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Abstract: The safe disposal and resource utilization of Fenton sludge (FS) are challenges due to the
presence of heavy metals (HMs). Co-pyrolysis with biomass waste can effectively increase biochar
quality and immobilize HMs, but research focusing on heavy metal stabilization from Fenton sludge
using the co-pyrolysis approach is scattered. In this study, the co-pyrolysis of FS and pomelo peel
(PP) was developed as a strategy to reduce the environmental risk of HMs. The results showed
that co-pyrolysis greatly increased the pH and aromaticity of biochars, and the maximum specific
surface area was 6.5 times higher than the corresponding FS-based biochar due to the sponge-like
structure of PP, which was likely conducive to adsorbing HMs during pyrolysis. Meanwhile, the
addition of PP promoted the enrichment of HMs in co-pyrolyzed biochars as well as induced the
transformation of bio-available HM fractions to stable forms, especially at high temperatures. Finally,
the presence of PP led to the decline in HM leachability in biochars; thus, the potential ecological
risks of HMs decreased from considerable pollution levels to moderate and even clean levels. This
study demonstrated that co-pyrolysis with PP is a promising approach to reduce the toxicity of HMs
and improve the functionality of biochar for industrial sludge management.

Keywords: Fenton sludge; co-pyrolysis; biochar; heavy metals; ecological risk

1. Introduction

The Fenton oxidation process has been widely applied in industrial wastewater treat-
ment for the efficient degradation of refractory organics [1]. However, a large amount of
Fenton sludge (FS) is inevitably produced from the neutralization step of acidic effluent,
which contains high contents of ferric iron, organic contaminants, sediment impurities, and
heavy metals (HMs). Among the above-mentioned contaminants, HMs (Pb, Zn, Cu, Cr,
etc.) pose a significant threat to ecosystems and humans due to their non-biodegradability
and strong biological toxicity [2]. Therefore, it is necessary to develop a proper sludge
management strategy to eliminate or alleviate potential environmental pollution caused
via HMs in FS.

In the past decade, pyrolysis has been proven as an alternative technology for sludge
disposal, in which a reduction in sludge volume, heavy metal passivation, and resource
recovery (e.g., biofuels and biochar) can be achieved simultaneously [3]. It has been well
documented that biochar, the main product derived from the partial combustion of biomass
waste, exhibits a great potential for application in pollutant removal or soil amendment [4].
Moreover, biochar is a negative carbon emission material that can facilitate achieving carbon
neutrality in sludge reutilization systems. Thus, numerous researchers have focused on the
optimization of pyrolysis conditions [5,6] and modification strategies of biochar [7] as well
as its emerging applications [8]. However, most HMs are concentrated in the biochar matrix
after pyrolysis, which may result in the potential risk of HM leaching if the sludge-derived
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biochar is applied to soil and water environments. Although some studies have shown
that pyrolysis contributes to the transformation of HMs from a bioavailable state into
stable oxidizable and residual fractions, the immobilization of HMs largely depends on the
pyrolysis temperature, species of HMs, and sludge properties. For example, a pyrolysis
temperature above 600 ◦C is commonly necessary to improve the conversion of Mn, Cu,
and Zn in sewage-sludge-based char to more stable fractions [9], while in another case,
Udayanga et al. reported that Cd, Pb, and Hg in industrial sludge readily migrate at such
high temperatures [10]. In addition, the characteristics of sludge (especially industrial
sludge) with high ash content and low calorific value may cause more energy consumption
and poor pyrolysis performance [11]. Therefore, in order to overcome these limitations, a
more efficient method to immobilize HMs is urgently needed.

Recently, the co-pyrolysis of sludge with biomass waste has gained increasing atten-
tion from researchers due to its multiple benefits, including the improvement in biochar
properties, the stabilization of HMs, and the reduction in energy consumption, which can
be achieved simultaneously [12]. In the context of “treating the waste with the waste”,
various types of biomass, such as rice straw, sawdust, vegetable waste, and microalgae
have been co-pyrolyzed with sludge [12–14], which has provided the potential to modify
the properties of biochar as well as reduce the leaching toxicity of HMs. For instance,
Dong et al. found that the co-pyrolysis of sewage sludge and rice straw exhibited great
benefits for fabricating hierarchical porous structures, improving high ash content, and
immobilizing heavy metals in char samples [15]. However, previous studies have mostly
focused on organic-dominated sludge from municipal wastewater treatment plants; in-
depth and comprehensive investigations on the co-pyrolysis of industrial sludge (such as
FS) and biomass waste are still scattered. In addition, more attention should be paid to the
leaching toxicity and underlying environmental risks of HMs in sludge-derived biochar.

Pomelo (Citrus grandis) is one of the most widely consumed fruits around the world,
resulting in a large amount of pomelo peel (PP) being discarded as biomass waste. Many
researchers have demonstrated that PP is a promising ingredient for the preparation of
engineered carbonaceous materials due to its polymeric network structure with cellulose
microfibril, hemicellulose, and lignin, which provides large specific surface areas and
abundant functional groups after thermal conversion. To date, several PP-based carbon
materials have been developed and applied in the adsorption of HMs, catalytic degradation
and solar evaporation [16–18]. These studies inspired us to investigate whether the co-
pyrolysis of FS and PP may synergistically enhance the stabilization of HMs in biochars.
However, until now, the feasibility of the co-pyrolysis of pomelo peel and sludge with high
concentrations of HM has not been studied.

In this study, for the first time, HMs, including Pb, Zn, Cr, and Cu, are immobilized in
a biochar matrix via conducting the co-pyrolysis of pomelo peel and Fenton sludge. The
main objectives of this work are to (1) explore the effect of PP addition on the characteristics
of biochar and heavy metal immobilization during co-pyrolysis and (2) evaluate the single
and multiple environmental risks of HMs in the biochars. This work aimed to provide a
new solution to stabilize HMs in industrial sludge.

2. Materials and Methods
2.1. Feedstocks and Chemicals

Raw FS was collected from the Fenton oxidation process of an electroplating wastewa-
ter treatment plant in Wuxi, China. The fresh pomelo peel was obtained from a local fruit
shop around the campus. All the feedstocks were oven dried at 105 ◦C for 24 h, ground
finely, screened through 100 mesh and then stored in a desiccator for further use. The main
properties of FS and pomelo peel are listed in Table 1.

All the chemicals used in this study, including CH3COOH, NaOH, NH2OH·HCl,
HNO3, H2O2, NH4Ac, HCl and HF were analytical grade and purchased from Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China.
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Table 1. The main properties of FS and pomelo peel.

Parameter FS Pomelo Peel

pH 5.2 ± 0.1 6.9 ± 0.1
Total organic matter (TOC) (%) 4.58 ± 0.47 92.1 ± 1.05

Cu (mg/kg) 818 ± 21 ND a

Zn (mg/kg) 16,380 ± 231 ND
Cr (mg/kg) 128 ± 17 ND
Pb (mg/kg) 483 ± 24 ND

Note: a ND, Not detected.

2.2. Co-Pyrolysis of FS and PP

Co-pyrolysis experiments were conducted in a tubular furnace (OTF-1200X, Hefei
Kejing Material Technology Co., Ltd., Hefei, China) as shown in Figure S1. Firstly, the
pretreated FS and PP were thoroughly mixed in the agitator as the mass ratio of 1:1 based
on the previous publication [19]. Then, 30.0 g of the mixed feedstock was loaded into the
quartz tube and heated at different pyrolysis temperatures (300, 400, 500 and 600 ◦C) for
2 h. The heating rate for all the experimental groups was set invariably as 10 ◦C/min.
During the entire pyrolysis and cooling stages, the high-pure nitrogen gas was flushed with
the constant flow rate of 100 mL/min to ensure oxygen-free atmosphere. The pyrolysis
products were taken out and stored after natural cooling to ambient temperature. The as-
prepared samples from different temperatures were labeled as SPC300, SPC400, SPC500 and
SPC600, respectively. Meanwhile, the pyrolysis of sole FS was conducted as the control test,
and the procedure was same as mentioned above. The biochar samples derived from sole FS
were labeled as FSC300, FSC400, FSC500 and FSC600, respectively. The specific surface area
was examined using N2 adsorption–desorption isotherm measurements equipped with
an automatic specific surface analyzer (ASAP2020, Micromeritics Instruments Co., Ltd.,
Norcross, GA, USA). The surface functional groups of biochars were characterized using
Fourier transform infrared (FTIR) spectroscopy (Nicolet iS50R, Thermo Fisher Scientific Inc.,
Waltham, USA). The thermogravimetric analysis was conducted using a thermogravimetric
analyzer (TGA/SDTA851e MET, Shanghai Mettler Toledo Scientific Co., Ltd., Shanghai,
China), following the procedure previously described [14].

2.3. Heavy Metals Analysis
2.3.1. Sequential Extraction of Heavy Metals

A modified European Communities Bureau of Reference (BCR) sequential extraction
method was used to investigate the speciation of HMs in biochars, by which HMs can
be classified into four fractions, namely the acid-soluble or exchangeable fraction (F1),
reducible fraction (F2, bound to iron-manganese oxide), oxidizable fraction (F3, bound
to organic matter and sulfide) and residual fraction (F4, primary minerals and secondary
silicate lattice metals) [20]. Normally, the mobility and bio-toxicity of HMs decrease with
the sequential extraction, and the order is as follows: F1 > F2 > F3 > F4. The extraction
steps are provided in Table S1.

2.3.2. Leaching Experiment

The toxic characteristic leaching procedure (TCLP) recommended by the U.S. EPA was
implemented to assess the leachability and ecological risk of HMs in biochar [21]. Briefly,
0.5 g of biochar was extracted by the prepared glacial acetic acid solution (pH 2.88) with the
liquid-to-solid ratio of 20:1. The mixture was placed in a shaker (120 rpm) at a mesophilic
temperature of 25 ◦C for 18 h. The extracted samples were centrifuged at 5000 rpm for
15 min, and the supernatant was filtered through a 0.22 µm PFS membrane filter prior
to analysis [22].
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2.3.3. Determination of Heavy Metals

The total HMs content in the samples were determined by a microwave-assisted diges-
tion method according to the previous study [23]. Briefly, 0.200 g of sample was dissolved
in the mixture of nitric acid, hydrochloric acid and hydrofluoric acid (HNO3:HCl:HF = 6:2:1,
v/v/v) and digested in a microwave digester (GH08Z-Z, Shanghai Metash Instruments,
Shanghai, China). The detailed procedures are shown in Table S2. The total concentra-
tions of Pb, Zn and Cr in digestion solution were determined by an inductively coupled
plasma optical emission spectrometry (ICP-OES) instrument (OPTIMA 8300DV, Perkin
Elmer Instrument Co., Ltd., Waltham, MA, USA).

2.4. Ecological Risk Assessment

The risk assessment code (RAC) and Nemerow pollution index (NPI) were applied
to evaluate the potential environmental risk of biochar samples in this study. RAC is
expressed by the proportion of F1 fraction, which represents the availability of single
HM [24]. According to the RAC value, the environmental risk can be classified five levels:
RAC < 1% indicates “no risk”, 1% < RAC < 10% means “low risk”, 10% < RAC < 30%
indicated “medium risk”, 30% < RAC < 50% indicates “high risk” and RAC < 50% means
“medium risk”.

The NPI Is one of the most widely used pollution indexes to evaluate the pollution
and potential ecological risk caused by multi-contamination factors. In this study, the NPI
was carried out to comprehensively assess the bioavailability and harmfulness of various
heavy metals and the formula were shown as follows:

Pi = Fi/Si (1)

PN =

√(
P2

i + P2
imax

)
/2 (2)

Pi =
∑n

i=1 Pi

n
(3)

where Pi is the single pollution index of HMs in samples, Fi is the extractable concentration
of HMs by the TCLP method, Si is soil permissible limits based on the Soil Environmental
Quality Standards for the developed area, in which the contents of Pb, Zn, Cr and Cu are 400,
2000, 30 and 2000 mg/kg, respectively [25]. PN is the Nemerow integrated pollution index,
Pi is the average value of the single pollution index of HMs, and Pimax is the maximum
value of the single pollution index of HMs.

3. Results and Discussion
3.1. Properties of Sludge and Biochars
3.1.1. General Properties

The properties of biochars are strongly dependent on the elemental compositions and
contents of feedstocks as well as pyrolysis conditions [26]. Thus, the properties of the
feedstocks and their biochars are shown in Table 2. Both C and H contents of FS were less
than 5%, indicating that the main components in the FS were inorganic elements (e.g., Fe,
Zn, Cu and other HMs). On the contrary, the organic matter was the dominant component
in the PP. These results were in accordance with the thermogravimetric study presented
in Figure 1, in which the weight loss rate of FS reached 25%, whereas almost 80% of PP
decomposed when the pyrolysis temperature increased to 600 ◦C.

As shown in Table 2, both the high temperature and co-pyrolysis with PP reduced the
yields of biochar. For example, there was a slight decline in the biochar yield from 83.36%
to 74.32% at 300 to 600 ◦C, indicating the high ash contents in FS. Moreover, the yields
of blended biochars (47.32–71.83%) were much lower than the biochars derived from FS
alone under the same pyrolysis conditions, which can be interpreted by the high organics
content in PP. During pyrolysis, the main organic compounds in PP such as hemicellulose,
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cellulose, lignin and aliphatic compounds readily decomposed via the demethylation,
demethoxylation and decarboxylation reactions [27].

Table 2. Yield, pH and ultimate analysis of feedstocks and biochars.

Sample Yield (%) pH C (%) H (%) H/C SSA (m2/g)

FS / 5.25 ± 0.05 4.37 1.66 4.56 /
PP / 6.95 ± 0.05 58.34 13.67 2.81 /

FSC300 83.36 ± 4.15 5.29 ± 0.08 2.29 ± 0.12 0.84 ± 0.03 4.40 2.15
FSC400 82.18 ± 3.18 5.27 ± 0.04 1.79 ± 0.18 0.63 ± 0.05 4.22 3.18
FSC500 79.46 ± 2.87 5.28 ± 0.07 1.77 ± 0.07 0.62 ± 0.08 4.20 3.74
FSC600 74.32 ± 4.43 5.80 ± 0.13 1.67 ± 0.09 0.53 ± 0.02 3.80 4.17
SPC300 71.83 ± 2.79 7.28 ± 0.06 40.67 ± 0.16 2.52 ± 0.10 0.75 18.54
SPC400 60.31 ± 4.63 8.59 ± 0.04 37.14 ± 0.14 3.07 ± 0.08 0.74 22.92
SPC500 52.43 ± 3.98 9.81 ± 0.11 34.52 ± 010 1.73 ± 0.06 0.60 27.25
SPC600 47.32 ± 3.53 10.92 ± 0.08 31.03 ± 0.08 1.14 ± 0.02 0.44 31.26
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3.1.2. Elemental Analysis and Specific Surface Area

The elemental analysis of feedstocks and biochars clearly demonstrated that both C
and H contents decreased with increasing pyrolysis temperature owing to the rapid decom-
position of organic substances. Meanwhile, the H/C molar ratio was used to characterize
the organic aromaticity degree of biochars: the H/C ratio ≤0.3 indicated highly condensed
aromatic ring structures, whereas H/C ≥0.7 suggested a low condensed structures [20]. As
shown in Table 2, the H/C ratios of FSC (3.80–4.40) were much higher than 0.7, showing an
obvious non-condensed structure in FSC [28]. On the contrary, the molar H/C ratio of SPC
decreased significantly to 0.44–0.75 with the increase in temperature, which represented



Water 2023, 15, 3733 6 of 13

the increment of aromaticity in SPC. The pH of FSC increased slightly from 300 to 600 ◦C,
which is attributed to the thermal decomposition of acidic functional groups and formation
of alkali salts [29]. It should be noted that the pH of FS-based biochar was acidic, which is
different from that of organic-dominated sludge in the previous studies [30]. One possible
reason for these results is that more metal chlorides were produced during the pyrolysis
of FS, contributing to the surface acidity of biochars [31]. Comparing with acidic FSC, the
addition of PP resulted in a significant elevation of pH, and all the SPCs were alkaline,
which is likely induced by the alkaline species such as metal carbonates and hydroxides in
the PP.

Also, it could be observed that the co-pyrolysis with PP addition resulted in the incre-
ment of biochars’ specific surface area (SSA). For example, the SSA of co-pyrolyzed biochar
at 600 ◦C (31.26 m2/g) was 6.5 times higher than that of FS-based biochar
(4.17 m2/g). This is possibly because the sponge-like structure of PP was conducive
to form well-developed porous biochar during the pyrolysis process.

3.1.3. FTIR Spectra Analysis

The functional groups of FS and biochars were investigated via FTIR analysis. As
shown in Figure 1a, most of the peaks, including 3435 cm−1 for the −OH stretching
vibration, 1655 cm−1 for the C=C and C=N stretching vibrations in aromatic annulus
and amide bonds, −CHx groups in aliphatic chains [19], weakened and even completely
disappeared with the raising temperature compared with raw FS, suggesting the substantial
decomposition of organic compounds. The intensity of the metal–halogen tensile vibration
(approximately 570 cm−1) was greatly enhanced with the increase in pyrolysis temperature,
which was likely owing to the formation of metal chlorides. This is consistent with the
results of acidic characteristics of FSC discussed in Section 3.1.1. After co-pyrolyzing
with PP, a new peak of C=O appeared in SPC, and other functional groups were enriched
compared with the corresponding peak in FSC, indicating the abundant organics in PP.
This was possibly related to the ring opening, depolymerization of hemicellulose and
the aromatization of benzene ring in lignin [14,32]. Moreover, the peak of metal–halogen
tensile vibration decreased as the temperature rose to 600 ◦C, which differed from that
of FSC. This could be explained by the conversions of metal halide compounds to more
stable forms during the co-pyrolysis process. Similar results have also been reported in
another publication [33].

3.1.4. Thermogravimetric Analysis

The thermogravimetric results of FS, PP and their mixture are shown in Figure 1c,d.
The overall weight loss rates of FS, PP and SP were 23.0%, 59.8% and 76.0%, which are
attributed to the higher proportion of volatile matter in PP than that of FS. For FS alone,
a small weight loss peak could be observed at about 250 ◦C, which could be designated
to the decomposition of hydrocarbons in the industrial sludge. In contrary, two strong
peaks in DTG curves were presented for PP and the mixture, dividing the whole pyrolysis
process into two individual stages. The first stage occurred at 180–240 ◦C and was due
to the decomposition of pectin [34]. The second decomposition phase occurred at around
310–360 ◦C, which was believed to be due to the decomposition of cellulose and hemicellu-
lose in PP [35]. The TG curve became flat after 550 ◦C with no obvious loss of weight for all
the samples, suggesting the good thermal stability of derived biochars.

3.2. The Total Contents of HMs in the Biochars

The total contents of HMs in raw FS and biochars are presented in Table 3. The total
amounts of Cu, Cr and Pb of FS were in the range of 128.55–818.68 mg/kg while the
concentration of Zn was more than 16,000 mg/kg due to the dominant zinc-plating process
in the electroplating factory. Most of the HMs (Pb, Zn and Cr) were enriched in the FSC, and
the concentrations increased as the pyrolysis temperature rose, which is likely attributed to
the thermal decomposition of organic matters and high stability of HMs [36]. However, the
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contents of Cu in the FSC were found to be lower compared with that in the FS, indicating
that a certain proportion of volatile Cu compounds generated and transferred to bio-oil and
bio-gas. This is consistent with the previous study, in which dissatisfactory immobilization
rates of Cu (33.62–67.85%) were achieved after the pyrolysis of electroplating sludge [31].
A similar change trend of HM contents could be observed in the co-pyrolyzed biochars,
but the concentrations of HM in the SPC were much lower than those in the FSC, which
may be attributed to the “dilution effect” caused by the HMs-free PP addition.

Table 3. Total contents and recovery rates of HMs in FS and biochar.

Sample
Pb Zn Cr Cu

Total Content
(mg/kg)

Recovery
Rate (%)

Total Content
(mg/kg)

Recovery
Rate (%)

Total Content
(mg/kg)

Recovery
Rate (%)

Total Content
(mg/kg)

Recovery
Rate (%)

FS 483.45 ± 24.29 / 16,380 ± 231 / 128.55 ± 17.07 / 818.68 ± 21.85 /
FSC300 519.65 ±21.67 89.68 ± 3.74 17,771 ± 373 90.4 ± 1.90 145.76 ± 2.76 94.9 ± 1.80 704.25 ± 45.50 71.77 ± 4.64
FSC400 513.18 ± 26.40 87.31 ± 4.49 18,661 ± 265 93.6 ± 1.33 144.95 ± 6.83 93.06 ± 4.38 765.13 ± 20.38 76.87 ± 2.05
FSC500 530.29 ± 28.66 87.24 ± 4.71 18,939 ± 736 91.9 ± 3.57 144.63 ± 3.58 89.78 ± 2.21 796.50 ± 11.50 77.37 ± 1.12
FSC600 611.43 ± 2.76 94.08 ± 0.42 20,573 ± 891 93.3 ± 4.05 163.80 ± 3.25 95.11 ± 1.89 873.12 ± 17.63 79.33 ± 0.69
SPC300 304.64 ± 3.92 90.61 ± 1.17 10,930 ± 495 95.8 ± 4.34 94.94 ± 4.81 94.94 ± 5.40 450.63 ± 13.13 81.88 ± 2.38
SPC400 356.31 ± 16.65 88.98 ± 4.16 12,854 ± 379 94.3 ± 2.79 116.25 ± 4.25 104.25 ± 4.00 539.50 ± 35.50 79.55 ± 5.23
SPC500 469.38 ± 12.62 101.90 ± 2.74 13,121 ± 208 84.0 ± 1.33 128.94 ± 2.94 103.94 ± 1.69 677.45 ± 27.50 86.85 ± 3.53
SPC600 503.21 ± 7.69 98.60 ± 1.51 15,960 ± 603 95.7 ± 3.49 139.25 ± 0.75 99.25 ± 0.55 748.81 ± 26.19 86.64 ± 3.03

Meanwhile, the recovery rates of HMs were calculated using the following equation:

RR =
CB × Y

CF
× 100% (4)

where RR is the recovery rate of specific HM (%), CB and CF represent the total concen-
tration of HMs in the feedstocks and biochars (mg/kg), and Y is the yield of biochars
(%). As shown in Table 3, the RRs of Cu, Zn, Cr and Pb were 71.77–86.85%, 84.0–95.8%,
89.78–104.25% and 87.24–101.90% in FSC and SPC, respectively, indicating that most of the
HMs were retained in biochars after pyrolysis. Moreover, it seems that the recovery rates of
HMs in the co-pyrolytic biochars (SPC) were higher than those in the sole biochars (FSC) in
most cases. For instance, the RRs of Cr in the FSC were in the range of 89.78–95.11%, while
the values increased to 94.94–104.25% under co-pyrolysis with PP. These results suggested
that the addition of PP was conducive to immobilizing HMs in biochar owing to the high
organic carbon content of PP [37].

3.3. The Speciation of HMs in the Biochars

It is well known that the toxicity and migration characteristics of HMs in biochar
largely depend on the chemical speciation. Therefore, the distribution characteristics
of HM fractions in FSC and SPC were analyzed based on a modified BCR extraction
procedure, and the results are shown in Figure 2. Generally, the BCR-extractable fractions
of HMs can be divided into three categories: (1) both the acid-extractable (F1) and reducible
(F2) fractions represent high mobility and direct toxicity, (2) the oxidizable fraction (F3)
exhibits a potential toxicity due to its low degradation resistance in the certain environment,
and (3) the residual fraction (F4) is non-bioavailable and extremely stable under most
conditions [38]. For the raw FS, the bioavailable fractions (F1 + F2) of Pb and Zn were
49.8% and 59.7%, respectively, which indicated high ecological risks from these HMs if
the FS was discharged into the aquatic and soil ecosystems. After converting FS into FSC
through single pyrolysis, the bioavailable fractions (F1 and F2) of Pb were readily converted
into relatively stable forms (F3 and F4) with the increasing temperature. For example, the
F1 + F2 fraction of Pb decreased from 40.8% in the FSC300 to 4.42% in the FSC600, suggesting
that pyrolysis in higher temperature was more beneficial to the passivation of HMs. Similar
change trends were also observed in the speciation distribution of Cu and Cr. The stable
fractions (F3 + F4) of Cu and Cr in FSC were more than 90% and did not change significantly
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at 300–600 ◦C, which could be interpreted by their strong affinity to organic ligands or
minerals in raw FS [19]. The F1 and F2 portions of Zn remained stable and still more than
35.1% in FSC600, while the portion of F4 increased, indicating that the transformation of
oxidizable Zn complexes to more stable Zn oxide or co-crystal compounds [39].
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Co-pyrolysis with PP exhibited a remarkable effect on the distribution of HM frac-
tions in SPC, and the change trend largely depended on the type of HMs. As to Pb, the
fractions of F1 and F2 were reduced by 52.9–100% in SPC at the pyrolysis temperature of
300–600 ◦C, indicating that co-pyrolysis had a strong passivating effect on the Pb. Com-
pared with the chemical speciation of Zn in FSC, the proportion of F1 and F2 in SPC declined
sharply, whereas the F3 fraction increased significantly. Similar changes were observed
in Cr. These results were in accordance with a previous study in which the F1, F2 and F4
fractions of all HMs decreased while the content of F3 increased with the mixture ratios of
cotton stalks [40]. This phenomenon is likely attributed to the complexation reactions that
occurred between the HMs and organic substance in the PP. In summary, co-pyrolysis with
PP is conducive to the conversion of unstable HMs to stable species such as oxidizable and
residual fractions, and it consequently decreased the bio-toxicity of HMs.

3.4. The Leaching Toxicity of HMs in the Biochars

The TCLP test was conducted to investigate the leachability of HMs in the biochars,
and the results are presented in Figure 3. The limit values of HMs were 100 mg/L for
Zn and Cu, 15 mg/L for Cr and 5 mg/L for Pb based on the identification standards
for hazardous wastes in China [6]. The leachable contents of Cr, Pb and Cu in raw FS
did not exceed the threshold values, while the contents of Zn in the TCLP leachate was
642.08 mg/L, which was 5.42 times higher than that of permissible limits, indicating the
potential risk of Zn pollution to the environments. After converting FS to FSC, the leaching
of HMs was significantly suppressed (p < 0.05) and continuously fell off with the rising
temperature. For instance, the leached concentrations of Zn, Cr, Cu and Pb in FSC600
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exhibited the remarkable declines of 61.4%, 46.0%, 92.8% and 100%, respectively, compared
with those in raw FS. These results agreed with the change trend of chemical speciation of
HMs and could be attributed to the formation of more stable structures (e.g., metal–silicate
and metal–oxide) in the carbon matrix [19].
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As for the SPC, the toxic leachability of HMs was further decreased after the co-
pyrolysis process. Although the leachable content of Zn in SPC remained higher than
the limit value, the addition of PP notably decreased the leaching content of Zn from
6.42-fold of threshold values to less than 2.5 times in the temperature range. In addi-
tion, no leachable Cu and Pb were detected in SPC500 and SPC600, indicating that the
co-pyrolysis of sludge and PP effectively enhanced the immobilization of HMs and re-
duced the toxic leaching of them to environments. There are some possible reasons for
the results: (i) the generation of a more stable structure such as organometallic com-
pounds and metal–oxide in the carbon matrix is stimulated by the presence of PP [39], and
(ii) the well-developed pores and abundant functional groups of SPC are capable of trap-
ping or absorbing the metal(loid)s [41]. Furthermore, several mechanisms including a
carbon shield, complexation interactions and electrostatic interactions were likely involved
in the immobilization of HMs [21]; further study is needed to comprehensively reveal the
contribution of the main ingredients in PP during pyrolysis.

3.5. The Environmental Risk Evaluation of HMs in the Biochars

The ecological risks of single and multiple HMs in biochars were evaluated using
several indicators including a risk assessment code (RAC) and Nemerow pollution index
(NPI). As shown in Figure 4, the risk levels for Pb (17.6) and Zn (41.4) in FS were considered
as medium and high pollution levels, respectively (Cr and Cu were not listed due to
there being no detectable F1 form in this study). After pyrolysis, the pollution level of
Pb in FSC reduced to low risk level (1.2) at 400 ◦C and further reduced to a clean level at
500–600 ◦C, while the RAC values of Zn declined by 27.2–46.9% with the increasing
temperature, indicating a high or moderate pollution risk for FSC. These results suggested
that pyrolysis could improve the transformation of the F1 fraction of HMs to other stable
forms, but the passivation was not very satisfactory for Zn. In contrary, co-pyrolysis with
PP could further decrease the risk level of HMs in biochars. The RACs of Pb in SPC
were significantly decreased to 2.6 at 300 ◦C, and even Pb is not detected at 400–600 ◦C,
presenting low-risk or no-risk levels in the co-pyrolytic biochars. Apart from SPC300, other
SPC samples exhibited a low environmental risk level for Zn, indicating the positive effect
of co-pyrolysis on the Zn immobilization.
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The results of NPI assessment and the classification level of the HMs pollution are
presented in Table 4. The PN value of FS was 9.62, which far exceeded the threshold of the
“serious” pollution level. This indicated that it posed an extremely high contamination
risk if FS was directly applied into soil. The PN values of FSC decreased from 9.62 to 5.33,
3.64, 5.53, and 3.13 for FSC300–600, respectively, which were considered at a “severe” risk
level. Furthermore, co-pyrolytic biochars showed more positive impacts in decreasing the
NPI: especially the comprehensive pollution level of SPC600 was the lowest, belonging
to a “moderate” pollution degree. These results suggested that co-pyrolysis with PP is a
promising strategy to reduce the ecological risk of HMs in industrial sludge. However,
both the RAC and NPI values of co-pyrolyzed biochars were higher than the expected
results due to the high contents of HMs in FS, and thereby, further study is still required for
a comprehensively technical optimization and potential application prospects of biochar in
pilot-scale trials.

Table 4. The Nemerow pollution index (Pi/PN) of HMs in FS and biochars.

Sample
Pi

PN
Classification

LevelPb Zn Cr Cu

FS 12.84 4.64 0.37 0.12 9.62 Serious
FSC300 7.06 3.40 0.10 0.10 5.33 Severe
FSC400 4.80 2.64 0.04 0 3.64 Severe
FSC500 7.39 2.68 0.06 0 5.53 Severe
FSC600 4.21 1.28 0.02 0 3.13 Severe
SPC300 5.06 2.59 0.02 0 3.82 Severe
SPC400 4.40 0.61 0 0 3.23 Severe
SPC500 4.95 2.51 0.03 0 3.74 Severe
SPC600 3.10 0.15 0 0 2.26 Moderate

Pollution
degree

Pi/PN < 1, low contamination; 1 < Pi/PN < 3, moderate contamination;
3 < Pi/PN < 6, severe contamination; Pi/PN > 6, serious contamination.

4. Conclusions and Future Perspectives

In this study, the effect of co-pyrolysis of FS and PP on the stabilization of HMs was
firstly investigated. The addition of PP decreased the yield rate but improved the properties
of co-pyrolytic biochar including pH, aromaticity, specific surface area and functional
groups. Furthermore, co-pyrolysis with PP could reduce the total contents of HMs (i.e., Pb,
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Zn, Cr and Cu) in biochar, and the transformation from bio-available (F1 + F2) to stable
fractions (F3 + F4) was achieved simultaneously. The TCLP leaching test demonstrated
that the leachable concentrations of HMs in co-pyrolyzed biochar were greatly decreased,
thereby reducing the potential ecological risks of single (RAC) and multiple (NPI) HMs
from “high” to “moderate” and even “low” risk degrees. Therefore, co-pyrolysis with PP
was considered as a feasible strategy to immobilize HMs in industrial sludge. However,
the immobilization performance of HMs in FS should be further improved via technical
parameter optimization and other carbonization technologies application due to high HM
contents in industrial sludge. In addition, the co-pyrolysis of PP and different type of
industrial sludge in the long-term application should be comprehensively evaluated before
its practical application to soil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15213733/s1, Figure S1: Fixed bed reactor system for co-pyrolysis;
Table S1: Details of BCR extraction procedure and extraction fluids; Table S2: Microwave digestion
procedure used in this study.
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