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ARTICLE INFO ABSTRACT

Editor: Dr. Xiaohong Guan The introduction of heavy metal-free biomass into the sewage sludge (SS) pyrolysis can effectively improve the
biochar properties and reduce the bioavailability and toxicity of heavy metals (HMs) in blended biochar. Herein,
this study aimed to understand the biochar properties and associated environmental risks of HMs, by comparing
the residual contents from the co-pyrolysis of SS with various organic fractions of municipal solid waste
(OFMSW) at 550 °C and pyrolysis alone at different temperatures between 350 and 750 °C. The results indicated
that, compared with SS pyrolysis alone, co-pyrolysis of SS with various OFMSW (except PVC) lead to lower
biochar yields but with higher pH values (increased between 21.80% and 31.70%) and carbon contents (raised
between 33.45% and 48.22%) in blended biochars, and the chemical speciation analysis suggested that co-
pyrolysis further promoted the HMs transformation into more stable forms which significantly reduce the
associated environmental risk of HMs in the blended biochars (the values of RI lower than 55.80). The addition of
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PVC, however, impeded biochar properties and compromised HMs immobilization during SS pyrolysis.

1. Introduction

In recent decades, the annual generation rate and amount of sewage
sludge (SS) from wastewater treatment plants have skyrocketed due to
the rapid urbanization and industrialization. The amount of SS in china
had exceeded 30 million tons in 2015 and may hit 60-90 million tons by
2020 (Zheng et al., 2019). SS usually contains numerous toxic organic
matter (e.g., hazardous organic micro-pollutants, polycyclic aromatic
hydrocarbons-PAH, aromatic amines, and dyeing agents) (Zielinska and
Oleszczuk, 2016) and high levels of heavy metals (HMs) (Chen et al.,
2019; Sun et al., 2020), these poisonous substances (especially HMs)
exhibit strong biological toxicity, which can easily cause serious un-
known threat to humans, wildlife and environment (Xu et al., 2019; Li
et al., 2014). Meanwhile, SS has been considered as bio-resource and
alternative mines owing to its high contents of bio-degradable organic
matters and nutrients, which has aroused significant interests in the
research areas (Chhabra et al., 2019; Chen et al., 2020; Marin-Batista
et al., 2020). Therefore, how to treat SS appropriately by using an
economically-feasible and environmentally-friendly technology has
become a very important global emergency task.
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Among the SS disposing technologies, the conventional approaches,
such as ocean dumping, sanitary landfill and land application, have been
restricted owing to the poisonous leachate and limited land resources (Li
et al, 2018). Thermochemical treatment has attracted increasing
attention over the past decade, especially the pyrolysis technology
(Zheng et al., 2019). Pyrolysis, as one of the most promising thermo-
chemical process for safe disposal of SS, possesses several advantages
over sanitary landfill and incineration because of its energy recovery,
nutrient recycling, HMs immobilization, and high-quality biochar pro-
duction (Liu et al., 2017; Ahmed and Hameed, 2020; Chanaka Udayanga
et al.,, 2019; Fan et al., 2020). The residual product of SS pyrolysis
(biochar), a carbonaceous material intentionally, typically have a
satisfactory surface adsorption site, large surface area with high
porosity, high pH value, and great cation exchange capacity (El-Naggar
et al., 2019). Owing to its characteristics, biochar is widely used as the
soil remediation reagent to improve fertility, carbon sequestration,
neutralize acidity, and HMs immobilization in polluted soil (Hagemann
et al., 2017), as well as the cost-effective adsorbent to remove organic
and HMs contaminants from aqueous phase (Ho et al., 2017; Yin et al.,
2020). Considering the HMs severe negative impacts on living
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organisms, the environmental risk associated with HMs accumulated in
biochar have drawn much attention (Palansooriya et al., 2020). The
most common HMs in SS are Zn, Cu, Cr, Pb, Ni, and Cd because they tend
to have higher concentration and potential environmental risk. Many
researchers had contributed their efforts in advancing the knowledge on
the transformation, distribution and speciation evolution of HMs in SS
during pyrolysis process (Chanaka Udayanga et al., 2019, 2018; Dou
et al., 2017). During SS pyrolysis at the predominantly moderate tem-
peratures, the majority of HMs were redistributed into the solid product
(biochar) due to their higher thermal stability than organic substances
(Chanaka Udayanga et al., 2019; Wang et al., 2019). While the chemical
speciation of HMs can be transferred from the bioavailability and
eco-toxicity fractions to more stable forms, this suggests pyrolysis pro-
cess can immobilize the HMs in SS (Sun et al., 2018; Devi and Saroha,
2014; Wang et al., 2016). However, biochar produced from SS alone is
not a suitable material as soil remediation reagent or environmental
adsorbent because of its high ash content, low C content, small specific
surface area, and high concentrations of HMs (Ahmed and Hameed,
2020; Wang et al., 2019). These drawbacks serious limit its large-scale
agricultural and environmental applications in the future.

Co-pyrolysis can efficiently enhance the properties of biochar by
processing the two or more feedstocks under the same operating con-
dition. In this context, the additions of HM-free biomass wastes for co-
pyrolysis with SS can contribute to increasing the C content, reducing
the ash content, building well-developed pore structure, and diluting
HMs concentrations of blended biochar (Tian et al., 2019; Wang et al.,
2019; Chen et al., 2019; Dong et al., 2019). For instance, Jin et al.,
(2017) indicated that the addition of bamboo sawdust into SS promoted
more unstable toxic HMs in SS transformed into more stable forms
compared with single pyrolysis. In contrast, Huang et al. (2017)
observed that co-pyrolysis of SS with rice straw/sawdust significantly
reduced the total concentrations of HMs in biochar, while not observed
the reduction of the HMs leaching toxicity in biochar. Suggesting that
co-pyrolysis has inconsistent effects on the properties and HMs behav-
iors of the blended biochar, depending largely on feedstock type and
pyrolysis operating condition. However, a systematic comparative
research on the effects of biomass waste additions on the biochar
properties and environmental risk associated with HMs have not been
completed so far.

The organic fractions of municipal solid waste (OFMSW) are prom-
ising biomass wastes due to their large amount of production and ur-
gency of safe disposal, which taken up approximately 62% of municipal
solid waste in developing countries including China. The compositions
of OFMSW depend on the social-geographical status and local living
styles of the local human settlements, and on whether the collected
OFMSW undergoes classification and resource recovery as part of its
final disposal. Moreover, the specific proportion of compositions in
OFMSW varies in different places, mainly determined by the local living
styles and social-geographical status. In China, the OFMSW consists of
agricultural waste, garden waste, food waste, plastics, paper, and fabric,
while the paper and fabric wastes are often considered as the recyclable
waste as they can create higher value-added benefits (Tokmurzin et al.,
2020; Soomro et al., 2020). The OFMSW is rich in C content with skeletal
molecules, and might be a suitable biomass wastes additive to enhance
the biochar properties and promote the immobilization of HMs during
SS pyrolysis. According to our knowledge, much more attention has
been focused on products characteristics and kinetic analysis from
co-pyrolysis of SS and various OFMSW so far (Chhabra et al., 2019; Yang
et al., 2018), there still present few studies about the co-pyrolysis of SS
and various OFMSW, and their synergistic effects on lowing the total
concentrations and bioavailability of HMs and reducing potential envi-
ronmental risks associated with HMs of biochar. An in-depth investi-
gating of biochar properties and HMs behaviors from co-pyrolysis of SS
and various OFMSW should be implemented to fill this gap.

To better represent the common OFMSW, we selected the bamboo
sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET),
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kitchen waste (KW), and polyvinyl chloride (PVC) as our targeted ad-
ditives. Our previous practical pilot-scale test found that the addition of
approximately 20% biomass for co-pyrolysis can generate sufficient bio-
oil and syngas to satisfy the energy consumption which is required for
co-pyrolysis at 550 °C (Li et al., 2018). Moreover, the pyrolysis process
can immobilize HMs in biochar matrix only when the temperature is
high enough (Chanaka Udayanga et al., 2019; Devi and Saroha, 2014),
while the Cd exists mainly as a carbonate in SS and can be volatilized
and transferred into liquid phase (bio-0il) when the temperature
increased up to 600 °C (Wang et al., 2016). The Cd-contaminated bio--
fuel could easily cause a dispersal of secondary contamination to impose
adverse impacts on nearly all biological processes. To resolve these
conflicting, we set the co-pyrolysis temperature of SS and various
OFMSW at 550 °C would like to achieve the objective of the efficient
retention and immobilization of all HMs in blended biochars, the tem-
perature of SS pyrolysis alone was set at 350 °C, 550 °C, 750 °C to
compare biochar properties and associated environmental risks of HMs
with blended biochars from the co-pyrolysis of SS with various OFMSW.
The objectives of this study includes: 1) to validate the synergistic effects
of various OFMSW additions on biochar properties, 2) to reveal the
chemical speciation evolution and immobilization of HMs in the bio-
chars before and after additions of various OFMSW, and 3) to assess the
phytotoxicity and potential environmental risk of HMs in the biochars.

2. Materials and methods
2.1. Materials and biochar preparation

SS was obtained from a municipal wastewater treatment plant in
Xiamen City, China; BS, and WS, RH were collected from the farms in
near-by suburbs; ET was collected from a local teahouse; KW was
collected immediately after the greases removal at the Xiamen Eastern
Solid Waste Management Center; and PVC powders with the particle size
below 0.3 mm were sourced from an chemical store, China. All feed-
stocks (except PVC) went through a standardized pretreatment includes
dried at 105 °C in an oven for 24 h, grounded into fine particles (100
mesh), and then stored in a desiccator at room temperature to maintain
their low moisture before pyrolysis.

A single-step pyrolysis process was used to convert SS to biochar (as a
comparison) at 350, 550 or 750 °C according to the procedure reported
previously (Han et al., 2014), and co-pyrolysis of SS and various OFMSW
were conducted at 550 °C following a similar protocol. Pyrolysis tests
were carried out in a homemade pyrolysis experimental apparatus
included a pyrolysis atmosphere supply system, a fixed bed quartz
reactor with a surrounding electrically heated furnace, and a bio-oil and
syngas absorption derive system (Fig. S1). In each pyrolysis test, 20.0 g
of oven-dried SS or thoroughly mixed feedstocks (SS/various OFMSW,
4:1, w/w) were first loaded into a fixed bed quartz reactor with a ni-
trogen gas of 99.99% purity to wipe out the oxygen gas for 0.5 h before
pyrolysis, and then the pyrolysis temperature increased to the target
temperature at a rate of 10 °C min~* with a pure nitrogen flowrate at
100 ml min~. The final pyrolysis residue (biochar) was natural cooled
down in the quartz reactor after maintained for 1 h at target tempera-
tures. The biochar derived from SS pyrolysis at X (°C) temperature was
denoted as SSB-X, and the blended biochars from co-pyrolysis with BS,
WS, RH, ET, KW, and PVC at 550 °C were labeled as SSB-BS, SSB-WS,
SSB-RH, SSB-ET, SSB-KW, and SSB-PVC, respectively. Each pyrolysis
condition was repeated three times and the biochars were homoge-
neously mixed and stored in a sealed plastic bag in desiccators before
analysis.

2.2. Biochars properties analysis
The biochar yields represent the weight ratios of biochar to the

original feedstock. The ash contents of feedstocks and biochars were
calculated using the standard GB/T 12496.3-1999 (MEP, 1999). The pH
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of the samples (sample: deionized water = 1:20, w/v) were measured by
a digital pH meter (UB-7, Denver, USA). The element compositions (C,
H, N, and S) of feedstocks and biochars were analyzed with an automatic
elemental analyzer (Vario EL III, Hanau, Germany). The specific surface
area (SSA) of SS and biochars were detected by N3 adsorption-
desorption isotherms at 77 K with an automated surface area and pore
size analyzer (ASAP 2020, Micromeritics, USA). To identify the surface
functional groups of SS and biochars, the oven-dried samples were
mixed with KBr at a ratio of 1:100 and then pressed into a pellet in a
Fourier transform infrared (FTIR) spectrometry (NicoletiS10, Thermo-
Fisher, USA). The spectra were recorded in the range of 400-4000 cm ™
at a resolution of 4 cm ™.

2.3. Analysis of HMs

2.3.1. Chemical speciation of HMs

The chemical speciation of HMs (Zn, Cu, Cr, Pb, Ni, and Cd) in SS and
biochars were analyzed by a modified three-step BCR sequential
extraction procedure (Zhang et al., 2020), which classified the HMs into
four fractions: exchangeable/acid-soluble fraction (F1); reducible frac-
tion (F2, associated with Fe and Mn oxides); oxidizable fraction (F3,
bound to organic matter); and a residual fraction (F4) (Li et al., 2018).
The suspensions for the F1, F2, and F3 collected from each step were
digested with a mixed acid (HNO3/ Hy05 = 1: 1, v/v.) to remove dis-
solved organics. The feedstocks, biochars, and the BCR extracted solid
residues were digested with a mixed acid (HNO3: HClO4: HF = 5: 5: 2,
v/v) by using the microwave digestion. All the digested solutions were
filtered through a 0.22 pm nylon filter, and then diluted to a constant
volume of 50 ml with HNOg3 (0.5%) before analysis. The concentrations
of Zn, Cu, Cr, Pb, Ni, and Cd were determined by ICP-MS (7500CX,
Agilent Technologies, USA).

2.3.2. Leaching characteristics of HMs

To evaluate the HM leachability under different environmental
conditions, we selected two common protocols. The standard toxicity
characteristic leaching procedure (TCLP) simulates landfill condition by
using the glacial acetic acid solution (pH: 2.88) to illustrate the immo-
bilization capacity of HMs (Nair et al., 2008). Another protocol uses
0.005 M diethylenetriamine pentaacetic acid solution (DTPA), 0.1 M
triethanolamine (TEA), and 0.01 M CaCl, at pH= 7.3 to assess the
plant-available of HMs in SS and biochars (He et al., 2019). One gram of
over-dried sample was extracted by 20 ml leaching solutions in a
shaking incubator at 200 rpm for 18 h. The supernatant was separated
by centrifugation and subsequently digested with a mixed acid (HNO3/
H20, = 1:1, v/v.) to remove dissolved organics for HMs analysis.

2.4. Phytotoxicity assessment and environmental risk evaluation

2.4.1. Phytotoxicity assessment

Germination index (GI) is a widely used indicator to assess the
phytotoxic impacts of HMs to the plant growth (Shen et al., 2020). One
gram of the SS or biochar was extracted by 10 ml of deionized water at
200 rpm and 25 °C for 2 h. 5 ml of the filtrate was added into the
pre-sterilized petri dish with 10 cucumber seeds uniformly scattered on
the wetted filter paper. The petri dishes were incubated in a dark
incubator at 25 °C for 72 h. Germination index (GI) was calculated using
the following equation:

GI = (N;xL;)/(N.xL.) (€]

where N;j is the number of germinated seeds in treatment, N, is the
number of germinated seeds in the control using deionized water, L; is
the mean root length in treatment and L. is the mean root length in
control.

2.4.2. Environmental risk evaluation
Risk assessment code (RAC) and potential ecological risk index (RI)
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have been widely used to evaluate the potential environmental risk
(Shen et al., 2020). RAC represents the availability of single HMs in the
environment using the percentage of HMs in the F1 fraction, which
classified the risk into five types: no risk (NR), RAC < 1%; low risk (LR),
1%< RAC “10%; medium risk (MR), 10%< RAC < 30%; high risk (HR),
30%< RAC “50%; very high risk (VHR), RAC > 50%. And RI indicates
the environmental risks associated with multi-HMs and calculated using
the following equations:

Cr =Cn/GC, (2)
E, = T, xC¢ 3)
RI = Z E. 4

where, Cris the individual HMs contamination factor; C,, and C, are the
content of each individual HMs distributed in potential mobile fractions
(F1 + F2 + F3) and a stable fraction (F4), respectively; E; is the poten-
tial ecological risk index for individual HMs; T, is the toxic factor of each
individual HMs, and the T, values for each individual HMs are in the
order of Zn (1), Cr (2), Cu (5), Ni (6), Pb (5), and Cd = 30 (Huang and
Yuan, 2016); RI is the potential ecological risk index for the overall
contamination.

3. Results and discussions

To achieve the objectives set out previously, the discussion section
firstly covered the physicochemical properties analysis and the FTIR
spectra to validate the synergistic effects of OFMSW additions on bio-
char properties. The chemical speciation evolution and HM immobili-
zation before and after the OFMSW additions were also illustrated using
the results from total concentrations, chemical speciation, and leaching
characterization of HMs analysis. The final section focused on phyto-
toxicity and environmental risk of SS and the derived biochars.

3.1. Properties of the SS and biochars

3.1.1. Physicochemical properties

Table 1 showed the physicochemical properties of the SS and bio-
chars derived from pyrolysis of SS alone and co-pyrolysis of SS with
various OFMSW. By comparing the biochars under different tempera-
tures (SSB 350-750), the yields were reversely associated with the rise of
temperature. In addition, the yield drop between 350 and 550 °C (82.
07-62.71%) was higher than that between 550 and 750 °C
(62.71-60.31%). Both suggested that the decreases are mainly associ-
ated with the decomposition of organic matter in SS during the pyrolysis
process, and most of organic substances were decomposed between 350
and 550 °C (Agrafioti et al., 2013; Yuan et al., 2015). The ash contents
for biochar also increased with higher temperature, implying most of the
inorganic constituents in SS were retained in biochars after pyrolysis.

The additions of OFMSW seemed to decrease both biochar yields and
ash contents while significantly increased the biochar yield after ash
deduction and C contents, as comparing to SSB-550 (Table 1). As these
OFMSW have relatively lower ash contents between 0.55% and 12.21%
with much higher C contents between 38.67% and 49.12% than SS
(Table S1), the mixed ratio at 4:1 (SS: OFMSW. w/w) leads to higher
organic fractions in the SS and OFMSW mixtures. The blended biochar
yields showed 4.83-9.98% decrease comparing to SSB-550, while the
ash contents dropped between 6.65% and 12.25%. This implies that the
additions of OFMSW contributed to the reduction of the inorganic salt
fraction in the biochars.

Increasing temperature in pyrolysis also led to the reduction of C, H,
N, and O as part of the organic substance transformation. It was worth
noting that element S showed a different trend with the rise of tem-
perature because it might remain in biochar as stable sulfur-containing
inorganic substances (Liu et al., 2020). The ratio of molar H/C can
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Table 1

Physicochemical properties of the SS and biochars on dry basis®.
Samples  Ya (%) Yp (%)  Ash (%) pH C (%) H (%) N (%) S (%) o’ (%) H/C SSA(m2g )
SS / / 49.01 + 0.89 6.85 + 0.05 26.24 + 0.85 6.02 £ 0.30 3.04 £ 0.01 2.32+0.19 13.37 2.75 0.92
SSB-350 82.07 + 0.52 68.28 57.58 + 0.99 6.97 + 0.08 24.07 + 0.33 5.13+0.21 2.69 + 0.02 1.95 + 0.01 8.58 2.56 0.56
SSB-550 62.71 +1.12 26.58 78.39 + 0.59 7.57 £0.11 14.35 £ 0.03 0.85 + 0.02 2.02 +£0.03 2.01 +0.02 2.40 0.71 31.30
SSB-750 60.31 +£0.71 19.76 83.29 + 1.06 10.81 £+ 0.06 13.63 £ 0.04 0.82 + 0.07 1.55 + 0.02 2.38 £ 0.03 1.29 0.75 44.82
SSB-BS 59.68 + 0.85 35.22 69.91 + 0.56 9.97 + 0.08 21.06 + 0.39 0.85 + 0.02 1.89 £+ 0.01 1.94 + 0.01 4.34 0.49 20.36
SSB-WS 56.51 + 0.59 34.37 68.99 + 0.14 9.22 + 0.05 21.27 + 0.62 0.85 + 0.01 1.88 +0.02 1.88 +£0.01 5.12 0.48 14.71
SSB-RH 58.38 £ 0.77 33.51 70.73 + 0.33 9.29 £ 0.03 20.25 £+ 0.42 0.89 + 0.01 1.96 + 0.01 1.99 + 0.01 4.18 0.53 16.07
SSB-ET 56.45 + 1.07 34.55 68.79 + 0.52 9.60 £ 0.12 19.68 £+ 0.30 0.86 + 0.01 2.28 £ 0.03 2.11 £ 0.02 6.28 0.53 22.16
SSB-KW 57.37 £1.33 30.18 73.18 £ 0.31 9.68 +£0.13 19.15 £ 1.61 0.91 + 0.02 2.61 +0.04 2.12+0.03 2.03 0.57 12.11
SSB-PVC 57.20 + 0.22 33.56 70.08 + 0.29 3.06 +£0.21 19.99 £1.17 0.96 + 0.04 1.82 £ 0.01 1.33 + 0.04 5.82 0.57 2.20

SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended
biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl chloride (PVC) at
550 °C, respectively; Ya: the biochar yield before ash deduction; Yp: the biochar yield after ash deduction; SSA, specific surface area.

# Values are the mean + SD (standard deviation) of three replicated tests.
b By difference, O = 100—(C + H + N + S+ Ash).

provide more insights regarding the degree of organic aromaticity of
biochar, a molar H/C ratio < 0.3 generally suggests a high fraction of
condensed aromatic ring structures whereas > 0.7 indicates a low
fraction (Jin et al., 2017). The molar H/C ratio decreased during the
pyrolysis and was sensitive to the temperatures. Comparing SSB350
(H/C = 2.56) with SSB550 (H/C = 0.71) and SSB750 (H/C = 0.75), the
notable higher reduction from 350 to 550 °C means that the decarbox-
ylation and demethylation reactions mainly occurred before 550 °C
during pyrolysis. This finding is consistent with the results of the yield
drop.

It was worth noting that, after the additions of OFMSW under the
same temperature at 550 °C, the C contents of the SSB-BS, SSB-WS, SSB-
RH, SSB-ET, SSB-KW, and SSB-PVC raised by 46.76%, 48.22%, 41.11%,
37.14%, 33.45%, and 39.30%, respectively, compared with that in the
SSB-550. This C sequestration is beneficial as it can enhance the agro-
nomic performance of biochar as a soil amendment to address climate
change and soil degradation (Hagemann et al., 2017; Nottingham et al.,
2020). All OFMSW mixtures produced the biochars with lower H/C
ratios (H/C < 0.57) implying the increase in aromatic structure, making
the biochars less susceptible to oxidation in various environmental ap-
plications such as soil remediation (Du et al., 2019).

The pH values of biochar were higher than SS and exhibited a pos-
itive correlation with the temperature, mainly owing to the trans-
formation of alkali salts and the decomposition of acidic surface
functional groups as reported in previous studies (Jin et al., 2016; Wang
et al., 2019). It was worth noting that the additions of various OFMSW
presented inconsistent changes in pH values. The pH values of the
SSB-BS, SSB-WS, SSB-RH, SSB-ET, and SSB-KW were 9.97, 9.22, 9.29,
9.60, and 9.68, respectively. Comparing with SSB-550 (7.57), the ad-
ditions of BS, WS, RH, ET, and KW resulted in a remarkable increase of
pH between 21.80% and 31.70%, possibly because the additions pro-
moted the transformation of metallic compounds to the alkali salts and
the decomposition of acidic surface functional groups. Especially for the
SSB-BS with highest pH, mainly due to the BS addition enhanced
aromaticity of SSB-BS (Jin et al., 2017). The addition of PVC, however,
showed the lowest pH value (3.06), implying a significant portion of HCI
molecules during PVC pyrolysis remained in biochar (Cao et al., 2019).
The SSA of blended biochars were consistently lower that of SSB-550,
mostly likely due to the amounts of tars produced from the thermal
degradation of hemicellulose and cellulose in the added OFMSW
because those tars tend to adhere to the surface and block the porous
structure of biochars (Jin et al., 2017; Huang et al., 2017). Among
various OFMSW, SS-PVC produced the most significant reduction in SSA
(2.20 m? g~ 1) comparing to SSB-550 (31.30 m? g~1). The HCI released
from PVC pyrolysis promoted the transformation of light tar to heavy
components (Tang et al., 2018) which further adhere and block the
porous structures. A similar result was reported in the co-pyrolysis of
pine wood (PW) and PVC where PW-PVC interaction significantly

decreased the biochar SSA (Lu et al., 2018).

3.1.2. FTIR spectra analysis

FTIR spectra analysis provides insights regarding the changes of the
functional groups in SS and biochars. Fig. 1A showed the intensity of the
peak around 3400 cm™! (-OH stretching vibration) decreased signifi-
cantly from SS to biochars, suggesting that the large number of hydroxyl
groups associated to water, carboxylic acids, and alcohols were
decomposed as the temperature increased. The additions of OFMSW
slightly enhanced the intensity of -OH stretching vibration (3400 cm™1)
in blended biochars comparing to SSB-550. This is favorable as it en-
hances the biochar quality in terms of adsorption capacity as the soil
amendment or adsorbent. The peaks around 2800-3000 cm ™' (asym-
metrical and symmetrical -CHj, stretching) disappeared when the tem-
perature goes higher than 550 °C, suggesting that organic fatting
hydrocarbons in SS were completely decomposed (Jin et al., 2016). This
is further supported by some other indicators such as the peak around
1438 cm ™! (CH3 and CH; groups which corresponds to aliphatic chains)
disappeared as the pyrolysis temperature increased above 550 °C. In
addition to the chain-structure hydrocarbons, the intensity of the peak at
1654 cm~! (C°C, C-O, and —-CONH- stretching vibration that associates
to stretching amide bonds and aromatic rings) (Jin et al., 2016)
decreased only slightly with the rising temperature, indicating that the
aromatic structure in the biochar does not significantly affected by the
temperature. The retention of this structure further implies the forma-
tion of condensed aromatic structure in biochar. Similar trends were
observed on peaks around 1032 cm ! (C-O-C aliphatic/stretching) and
below 600 cm ™! (generally described as metal-halogen stretching vi-
brations) (Jin et al., 2016), indicating the rising temperature does not
affect these functional groups significantly. The above results showed
that the intensity and category of the chemical functional groups in
biochar dramatically affected by pyrolysis temperature, and the addi-
tions of OFMSW can be beneficial to the retention of -OH stretching
vibration in the blended biochars.

3.2. Analysis of HMs

3.2.1. Total concentrations of HMs

Regarding the total concentrations of HMs (Zn, Cu, Cr, Pb, Ni, and
Cd) in SS and biochars (Table 2), the six HMs followed the sequence: Zn
> Cu > Cr > Pb > Ni > Cd. The content of Zn (1729.80 mg kg™1) among
HMs in SS was the highest, likely ascribing to the widely used of
galvanized pipes in wastewater pipelines of China (Jin et al., 2017).
After pyrolysis of SS, the total Zn, Cu, Cr, Pb, and Ni concentrations in
biochar gradually increased with rising temperature, Fig. 2 also showed
that the residual rates of Zn, Cu, Cr, Pb, and Ni in biochars were over
93.59%, indicating that most of these HMs were mainly redistributed in
biochars owing to their relatively lower vapor pressures and higher
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Fig. 1. FTIR spectra of (A) SS and biochars derived from pyrolysis of SS alone under different temperatures, and (B) biochars from co-pyrolysis of SS and various
OFMSW. SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were

blended biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl
chloride (PVC) at 550 °C, respectively.

Table 2

Total concentrations of HMs in SS and biochars.
Samples Heavy metals (mg kg™ ')*

Zn Cu Cr Pb Ni Cd

SS 1729.80 + 11.23 111.83 £ 2.65 94.25 + 4.33 50.08 + 1.94 30.92 + 1.42 1.22 + 0.05
SSB-350 2059.72 + 18.75 134.67 £ 4.74 110.59 +5.79 62.39 + 2.07 37.38 £ 1.54 1.53 +0.15
SSB-550 2602.93 + 17.58 169.93 + 3.66 142.90 + 3.89 78.54 + 1.59 49.31 + 2.05 2.01 £0.09
SSB-750 2763.47 + 13.94 178.91 + 2.55 150.93 +7.12 81.65 + 0.98 50.18 + 0.45 0.45 + 0.01
SSB-BS 2364.90 + 22.12 150.90 £ 5.28 124.37 £ 6.02 67.61 +1.03 38.98 + 1.22 1.54 £ 0.11
SSB-WS 2308.24 + 13.56 149.38 £5.91 130.95 + 2.81 70.82 + 0.85 4291 +£1.15 1.71 £ 0.14
SSB-RH 2354.77 + 20.58 155.06 + 2.77 201.16 + 4.74 68.82 + 0.37 74.27 + 0.44 1.72 + 0.06
SSB-ET 2351.62 + 19.83 153.41 £ 3.18 131.51 + 4.01 71.60 + 0.46 41.50 + 0.59 1.68 + 0.04
SSB-KW 2308.05 + 15.73 153.07 £ 4.43 141.35 +£1.99 70.67 +1.20 42.76 + 0.82 1.79 +£ 0.05
SSB-PVC 2264.28 + 10.36 153.93 £+ 3.99 132.45 + 3.07 69.38 +1.14 40.65 + 1.95 1.64 + 0.11

SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended
biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl chloride (PVC) at
550 °C, respectively.

@ Values are the mean + SD (standard deviation) of three replicated tests.
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Fig. 2. The residual rate of HMs in biochars derived from (A) pyrolysis of SS alone under different temperatures and (B) co-pyrolysis of SS and various OFMSW. SSB-
X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended biochars from co-pyrolysis
SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl chloride (PVC) at 550 °C, respectively.
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boiling temperatures. While the contents of Cd in biochars gradually
increased as the temperature increasing before 550 °C, then decreased
suddenly when the temperature increased to 750 °C. For instance, the
residual rate of Cd in SSB-750 was only 22.34% (Fig. 2). The reason for
less retention of Cd in SSB-750 ascribing to its strong volatility (Xu et al.,
2019). A similar observation was made by other researchers (W et al.,
2019; Devi and Saroha, 2014). Cd in SS existed mainly as a carbonate
which can be easily volatilized into the gas stream when the temperature
increased up to 600 °C (Kistler et al., 1987).

I F4ARXIF3 N F2 Il F1
Cd 100
~ 80
)
1)
R5S
g S5
= NSS!
S99
2 404 0SS
RRIK
o 8
= 2o
= 20 0
=
=7
0
& 5‘3“ ;_,6“
ng’ sgb ga?’
C IR F3I N F2 Il F1
7Zn 100
@ 80 1
< B
) XK
<) 5L
& 60 RS
- bedede!
= 0RKS
3 552
e 2055
g 404 D%
%)
2
N
=204
)
=7
0
(\}
2o
¥ ¥
. CO MR F3 SN F2 Il F1
Ni 100
~ 804
X
N’
1)
< 604
~N—
g
5 5
2 404 3
o X
2
N
= 204
%]
&~
0
® e
¥

Journal of Hazardous Materials 412 (2021) 125200

As most of the OFMSWs have low HMs contents (Table S2), the ad-
ditions of OFMSW generally led to a reduction of HMs in blended bio-
chars due to the “dilution effect”. The only exception is the SSB-RH (rice
husk) where the high Cr and Ni in the original RH contributed to the
corresponded concentration in the biochars. Overall, the additions of
OFMSW with a pyrolysis temperature not exceeding 550 °C is a potential
approach to decrease the total HM levels of blended biochars and further
enhance the suitability for soil remediation application.
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Fig. 3. Fraction distribution of HMs in SS and biochars. SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature.
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3.2.2. Chemical speciation of HMs

The bioavailability and eco-toxicity of HMs in SS and biochars not
only lie on the total concentrations, but also depend on the chemical
speciation (Huang and Yuan, 2016; Yuan et al., 2011). According to the
results from a modified three-step BCR described in the method section,
the bioavailability of HMs decrease in the following sequence:
F1 > F2 > F3 > F4 (Li et al., 2018). The HMs fractions can be classified
into three categories according to their mobility and degradation
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resistance: 1) F1 + F2 are associated with high bioavailability and direct
eco-toxicity, 2) F3 indicated a potential bioavailability and eco-toxicity
as it is relatively degradable in the environment, 3) F4 shows low
bioavailability and toxicity (Devi and Saroha, 2014). The HM recovery
during this sequential extraction serves as a quality control indicator.
The results showed a good agreement between the sum of each fraction
and the total HMs concentration with a satisfactory recovery between
95.00% and 105.86% (Table S3).
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Fig. 4. Fraction distribution of HMs in blended biochars. SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended biochars from co-pyrolysis SS with
bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl chloride (PVC) at 550 °C, respectively.



X. Wang et al.

Fig. 3 revealed significant differences in HMs’ distribution patterns
in the raw SS. Among the six HMs investigate, Zn, Cd and Ni had much
higher F1 and F2 fractions comparing to the others. More than 67% of Zn
and Cd in SS were in F1 + F2 and Ni also had a high ratio at 43%, which
suggested a higher potential environmental risk from Zn, Ni, and Cd if
the SS is directly applied to the soil. Over 94% of Cu and Cr in SS pre-
sented in F3 + F4 fractions while almost all of Pb remained in F4. This
implies that the Cu and Cr mainly existed in the organic and residual
phases (Wang et al., 2019; Shi et al., 2013) and Pb was associated with
the primary minerals in SS (Wong et al., 2001). This observation was
consistent with the findings in previous studies (Devi and Saroha, 2014;
Wang et al., 2016; Jin et al., 2016).

When converting SS into biochars via single pyrolysis, the bioavail-
ability portion (F1 + F2) decreased when temperature rises (Fig. 3). For
example, the bioavailability of Cd in the biochar reduced from 50.83%
in SSB-350 to 20.41% in SSB-550 and then 2.74% in SSB-750. While Cd
in SS mainly associate with carbonate and phosphate, a large propor-
tion, such as Cd(HoPO4),, can be dissolved in acetic acid solution (F1
fraction) (Zhang et al., 2019). Pyrolysis of SS at a lower temperature can
improve the Cd stability by forming Cd oxides or carbon matrix as
organometallic compounds. Further increase the temperature above
600 °C can decompose phosphate into Cd oxide and then volatilized into
the gas stream, which lead to a small retention of organometallic com-
pounds in biochar (Kistler et al., 1987). As to Zn and Ni, pyrolysis under
low temperatures did reduce the bioavailability but temperature in-
crease from 350 to 550 °C produced a relatively lower impacts than that
from 550 to 750 °C. The possible reasons could be that the HM salts
(sulfate, carbonate, chlorate, phosphate etc.) can decompose into HM
oxide or silicate at a lower temperature (< 550 °C). When pyrolysis
temperature continues to rise (550-750 °C), Zn might be trapped and
occluded into the carbon matrix of biochar as organometallic complex
and crystal lattices, and the Ni oxides could further be reduced to the
very stable crystal (Nio) (Xu et al., 2019; Li et al., 2019). The Cu is
similar to Ni, the Cu-organic matter complexes in SS also can be reduced
to lower valence (Cu') or stable crystal (Cu®) during pyrolysis, resulting
in the transformation of the Cu in F3 fraction to F4 fraction (Wang et al.,
2019). More than 70.29% of Cr in biochar was F4 fraction at a higher
temperature (> 550 °C), this might be owing to the formation of the
stable compound CaCrO4 (Hu et al., 2013). With respect to Pb, the
species in biochars still showed very stable and mainly existed in F4 (*
97.65%) might due to the formation of stable lead phosphates in SS. The
above results implied that the pyrolysis can immobilize HMs in SS by
transforming the bioavailable fraction (F1 + F2) into the residual frac-
tion (F4).

Adding OFMSW into SS affected the HMs’ bioavailability in the
biochar, but the level of impacts depends on the type of HMs. The most
significant reductions were found in Cd where all OFMSWs, except PVC,
reduced the F1 + F2 portion from 20.41% into less than 10.67%
comparing to SSB-550 (Fig. 4). The similar but less significant trends
were also observed for Zn and Ni. It is interesting to see that the addition
of PVC tended to raise the percentages of Cu, Zn, and Cd in F1 comparing
to SSB-550. This might due to the formation of chlorine-containing
compounds during the pyrolytic PVC, which could activate HMs in
biochar through chlorination reaction (Xia et al., 2020). The exact
mechanisms of HMs immobilization associated with the OFMSW addi-
tions have not been confirmed and might require further exploration.
The general mechanism should relate to the amount of organic com-
positions from OFMSW, which could lead to formation of different
organometallic complexes for various HMs during pyrolysis.

One of important considerations is the selection of 550 °C for
OFMSW mixtures. Although the higher pyrolysis temperature (750 °C)
might seem to produce lowest bioavailability in the biochar, it is worth
to note that a large amount of Cd can be volatilized into the bio-oil and
gases which further lead to secondary pollution due to its low volatile
temperature, the total HM immobilization mass is lower than 550 °C. In
addition, maintaining higher pyrolysis temperature also leads to higher
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energy consumption and lower biochar production, thus 550 °C can be
regarded as a better optimum pyrolysis temperature. Another important
note is the PVC as an OFMSW addition. Unlike many other OFMSWs that
created positive synergies in the SS biochar properties, PVC demon-
strated a negative effect on the bioavailable fractions (F1 + F2), which
suggested that PVC must be controlled properly or even totally removed
in the OFMSW-assisted pyrolysis.

3.2.3. Leaching characterization of HMs

TCLP method represents the direct availability and toxicity of HMs in
SS and biochars by simulating natural leaching conditions in landfill
(Nair et al., 2008; He et al., 2019), while DTPA indicates the bioavail-
ability by displace transition HMs bound to organic matter, carbonates
and metal complexes (He et al., 2019). Fig. 5 showed the leaching rates
of HMs in SS and biochars and the detailed leaching contents were
available in Tables S4 and S5. In TCLP (pH 2.88) extraction process
(Fig. 5A), the leaching rates of Zn, Cu, Cr, Pb, Ni, and Cd in SS were
43.04%, 3.38%, 2.96%, 0.38%, 26.14%, and 12.95%, respectively.
Similar high extraction rates were also observed in DTPA (Fig. 5C),
suggesting that the applying SS directly into soil is not advisable as it
will lead to potential threats to environment.

As to the biochar, both TCLP and DTPA extractions exhibited a
continuous decline trends with the rising temperature except Cd at high
temperature (Fig. 5A and C). The leaching rates of Cd in SSB-750 in-
crease might due to the combination effects of the significant reduction
of total concentration and the formation of some Cd soluble species
during its volatilization at 750 °C. This again suggested that 550 °C is a
better option if the major objective is to retain and immobilize the HMs
in the biochar. At 550 °C, it carries high enough temperature to form the
carbon matrix with more stable structures such as metal-phosphate,
metal-silicate, and metal-oxide, etc. Some of the insoluble matters will
be trapped in the carbon matrix or the pores of biochar (Xu et al., 2019).

Adding OFMSWs into SS further indicates the issues of PVC during
the pyrolysis. Most of the results showed that PVC promotes the leaching
rates in both TCLP and DTPA processes (Fig. 5B and D). This might be
ascribed to the change of physiochemical property (more acidic and
lower SSA value) of SSB-PVC.

3.3. Phytotoxicity and environmental risk evaluation of the SS and
biochars

3.3.1. Phytotoxicity assessment

On top of the BCR and leaching tests, Fig. 6 presented the germina-
tion index (GI) and rooting length of the cucumber seeds with SS and
biochars to confirm the actual impacts to the plant growth. According to
the reference standard, the GI can be divided into three eco-toxicity
levels: no phytotoxicity (GI > 80%), moderate phytotoxicity (50% <GI
< 80%), and strong phytotoxicity (GI < 50%) (Zhang et al., 2020). The
GI value of SS was 47.04% (lower than 50%, strong phytotoxicity)
Fig. 6A, which was consistent with the BCR and leaching results, sug-
gesting high bioavailability of HMs in SS. Low temperature pyrolysis at
350 °C did not change the situation but increasing the temperature from
350 °C to 550 °C, seeing remarkable improvements in GI value and the
rooting length which increased from 49.06% and 11.23 mm in SSB350
to 85.66% (more than 80%) and 17.59 mm in SSB-550, respectively.
Further increase the temperature from 550 to 750 °C, however, created
the negative impacts, mainly attributing to a high pH of SSB-750 with
strong alkaline elements inhibited the plant growth (Zhang et al., 2020).
This again suggested that 550 °C is favorable for the SS detoxication via
pyrolysis.

Fig. 6B showed that many OFMSWs produced the GI values higher
than 80%, indicating no phytotoxicity. Bamboo sawdust (SSB-BS) leads
to a slightly lower GI at 77.14%, which might due to its higher pH
(9.97). PVC again exhibits a high phytotoxicity with a GI value at
27.44%, which could be attributed to the low pH and the higher HMs
bioavailability of SSB-PVC.
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Fig. 5. Leaching rates of HMs in SS and biochars base on the TCLP extraction (A, B) and DTPA extraction (C, D). SS, sewage sludge; SSB-X, biochar derived from SS
single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended biochars from co-pyrolysis SS with bamboo sawdust
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Fig. 6. Germination index and root length of cucumber seeds in (A) SS and biochars derived from pyrolysis of SS alone under different temperatures, and (B) biochars
from co-pyrolysis of SS and various OFMSW. SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-
ET, SSB-KW, and SSB-PVC were blended biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen
waste (KW), and polyvinyl chloride (PVC) at 550 °C, respectively.

3.3.2. Environmental risk evaluation ecological risk index (RI). According to the values of RAC from Table 3,
One additional indicator of environmental risk of SS and biochars Zn (50.92) in SS presented a very high-risk level with RAC > 50%, and
were examined using risk assessment code (RAC) and potential Cd (33.19) and Ni (30.83) in SS were assessed as high-risk level with
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Table 3
Risk assessment codes (RAC) of HMs in SS and biochars.

Samples Zn Cd Ni Cr Cu Pb

SS 50.92/ 33.19/ 30.83/ 4.77/ 1.79/ 0.39/
VHR HR HR LR LR NR

SSB-350 23.53/ 21.76/ 10.49/ 0.98/ 0.46/ 0.14/
MR MR MR NR NR NR

SSB-550 20.68/ 11.93/ 8.80/LR 0.52/ 0.09/ 0.20/
MR MR NR NR NR

SSB-750 2.92/LR 1.36/LR 3.83/LR 0.38/ 0.08/ 0.18/
NR NR NR

SSB-BS 16.23/ 3.46/LR 10.48/ 0.30/ 0.12/ 0.15/
MR MR NR NR NR

SSB-WS 16.17/ 3.78/LR 7.85/LR 0.43/ 0.12/ 0.16/
MR NR NR NR

SSB-RH 13.17/ 3.95/LR 4.87/LR 0.24/ 0.09/ 0.10/
MR NR NR NR

SSB-ET 14.09/ 2.41/LR 9.42/LR 0.37/ 0.13/ 0.29/
MR NR NR NR

SSB-KW 15.67/ 0.96/LR 7.59/LR 0.32/ 0.09/ 0.07/
MR NR NR NR

SSB- 28.74/ 16.15/ 3.44/LR 0.76 1.33/ 0.37/
PVC MR MR /NR LR NR

SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C)
temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were
blended biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust
(WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl
chloride (PVC) at 550 °C, respectively. NR, no risk (RAC “ 1%); LR, low risk
(1%< RAC “ 10%); MR, medium risk (10%< RAC “ 30%); HR, high risk (30%<
RAC < 50%); VHR, very high risk (RAC > 50%).

30%< RAC “ 50%, suggesting potentially high environmental toxicity.
The data also showed that the pyrolysis helps to reduce RAC signifi-
cantly and the higher temperature creates the better results. For
instance, the values of RAC for Zn, Cd, and Ni decreased from 23.53,
21.76, and 10.49 in SSB-350 to 2.92, 1.36, and 3.83 in SSB-750,
respectively. This indicated that the environmental risk of Zn, Cd, and
Ni in SS were transformed from (very) high risk to medium risk or low
risk in the biochars via pyrolysis. In addition, the values of RAC for Cr,
Cu, and Pb in SS and biochars presented no-risk or low-risk levels owing
to those mainly presented in F3 + F4 fractions (Fig. 3), suggesting a low
toxicity to the environment. Most OFMSWs, again except PVC, had
positive effects in RAC evaluation, especially for Zn and Cd. The addition
of PVC, on the other hand, increased the RAC values for Zn, Cd, Cr, Cu,
and Pb by 38.99%, 35.41%, 48.12%, and 1454.67%, 85.77%, respec-
tively, comparing to that in SSB-550, indicating relative high toxicity to
the environment.

Table 4 presented the RI values (potential environmental risk index
for all HMs) in SS and biochars, and Table S6 showed the criteria used
for risk ranking of HMs based on RI, E;, and RI (Chen et al., 2020; Wang
et al., 2019). Similar conclusions were drawn for SS that the RI values at
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207.33 suggesting a high degree of HMs contamination (RI> 200, highly
contaminated). Pyrolysis does decrease the RI and the rising tempera-
ture further enhance the reduction. It is worth noted that 750 °C is the
only temperature that can produce the RI below the 50 threshold (34.89,
low potential environmental risk). Further examine the data revealed
that the significant drop for Cd (Er = 21.99) is the main contributor.
However, it should be noted that this reduction might due to the vola-
tilization of Cd at 750 °C, indicating the overall toxicity shifting to air
instead of dropping. Comparing to the SS pyrolysis alone (SSB-550), the
additions of various OFMSW carried positive impacts in lowering the RI
indexes. Most of the RIs dropped below 50 except SSB-RH, indicating the
suitability of direct environmental application of these biochars. The RI
for SSB-RH was slightly higher (55.80) might due to the higher contents
of Cr and Ni in the original RH than SS.

3.4. Future perspectives and limitations

Based on our data, the additions of various OFMSW (except PVC) for
co-pyrolysis with SS improved the biochar properties, reduced the total
concentration and the bioavailability of HMs, and remarkably declined
the potential environmental risk of the blended biochars. Given the
complex synergistic reactions for co-pyrolysis process of SS and OFMSW,
there are still room for improvement for future research efforts. For
examples, it will be highly beneficial to explore the optimization of
blended biochar properties such as pore structure, ash content, carbon
content, and total concentrations of HMs, with a special focus on the
operational variables including blending ratio and pyrolysis conditions,
etc. In addition, the detailed mechanism of HMs immobilization during
co-pyrolysis still call for further investigations. It will also be interesting
to explore the fate and long-term effects of in-situ biochar applications.

4. Conclusions

This work reveals that many OFMSWs demonstrated good synergies
in co-pyrolysis with SS by improving the bended biochar properties and
reducing the bioavailability and toxicity of HMs in the biochar.
Comparing with 350 °C and 750 °C, 550 °C is a better temperate for this
process as it reached a good balance in consolidating the HMs into the
biochars and preventing the Cd transforming into gaseous phases. The
advantages include the improvement to more natural pH, reducing the
total leaching rate of HMs, promoting the transformation from the
bioavailable fractions (F1 + F2) into the residual fraction (F4), and
further lowering the RI (lower than 55.80). Among the various
OFMSWs, the only exception is the PVC which adversely influenced the
biochar properties and environmental risk. The major reasons include its
lowest pH (3.06), low SSA value (2.20 m?> g’l), a higher leachable rates,
and the high phytotoxicity for plant growth.

In summary, this work investigated the temperature effects in the

Table 4

Ecological risk assessment of the HMs in SS, SR, and biochar.
Sample Ct E; RI

Zn Cu Cr Pb Ni Cd Zn Cu Cr Pb Ni Cd

SS 6.53 1.67 0.60 0.01 1.81 6.01 6.53 8.37 1.20 0.06 10.86 180.31 207.33
SSB-350 2.84 1.32 0.58 0.01 1.10 3.73 2.84 6.62 1.15 0.06 6.58 111.99 129.24
SSB-550 2.93 1.16 0.42 0.02 1.09 1.51 2.93 5.80 0.85 0.11 6.52 45.25 61.47
SSB-750 1.58 1.06 0.33 0.02 0.87 0.73 1.58 5.31 0.65 0.12 5.22 21.99 34.89
SSB-BS 1.96 0.89 0.39 0.05 1.20 1.07 1.96 4.46 0.78 0.24 7.20 31.96 46.59
SSB-WS 2.07 0.75 0.41 0.03 0.97 0.71 2.07 3.77 0.82 0.17 5.83 21.41 34.06
SSB-RH 3.61 1.13 0.31 0.05 0.55 1.41 3.61 5.65 0.63 0.24 3.29 42.39 55.80
SSB-ET 1.65 0.55 0.42 0.03 1.08 0.66 1.65 2.74 0.84 0.16 6.48 19.67 31.53
SSB-KW 2.19 0.94 0.39 0.02 1.01 0.82 2.19 4.71 0.78 0.08 6.03 24.73 38.52
SSB-PVC 2.12 0.77 0.28 0.01 1.35 1.14 2.12 3.87 0.55 0.07 8.12 34.08 48.81

SS, sewage sludge; SSB-X, biochar derived from SS single pyrolysis at X (°C) temperature; SSB-BS, SSB-WS, SSB-RH, SSB-ET, SSB-KW, and SSB-PVC were blended
biochars from co-pyrolysis SS with bamboo sawdust (BS), wood sawdust (WS), rice husk (RH), exhausted tea (ET), kitchen waste (KW), and polyvinyl chloride (PVC) at

550 °C, respectively.
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pyrolysis process and engaged a systematic evaluation to provide further
insights in selecting suitable biomass wastes from municipal solid waste
as additives in SS co-pyrolysis to enhance biochar properties and
immobilize the HMs in SS.
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