated that the total amounts of heavy metals in DOM600
was controllable in terms of risk under the pyrolyzing process in
this study. Besides, it was found that the sample contained
various organic compounds in DOM600, including phenols,
amides, polycyclic aromatic hydrocarbons, etc., which indicated
that at higher pyrolysis temperature, the concentration of
organic compounds in SSB was at a relatively low level.
Furthermore, the microbial toxicity of DOM600 release (leach-
ing simulation) in SSB was studied by the luminescence inhi-
bition experiment using Vibrio fischeri. The results indicated
that the ecological toxicity of DOM600 in SSB was low (fluores-
cence inhibition efficiency: 8.60%), which provided a biological
basis for risk assessment.

In summary, it has been demonstrated that the leaching
risks of heavy metals and soluble organic components of
DOM600 released from SSB were relatively low under the
present pyrolysis conditions. This has confirmed the safety of
sludge biochar as an adsorbent in practical technical
applications.

Environ. Sci.: Adv.
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3.5 The recycling performance of SSB600 for Pb>* removal

To enable the application of SSB600 in practical adsorption, the
adsorbing stability of SSB600 was further investigated. The
results are shown in Fig. 10, SSB600 showed high adsorbing
activity, with Pb®>" adsorption by SSB600 exceeding 79.0% after
being recycled 8 times, indicating that SSB600 had good
adsorbing capacity and stability.

4 Conclusions

This study systematically demonstrated that pyrolysis temper-
ature was a critical factor governing the physicochemical
properties of sewage sludge-derived biochar (SSB) and its
effectiveness for Pb>* remediation. SSB produced at 600 °C
(SSB600) emerged as the optimal adsorbent, possessing a well-
developed porous structure, high specific surface area, and
abundant surface functional groups, which -conferred
a maximum Pb** adsorption capacity of 131 + 10.2 mg g~ . The
adsorption process was best described by the Langmuir
isotherm and involved a multi-stage kinetic mechanism.
Importantly, SSB600 exhibited strong practical potential,
retaining high adsorption performance across a wide pH range
and in the presence of common competing ions. The adsorp-
tion mechanism was quantitatively deciphered, revealing
synergistic contributions from complexation, cation exchange,
m—electron interaction, and precipitation. Furthermore, SSB600
showed excellent regenerability over multiple cycles and effec-
tive removal at environmentally relevant concentrations, with
its environmental safety validated by standard leaching tests.
These findings provided a pyrolysis temperature-guided
strategy for transforming sewage sludge into a high-
performance, stable, and reusable adsorbent for heavy metal-
contaminated water treatment.

5 Perspectives for future research

Although this work offered a systematic understanding of the
influence of final pyrolysis temperature on the physico-
chemical properties, Pb>* adsorption performance, and under-
lying mechanisms of SSB, several limitations of the present
study should be acknowledged, as they provided important
direction for future research. The experiments were conducted
under batch conditions using simplified synthetic aqueous
solutions, which do not reflect the hydrodynamic behavior of
continuous-flow systems or the potential interference from
more co-existing ions commonly present in real wastewater.
Furthermore, the long-term stability and potential leaching
risks associated with SSB would need further investigation.

To address these limitations, future studies should prioritize
the following aspects: (1) pilot-scale validation through dynamic
column experiments to derive practical engineering parame-
ters; (2) assessment of adsorption selectivity and efficiency in
complex, real Pb**-containing wastewater matrices; (3) devel-
opment of strategies for heavy metal recovery from saturated
biochar and its subsequent regeneration, thereby supporting
circular economy principles; and (4) comprehensive life cycle
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analysis (LCA) and techno-economic evaluations to determine
the environmental sustainability and economic viability of the
adsorption process. Additionally, extending this pyrolysis opti-
mization strategy to the treatment of other contaminants was
strongly recommended.
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