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Abstract

The sludge pyrolysis technology for biochar production delivers dual environmental bene-
fits, addressing both sludge disposal challenges and enabling environmental remediation
through the utilization of the resultant biochar. However, the complex multi-step proce-
dures and low catalyst output in previous studies constrain the practical implementation
of this technology. A facile sludge pyrolysis method was constructed to achieve the batch
production of municipal sludge biochar (MSB) in this study. Compared to municipal sludge
(MS), the resultant MSB showed a higher BET surface area, more well-developed pore
channel architecture, and plentiful active sites for activating peroxymonosulfate (PMS).
Under the optimized conditions (CMSB = CPMS = 0.2 g/L), 93.34% of Acid Red G (ARG,
20 mg/L) was degraded after 10 min, posing an excellent rate constant of 0.278 min−1. Ad-
ditionally, MSB demonstrated excellent broad pH adaptability, ion interference resistance,
reusability, and recyclability for ARG elimination. It was primary Fe sites that excited PMS
to generate O•−

2 and Fe-oxo species (FeIV=O) for ARG degradation. The reaction process
exhibited minimal heavy metal leaching, indicating limited environmental risk. Therefore,
the practical applicability of the sludge biochar production, coupled with its scalable man-
ufacturing capacity and exceptional catalytic activity, collectively demonstrated that this
study established a viable pyrolysis methodology for municipal sludge, offering critical
insights for sludge disposal and resource reutilization.

Keywords: sludge; pyrolysis; sludge biochar; organic contaminant; degradation

1. Introduction
The acceleration of urbanization has led to the substantial generation of municipal

sludge. In 2021, the amount of sludge with 80% moisture content exceeded 60 million tons
in China [1,2]. It contains significant concentrations of pathogenic microorganisms and toxic
substances. Such sludge necessitates the implementation of effective treatment to mitigate
environmental and public health risks [3]. Among the sludge treatment methods, sludge
pyrolysis technology can not only achieve effective sludge treatment, but its pyrolysis
products can also be utilized for environmental pollution remediation [4–6].

Municipal sludge inherently contains abundant transition metals, carbon, and nitrogen
components. After undergoing pyrolysis, they may transform to numerous catalytic
sites, thereby granting sludge biochar outstanding advanced oxidation performance [7,8].
The Fe-doped biochar synthesized with biochemical sludge and Fenton sludge exhibited
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excellent PMS activation capability, producing reactive oxygen species (SO•−
4 , ·OH and

1O2) that efficiently degraded organic contaminants [9]. N-doped sludge biochar was
synthesized by pyrolyzing sludge at 800 ◦C under N2 atmosphere. It exhibited excellent
adsorption and persulfate activation performance. 2,4-dichlorophenol (100 mg/L) can be
entirely removed in a sludge biochar/persulfate system after 120 min [10]. Seven widely
applied fluoroquinolone antibiotics could be effectively removed in an N-doped sludge
biochar/PDS system, with rate constants from 0.131 to 0.505 min−1 [11]. In the paper
sludge biochar/PMS system, the removal efficiency of 4-chlorophenols (20 mg/L) can
achieve 100% within 60 min [7]. Numerous studies have demonstrated that employing
sludge for biochar synthesis not only achieves waste valorization but also enables the
resultant biochar to activate PMS for organic contaminant degradation [12–15].

Most existing studies, however, exhibited notable limitations that hinder their scal-
ability for industrial sludge biochar production. A critical barrier lies in the prevalent
requirement for sludge treatment under inert atmospheres (e.g., N2 or Ar), which is either
impractical or significantly increases processing costs in practical operations. Moreover,
the synthesis protocols frequently necessitate complex multi-step procedures to achieve
highly active biochar, inevitably elevating manufacturing expenses. For example, Wang
et al. obtained highly active sludge-derived biochar through a series of steps including
drying, grinding, pyrolysis, acid washing, co-impregnation with iron salts and nitrogen
sources, and secondary pyrolysis [16]. Although cobalt oxide-loaded sludge biochar demon-
strated excellent performance in activating PMS for TC degradation, the synthesis protocol
involved consecutive hydrothermal treatment followed by pyrolysis [17]. Similarly, the
CoFe2O4/sludge biochar obtained through intricate pyrolysis–hydrothermal treatment ex-
hibited superior advanced oxidation performance compared to unmodified sludge biochar,
achieving 90% TC degradation within 5 min [18]. In addition, the conventional preparation
method involves placing several grams of dried sludge in a tube furnace, followed by
pyrolysis at elevated temperatures under inert atmosphere to produce a small quantity of
sludge biochar [7,19]. From an engineering perspective, the typically low catalyst output
fundamentally restricted practical applicability, offering limited guidance for industrial
processes. Consequently, this study developed a facile pyrolysis strategy to achieve scalable
sludge biochar production by simulating the semi-confined configuration of industrial ther-
mal reactors. The capacity of sludge biochar in PMS activation towards organic pollutant
elimination was systematically studied to assess the viability of sludge utilization, aiming
to establish fundamental technical references for sludge management technology.

2. Results and Discussion
2.1. Characterization of MSB

The SEM images of MS and MSB are displayed in Figure 1. MS exhibited a dense
and compact block-like structure. After pyrolysis, the blocky structure was disrupted,
forming more voids and pores. This transformation may lead to a more developed porous
structure and a larger BET surface area. The N2 adsorption/desorption isotherms of MS
and MSB are displayed in Figure 2a. Both MS and MSB showed H4-type hysteresis loops
and type IV isotherms, implying that they contained abundant mesopores [20,21]. The
pore size distribution curves visually indicated that the pore channels in MS and MSB were
predominantly mesoporous (Figure 2b). Notably, MSB exhibited a larger specific surface
area and pore volume than MS (Table 1), which provided favorable conditions for the active
sites within the channels to activate PMS and degrade contaminants.
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Figure 1. SEM images of MS (a–c) and MSB (d–f).

Figure 2. N2 adsorption/desorption isotherms (a) and pore size distribution (b) of MS and MSB;
XRD patterns (c) and magnetization loop (d) of MSB.

Table 1. Texture properties of MS and MSB.

Sample SBET
a/(m2/g) Sexter

b/(m2/g) Vtotal
c/(cm3/g) Vmicro

d/(cm3/g) Vmeso
e/(cm3/g) D f/nm

MS 14.19 18.03 0.036 0 0.036 10.11
MSB 27.04 27.97 0.067 0 0.067 9.93

a BET surface area; b external surface area; c total pore volume; d micropore volume; e mesopore volume; f average
pore radius.

The chemical compositions of MS and MSB are presented in Table 2. It was revealed
that the primary constituents of both MS and MSB were C, O, Si, and Al. Additionally, they
also contained multiple metals, including Fe, Cu, Mn, and Co. When compared to the par-
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ent sludge, MSB exhibited higher concentrations of most metallic elements. The abundant
transition metals were beneficial to activate PMS towards contaminant elimination. Accord-
ing to the XRD pattern of MSB in Figure 2c, crystalline phases of graphite (PDF#65-6212)
were detected instead of the typical broad diffraction peaks associated with amorphous
carbon. It indicated that the sludge-derived biochar possessed excellent electronic prop-
erties and demonstrated a remarkable degree of graphitization [22,23]. Moreover, MSB
displayed a series of characteristic peaks of SiO2 (PDF#46-1045), with no characteristic
peaks from other substances observed. Similar to soil, Si was the main component of MSB,
so it exhibited SiO2 crystal structure. The concentrations of other elements were relatively
low, resulting in the absence of other crystal structures.

Table 2. Chemical compositions of MS, MSB, and MSB-used.

Sample K O C Si Al N Fe Mg P Ca Na Cu Ni Co Mn V Cr Zn As Cd Hg Pb

MS
a 0.94 - - 7.92 4.62 - 5.31 0.39 - 0.14 0.087 0.007 ND 0.001 0.077 0.007 0.010 0.069 0.005 0.0001 0.0002 0.005

MSB
a 1.34 - - 9.05 6.09 - 7.94 0.46 - 0.20 0.12 0.010 0.005 0.001 0.13 0.010 0.014 0.097 0.006 0.001 0.0003 0.007

MS
b 0.12 39.89 40.11 5.57 4.50 4.56 1.41 0.43 1.67 1.09 0.27 0.05 0.04 0.24 0.06 ND ND ND ND ND ND ND

MSB
b 0.32 36.68 39.09 7.77 6.07 4.52 1.67 0.74 1.09 1.31 0.26 0.08 0.05 0.21 0.14 ND ND ND ND ND ND ND

MSB-
used

b
0 32.18 52.23 4.92 3.92 2.82 1.09 0.66 1.08 0.67 0 0.06 0.04 0.20 0.13 ND ND ND ND ND ND ND

a Determined by ICP-MS, wt.%; b determined by XPS, atomic%; ND: not detected or below detection limit.

The magnetic properties of MSB were determined and are shown in Figure 2d. The
distinct magnetization loop observed in MSB indicated its ferromagnetic behavior [24,25].
Elemental composition analysis revealed substantial transition metal content within MS.
During pyrolysis, multivalent Fe/Co species were likely to generate, thereby imparting
magnetic properties to MSB. Consequently, MSB can be conveniently separated from the
solution with a magnet, addressing the poor solid–liquid separation efficiency typically
associated with conventional powdered materials.

Figure 3 depicts the XPS spectra of MSB. The surface of MSB was predominantly
composed of C and O. Additionally, it contained a diverse array of metallic and non-
metallic elements (Table 2 and Figure 3a). Notably, transition metals (Fe, Cu, Co, and Mn)
were active for PMS activation to form reactive substances [26–28], consequently enabling
the elimination of organic contaminants. The O 1s spectra (Figure 3b) can be divided
into three peaks, which were assigned to Fe-O, C-O, and C=O, respectively [29]. Previous
studies revealed that 1O2 can be formed through the nucleophilic addition reaction between
C=O and PMS [30]. Fe-O was also active to excite PMS to form reactive substances. In the
N 1s spectra (Figure 3c), graphitic N, pyrrolic N, Fe-Nx, and pyridinic N were included in
MSB. Among them, graphitic N could improve the excitation efficiency of PMS through
adjusting the electronic properties of catalysts [31]. Additionally, the activation of PMS
can be facilitated due to the strong affinity between Fe-Nx and PMS [32]. From the Fe 2p
spectra (Figure 3d), both Fe 2p3/2 and Fe 2p1/2 can be deconvoluted into three sub-peaks,
corresponding to Fe2+, Fe3+, and satellite peaks, respectively. The Fe species with different
valence states can not only effectively activate PMS but also confer magnetic properties to
MSB, which has been confirmed in a magnetic test of MSB.
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Figure 3. XPS survey spectra (a), high-resolution spectra for O 1s (b), N 1s (c), and Fe 2p (d) of MSB
and MSB-used.

2.2. Catalytic Degradation Results

Figure 4 displays the elimination of ARG in various systems. With only PMS or MSB,
the removal efficiencies of ARG were just 3.91% and 4.31%, respectively (Figure 4a). This
implied that it was ineffective to remove ARG solely through the oxidative capability of
PMS or the adsorption of MSB. Moreover, the removal efficiency was only 9.06% in the
MS/PMS system, implying that the untreated MS had difficulty activating PMS for ARG
elimination. Meanwhile, in the MSB/PMS system, about 93.34% of ARG was eliminated
after 10 min. The value of the rate constant (k) achieved 0.278 min−1, which was 69.50,
53.46, and 33.90 times higher than that in PMS, MSB, and MS/PMS systems, respectively
(Figure 4b). Additionally, the removal efficiency and rate constant were outstanding when
compared to other sludge-based biochars reported in the references (Table 3). Therefore, it
demonstrated that the obtained MSB exhibited high efficiency in PMS activation towards
ARG degradation. The MSB and PMS dosages were optimized and are shown in Figure 4c,d,
respectively. When the MSB or PMS concentration was below 0.2 g/L, the elimination of
ARG could be facilitated with higher MSB or PMS dosages. However, a highly limited
improvement in ARG removal efficiency was observed upon further increasing the con-
centration of MSB or PMS. Considering the overall removal efficiency within 10 min, the
optimal dosages of both MSB and PMS were 0.20 g/L.

Table 3. Performance comparison of sludge-based biochar for organic contaminant degradation.

Sample Reaction Parameters t/min Removal
Efficiency/% k/min−1 Reference

Sewage sludge
biochar

[Catalyst] = 5 g/L, [PS] = 2 mM,
T = 25 ◦C, [2,4-DCP] = 100 mg/L 120 100 0.119 [10]

CoFe2O4/ sludge
biochar

[Catalyst] = 0.5 g/L, [PMS] = 0.977 mM,
T = 25 ◦C, [TC] = 20 mg/L 30 99.8 - [18]
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Table 3. Cont.

Sample Reaction Parameters t/min Removal
Efficiency/% k/min−1 Reference

Fe-doped sludge
biochar

[Catalyst] = 0.1 g/L, [PMS] = 0.05 g/L,
T = 25 ◦C, [TC] = 10 mg/L 30 90.9 0.3619 [9]

Paper mill sludge
biochar

[Catalyst] = 0.3 g/L, [PMS] = 0.6 mM,
T = 25 ◦C, [4-CP] = 20 mg/L 60 100 0.1165 [7]

Co3O4@sludge
biochar

[Catalyst] = 0.1 g/L, [PMS] = 0.975 mM,
T = 25 ◦C, [OFL] = 20 mg/L 10 99 0.4991 [33]

Co3O4@sludge
biochar

[Catalyst] = 0.2 g/L, [PMS] = 0.5 mM,
T = 20 ◦C, [TC] = 0.1 mM 60 93.2 0.126 [17]

Microplastics
coagulated

aluminum sludge
biochar

[Catalyst] = 0.1 g/L, [PMS] = 0.2 g/L,
T = 25 ◦C, [TC] = 20 mg/L 30 84.7 0.086 [34]

N-Fe co-doped
sludge biochar

[Catalyst] = 0.4 g/L, [PDS] = 0.4 g/L,
T = 25 ◦C, [SMX] = 20 mg/L 120 99% 0.0288 [16]

Tannin extract-
sludgederived

biochar

[Catalyst] = 0.15 g/L, [PDS] = 0.1 g/L,
T = 25 ◦C, [TC] = 20 mg/L 120 90% 0.0178 [23]

MSB [Catalyst] = 0.2 g/L, [PMS] = 0.2 g/L,
T = 25 ± 2 ◦C, [ARG] = 20 mg/L 10 93.34 0.278 This work

Figure 4. Degradation of ARG. Different systems (a); rate constant in different systems (b); MSB
dosage (c); PMS dosage (d). (CMSB = CPMS = 0.2 g/L, CARG = 20 mg/L, T = 25 ± 2 ◦C).

The influence of solution pH on ARG elimination in the MSB/PMS system is depicted
in Figure 5a. When the solution pH was 3–9, over 90% of ARG was eliminated after 10 min,
implying that the efficient elimination of ARG in the MSB/PMS system was feasible in a
broad pH range. Under extreme alkalinity (pH = 11), the elimination efficiency declined
to 20.3%. The rate constant of ARG elimination dramatically reduced to 0.0216 min−1

(Figure 5b). This may be attributed to the fact that the electrostatic repulsion between the
negatively charged MSB and PMS restrained the excitation of PMS [35].
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Figure 5. Degradation of ARG under different solution pH values (a,b) or with co-existing ions and
HA (c,d). (CMSB = CPMS = 0.2 g/L, CARG = 20 mg/L, T = 25 ± 2 ◦C).

Figure 5c depicts the influence of co-existing ions and HA on ARG degrada-
tion. It was noteworthy that the elimination of ARG was significantly restrained with
HCO−

3 and HA. The introduction of HCO−
3 caused the rise in solution pH, which sup-

pressed PMS activation [36]. Additionally, SO•−
4 and HO• can be consumed by HCO−

3
(Equations (1) and (2)) [37,38]. As a result, the removal efficiency declined to 33.4%, and the
rate constant of ARG elimination dramatically reduced to 0.0373 min−1 (Figure 5d), while
for HA, it could compete with ARG for reactive substances, leading to a lower elimination
efficiency (58.4%) and rate constant (0.083 min−1). In addition, ARG can be efficiently
removed even with NO−

3 , Cl−, H2PO−
4 , or SO2−

4 .

HCO−
3 + SO•−

4 → SO2−
4 + CO•−

3 + H+ (1)

HCO−
3 + HO• → H2O + CO•−

3 (2)

The synthesized MSB was reused for three cycles to assess the reusability. Although
the elimination efficiency of ARG gradually decreased with increasing usage cycles, it main-
tained a relatively high level of 78.5% even after three cycles (Figure 6a), demonstrating an
excellent reusability of MSB. After the reaction, the crystal structure was well maintained, ex-
hibiting satisfactory stability (Figure 2c). Additionally, the TOC removal efficiency exceeded
37.6% during the three cycles, implying that partial ARG was thoroughly mineralized.

Considering the presence of diverse heavy metal species in MSB, potential leaching
during the reaction may pose secondary environmental hazards. Accordingly, heavy metal
concentrations in the post-reaction solution were quantitatively analyzed and are displayed
in Figure 7. The primary metal ions were Fe, Zn, Mn, and Ba, with concentrations of 0.24,
0.064, 0.057, and 0.022 mg/L, respectively. The concentrations of other ions were all at trace
levels. Therefore, the results substantiated that the MSB-mediated PMS activation system
posed negligible heavy metal leaching risks during organic pollutant degradation.
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Figure 6. Reusability of MSB for ARG degradation. ARG removal efficiency (a); TOC removal
efficiency (b) (CMSB = CPMS = 0.2 g/L, CARG = 20 mg/L, T = 25 ± 2 ◦C).

Figure 7. Concentration of leached metal ions in MSB/PMS/ARG system.

2.3. Revelation of Reactive Substances and Catalyst Mechanism

To identify the reactive substances in the MSB/PMS system, a free radical quenching
experiment was carried out and is depicted in Figure 8a. SO−

4 and ·OH were scavenged by
MeOH, and ·OH was quenched by TBA [39]. However, neither MeOH nor TBA showed a
significant influence on ARG removal, implying that ·OH and SO−

4 played insignificant
roles in ARG elimination in the MSB/PMS system. Furfuryl alcohol (FFA) was an indicator
of 1O2 [40]. With the introduction of FFA, the elimination efficiency and reaction rate
slightly reduced to 82.92% and 0.171 min−1, respectively. Given that the depletion of
PMS by FFA would also reduce ARG elimination rates [40], it can be concluded that 1O2

exhibited minimal contribution to ARG degradation. p-BQ, a widely employed trapping
agent for O•−

2 , was utilized to probe the contribution of O•−
2 in the MSB/PMS system [41].

The rate constant of ARG degradation dramatically decreased from 0.278 to 0.0438 min−1

with the introduction of 5 mM p-BQ (Figure 8b). The higher the concentration of p-BQ, the
lower the ARG elimination efficiency (Figure 8c). It indicated that O•−

2 was to account for
the ARG elimination. Additionally, oxalate was applied to passivate the Fe sites [42]. It
was noteworthy that the rate constant significantly declined to 0.039 min−1 with 5 mM
oxalate, and the inhibitory effect demonstrated a positive relationship to the concentration
of oxalate, implying that the Fe sites were vital active sites for ARG degradation (Figure 8d).
The high-valence Fe-oxo species (FeIV=O) was common active species in the Fe-based
catalyst/PMS system [43]. FeIV=O can be depleted by DMSO, resulting in a declined
elimination efficiency of the pollutant [42]. Thereby, DMSO was applied as an indicator
of FeIV=O [44]. The elimination of ARG was dramatically restrained with the addition of
DMSO, implying that FeIV=O was a vital active species in the MSB/PMS system. Therefore,
it was mainly O•−

2 and FeIV=O that were the reactive substances in the MSB/PMS system.
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Figure 8. Identification of reactive substances in MSB/PMS system. Free radical quenching experi-
ment (a); k with different radical quenching agents (b); p-BQ concentration (c); oxalate concentration
(d) (CMSB = CPMS = 0.2 g/L, CARG = 20 mg/L, T = 25 ± 2 ◦C).

The catalytic mechanism was analyzed by investigating the variations in active sites
in MSB before and after the reaction. As displayed in Table 4, the ratio of Fe-Nx declined
from 47.54% to 44.46%, implying that Fe-Nx might be the active site for PMS excitation. It
has been reported that Fe-Nx can be oxidized to FeIV=O by PMS, which facilitated organic
contaminant elimination [43]. Moreover, the contents of Fe-O and Fe2+ slightly decreased
to 24.54% and 56.70%, respectively. This predominantly resulted from the dissolution of
Fe, as well as the excitation of PMS by Fe2+ while itself being oxidized to Fe3+ during the
reaction process. Combined with the analysis results of active species, it can be concluded
that Fe-Nx was the predominant active site for PMS excitation towards ARG degradation
in the MSB/PMS system. The proposed mechanism of ARG degradation in the MSB/PMS
system is depicted in Figure 9.

Table 4. Ratios of different groups in MSB and MSB-used.

Element Active Group MSB MSB-Used

N 1s

Pyridinic N 38.13% 37.74%
Fe-Nx 47.54% 44.46%

Pyrrolic N 11.62% 14.84%
Graphitic N 2.71% 2.96%

O 1s
Fe-O 25.55% 24.54%
C-O 52.80% 53.01%
C=O 21.64% 22.45%

Fe 2p Fe2+ 57.54% 56.70%
Fe3+ 42.46% 43.30%
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Figure 9. Proposed mechanism of ARG degradation in MSB/PMS system.

3. Experimental Section
3.1. Chemicals

Peroxymonosulfate (PMS), hydrochloric acid (HCl), sodium hydroxide (NaOH),
sodium nitrate (NaNO3), sodium sulfate (Na2SO4), sodium bicarbonate (NaHCO3), sodium
chloride (NaCl), humic acid (HA), methanol (MeOH), tert-butyl alcohol (TBA), furfuryl
alcohol (FFA), p-benzoquinone (p-BQ), dimethyl sulfoxide (DMSO), and sodium oxalate
were analytical-grade. They were obtained from Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China.

3.2. Synthesis of Sludge Biochar

The municipal sludge was collected from a municipal wastewater treatment plant in
Xinyang city. Firstly, the obtained municipal sludge was dried at 105 ◦C overnight. Then,
the dried sludge (100 g) was placed into a tubular furnace with the closed inlet gas port
and opened outlet gas port. Finally, the sludge was pyrolyzed under 600 ◦C at a rate of
20 ◦C/min and held for 0.5 h to acquire municipal sludge biochar (64.86 g). The biochar
was ground and sieved with a 200-mesh sieve for subsequent usage. The municipal sludge
and synthesized municipal sludge biochar were abbreviated as MS and MSB, respectively.

3.3. Characterization

The morphology of MS and MSB was determined on a scanning electron microscope
(S4800, Hitachi, Japan). The crystal structure of MSB was detected on an X-ray diffractome-
ter (SmartLab, Rigaku, Tokyo, Japan) with a scanning range of 10◦ to 90◦ at a scan speed of
10◦/min. The texture properties of MS and MSB were detected on the physical adsorption
instrument (ASAP 2460, Micromeritics, Norcross, GA, USA) after degassing at 200 ◦C for
5 h. The chemical states of elements on the surface of MSB were determined by an X-ray
photoelectron spectrometer (K-ALPHA, ThermoFisher, Waltham, MA, USA). The obtained
data were standardized against the C 1s standard signal position (284.8 eV). A vibrating
sample magnetometer (8610 VSM, Lake Shore Cryotronics, Westerville, OH, USA) was
applied to investigate the magnetic properties of MSB. MS and MSB were digested using
HNO3/HCl/HF (volume ratio, 3:1:1) at 200 ◦C, followed by elemental content analysis via
ICP-MS (8900, Agilent, Santa Clara, CA, USA).

3.4. Catalytic Degradation of ARG

Typically, MSB (10 mg) was dispersed into ARG solution (20 mg/L, 50 mL), followed
by adding PMS (10 mg). At regular intervals, 3 mL of reaction mixture was withdrawn,
followed by filtrating with a 0.22 µm syringe filter. The residual ARG concentration was
measured by detecting the absorbance at 504 nm with a UV–vis spectrometer (TU-1901,
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Persee, Beijing, China). Except for the experiments investigating the influence of solution
pH, the solution pH was not regulated in other experiments. The degradation results
were fitted with pseudo-first-order kinetic model (Equation (3)) to assess the rate of ARG
elimination [45].

ln
C
C0

= −kt (3)

where C is the concentration of ARG at t min, mg/L; C0 is the initial concentration of ARG,
mg/L; k is the rate constant of the reaction, min−1.

In the control experiments, only MSB or PMS were added to investigate the adsorp-
tion properties of MSB and the oxidation capacity of PMS. Moreover, the factors of MSB
concentration, PMS concentration, solution pH, co-existing ions, and catalyst reutilization
on ARG elimination were comprehensively investigated. The post-reaction solution was
directly employed without dilution for ICP-MS analysis to quantify the concentrations of
heavy metals leached from MSB.

4. Conclusions
A facile pyrolysis strategy to achieve scalable sludge biochar production was con-

structed by simulating the semi-confined configuration of industrial thermal reactors. MSB
obtained by pyrolyzing the dried sludge at 600 ◦C exhibited a larger specific surface area
and pore volume than MS. It also exhibited ferromagnetism, providing it with desirable
solid–liquid separation properties. The prepared MSB exhibited excellent performance
for PMS activation towards ARG degradation. Under the optimized reaction conditions
(CMSB = CPMS = 0.2 g/L), 93.34% of ARG was eliminated after 10 min, and the rate constant
of the reaction achieved 0.278 min−1. MSB showed an outstanding advanced oxidation
performance among the sludge-based biochar. Moreover, the MSB/PMS system posed
remarkable capability for ARG elimination, even in a wide solution pH range (3–9) or with
co-existing ions (NO−

3 , Cl−, H2PO−
4 , or SO2−

4 ) and HA. It also showed robust recycling
performance. The catalyst mechanism study demonstrated that it was mainly Fe-Nx that
activated PMS to generate FeIV=O for ARG degradation. After pyrolysis, heavy metals were
immobilized in MSB, and the concentrations of the leached heavy metals were extremely
low, posing minimal environmental risk. Therefore, the reaction conditions for biochar
preparation in this study closely resemble those of industrial pyrolysis reactors, providing
valuable references for the industrial pyrolysis treatment of sludge.
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