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Abstract

Pyrolysis of sludge to biochar can not only reduce the sludge volume, toxic organic compound, and pathogens, but also be
applied as effective adsorbents. However, the immobilization of heavy metals in the sludge and the properties of the biochar
greatly rely on the pyrolysis temperature. In this paper, municipal sludge biochar (SBC) was prepared from 400 to 1000 °C.
Pyrolysis immobilized heavy metals in sludge and the potential ecological risk of heavy metals significantly decreased to
low level at temperature above 500 °C. At 700 °C, the adsorption capacity of Cd(II) reached a maximum (120.24 mg-g~").
The Cd(II) adsorption fitted the Pseudo-second-order model, indicating the existence of chemical adsorption. The adsorp-
tion capacity increased along with the initial pH and slowed down after pH reached 5.5. The existence of coexisting cations
(Ca** and Na*) and anions (SO42‘ and NO;") displayed different degree of inhibitory action on Cd(II) adsorption. The
SEM, XRD, FTIR, and XPS analysis of sludge biochar before and after adsorption revealed that there were CdCO;, CdSO,,
Cd,Si0,, Cd5(PO,),, and Cdy(PO,) appearing on the surface of sludge biochar, suggesting that the adsorption of Cd(II) by
SBC included co-precipitation, ion exchange, coordination with x electrons, and complexation. It was confirmed that differ-
ent properties formed by pyrolysis temperature made a difference in adsorption mechanism of sludge biochar.
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Introduction

Cadmium (Cd) is a highly mobile heavy metal with known
carcinogenic toxicity. Due to the discharge from mining,
electroplating, battery industry, dye, etc., the contamination
of Cd in the environment is very severe in China (Huang
et al. 2017). At present, the methods to remove Cd(II) from
wastewater mainly include chemical precipitation, electro-
chemical treatment, membrane filtration, ion exchange, and
adsorption (Carolin et al. 2017), among which adsorption is
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one of the most promising due to its advantages of low cost,
high efficiency, and easy recovery (Wu et al. 2021). Com-
mon sorbents include activated carbon, ion exchange resin,
chitosan, zeolite (Li et al. 2018b), and clay (Gu et al. 2018).
Biochar is a carbon enriched pyrolysis product obtained
from biomasses such as livestock manure and crops. Due to
its favorable pore structure, large specific surface area, and
abundant functional groups, biochar has also been applied
for the adsorption of Cd(II) (Wang et al. 2020). The adsorp-
tion capacity of biochar on Cd(Il) is nearly three times that
of activated carbon (Kotodyriska et al. 2017).

On the other hand, the sludge treatment and disposal
has been a global concern in the past decades. In 2020, the
production of municipal sludge (moisture content based on
80%) in China and EU countries reached 90 and 400 mil-
lion tons, respectively (Li et al. 2021). Pyrolysis of sludge
to biochar can not only greatly reduce the sludge volume,
the toxic organic compounds and pathogens, but also immo-
bilize heavy metals such as Cr, Zn, and Pb in the sludge
(Zhang et al. 2020a; Xiong et al. 2021). Previous studies
showed that the sludge biochar (SBC) can effectively adsorb
Cd(II) through electrostatic attraction, co-precipitation, ion
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exchange, and complexation (Yoon et al., 2017). The adsorp-
tion capacity of the SBC relies on the sludge source. For
instance, the removal capacity of Cd(II) by biochar from
sewage sludge is 97.3 mg-g~!, which is more than twice
compared to that from paper mill sludge and palm oil mill
sludge (Xue et al. 2019).

It is also found that pyrolysis temperature affects the prop-
erties of biochar, such as the specific surface area, pore struc-
ture, pH, and the functional groups (Zhang et al. 2020c).
The specific surface area and pH values of biochar increase
rapidly with the increase of pyrolysis temperature when it is
less than 800 °C (Li et al. 2019). Zhang et al. reported that
functional groups such as -OH, C-H, and C =C reduce with
the increase of pyrolysis temperature (Zhang et al. 2020c).
Furthermore, pyrolysis temperature also affects the mobility
of the heavy metals in the biochar. For example, the chemi-
cal speciation of heavy metals transform into more stable
oxidizable and residual fractions with the increase of pyroly-
sis temperature (Li et al. 2021). Therefore, it is important to
investigate both the adsorption performance and the heavy
metal immobilization when using sludge to produce biochar.

Since previous studies mainly focus on the modification
of biochar to increase the adsorption capacity at a certain or
several pyrolysis temperatures, in this work, sludge biochar
was prepared from municipal sludge at various pyrolysis
temperatures (400—-1000 °C). The objectives are to (1) assess
the effect of pyrolysis temperature on heavy metal immobili-
zation in sludge biochar and the potential ecological risk of
sludge biochar; (2) investigate the effect of pyrolysis temper-
ature on the morphologies, structure and physicochemical
properties of sludge biochar; (3) investigate the adsorption
mechanism of Cd(II) by sludge biochar. Through this study,
it is expected to give a thorough assessment of sludge bio-
char reclamation and its application in heavy metal removal.

Materials and methods
Chemical reagents

Ammonium acetate (CH;COONH,), calcium chloride
(CaCl,), sodium chloride (NaCl), and sodium hydroxide
(NaOH) were purchased from Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai, China). Nitric acid (HNO;) and
sodium nitrate (NaNO;) were obtained from Chemical Rea-
gent Factory (Guangzhou, China). Cadmium chloride anhy-
drous (CdCl,) was provided by Aladdin Reagent Co., Ltd
(Shanghai, China). Acetic acid (CH;COOH) was supplied
by Kemiou Chemical Reagent Co., Ltd (Tianjin, China).
Hydroxylamine hydrochloride (NH,OH-HCl) was purchased
from Maclin Biochemical Technology Co., Ltd (Shanghai,
China). Hydrogen peroxide (H,0,) was obtained from Dong-
zheng Chemical glass Instrument Co., Ltd (Guangzhou,

China). Anhydrous sodium sulfate (NaSO,) was supplied
by Yongda Chemical Reagent Co., Ltd (Tianjin, China). All
chemical reagents used were analytical grade and above,
and deionized water obtained from deionized water system
(Milipore, Elix 7, Millipore Corporation, America) was used
to prepare the solution for the experiment.

Preparation of dry sewage sludge and sludge
biochar

The sewage sludge (SS) used in this work was obtained from
Guangzhou Haitao Environmental Protection Company,
China. The SS was dried in the oven at 60 °C, crushed and
sieved through a 120-mesh stainless steel sieve, and then
stored in the airtight plastic bag. The preparation of sludge
biochar was conducted in an open tube furnace (Hefei Kejing
Material Technology Co., Ltd, OTF-1200X). The furnace
was heated to preset temperature (400, 500, 600, 700, 800,
900, and 1000 °C) at a rate of 5 °C-min~!, held for 1 h and
then cooled down to room temperature. N, was fed at a 0.5
L-min~! flow rate during the pyrolysis and cooling process.
The biochar was further crushed and sieved through a 100-
mesh stainless steel sieve and stored in airtight plastic bags.
Based on the pyrolysis temperature, the obtained sludge
biochar was abbreviated as SBC400, SBC500, SBC600,
SBC700, SBC800, SBC900, and SBC1000, respectively.

Adsorption experiments of Cd(ll) by SBC

A total of 1000 ppm Cd(II) stock solution was prepared by
dissolving 1.631 g CdCl, in 1 L deionized water and diluted
to desired concentration during the batch experiments.
Unless otherwise mentioned, the initial Cd(IT) concentra-
tion was set at 50 ppm, SBC dosage was 0.40 g-L~!, and
the liquid volume was 50 mL. The adsorption experiments
were conducted in 250-mL flask at 25 °C and 200 r-min~".
At preset time intervals (0.25, 0.5, 0.75, 1, 3, 5, 6, 15, 24, 32,
and 48 h), the supernatant was collected by passing through
a 0.22-pm syringe filter and diluted with 2% HNO;. During
the investigation of the effect of pH and coexisting ions, the
reaction time was 24 h, and the pH was adjusted by 0.1 M
HCI/NaOH, and Ca’*, Na*, SO,*~, and NO,~ concentrations
were 0.02, 0.04, 0.06, 0.08, and 0.10 mol-L~", respectively.
All adsorption experiments were run in triplicate.

Heavy metal BCR fraction and potential ecological
risk estimation

The heavy metals chemical states in the SS and SBC were
measured according to the modified BCR sequential extrac-
tion procedure (Li et al. 2021), where heavy metals are clas-
sified into four categories according to their bioavailability
from high to low: exchangeable and acid-soluble fraction
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(ACE), reducible (RED), oxidizable (OXI), and residual
(RES) fractions (Yuan et al. 2011). The fraction in various
chemical states was further utilized to estimate the potential
ecological risk index (RI) of the heavy metals based on the
following equations (Wang et al., 2019; Zhao et al. 2021):

G=2 (1)
E, =T, XG )
RI=YE, 3)

where C is the contamination factor of individual heavy
metal; C,, and C,, are the potential mobile fractions (ACE,
RED, OXI) and the stable fraction (RES) of the heavy
metals, respectively; E, is the potential ecological risk fac-
tor for the individual heavy metal; 7, is the toxic factor of
the individual heavy metal, which is 1, 1, 2, 5, 5 for Zn,
Mn, Cr, Pb, and Pb, respectively (Jin et al. 2016). The
potential risk assessment index grades of Cy, E,, and Rl
are shown in Table S1.

Analytical methods

The content of C, H, O, N, and S in the sludge biochar
were analyzed with an elemental analyzer (Vario EL cube,
Elementar, Germany). The scanning electron microscope
(EVO LS 10X-Flash6130, Zeiss, Germany) was used to
detect the surface morphologies and structure of SBC500,
SBC700, and SBC900. The X-ray diffractometer (Empy-
rean, PANalytical B.V., Netherlands) was used to analyze
the crystal structure in sludge biochar before and after Cd(II)
adsorption. The difference of surface functional groups was
obtained using a Fourier transform infrared spectrometer
(Nicolet iS5, Themo Fisher, USA). The X-ray photoelectron
spectrometer (Scientific K-Alpha, Themo Fisher, USA) was
used to analyze the phase composition of sludge biochar
before and after adsorption. The concentrations of heavy
metals were determined by atomic absorption spectropho-
tometer (AA-6300C, Shimadzu Instrument Co., Japan) or
ICP-OES (Agilent, 730, USA).

Results and discussion

Effect of pyrolysis temperature on SBC'’s
physicochemical properties

The elemental compositions of the SBC at different pyroly-
sis temperatures are shown in Table 1. The content of N,
C, H, and O significantly decreased with the increase of
pyrolysis temperature, indicating the loss of volatile organic
matters (Chen et al. 2014). S content was more stable, sug-
gesting that pyrolysis temperature had negligible effect on
S. Since Cd has strong affinity towards S, the stabilized S
content might enhance the adsorption of Cd and other heavy
metals (Liang et al. 2020, 2021). The molar ratio of H/C,
which is often used to characterize the aromaticity of SBC,
increased with the increase of pyrolysis temperature, imply-
ing that the aromaticity and carbonization degree of sludge
biochar increased (Jin et al. 2016). Meanwhile, the molar
ratio of O/C and (O + N)/C, indicator of the hydrophilic-
ity and polarity of SBC, decreased with the increase of the
pyrolysis temperature due to the loss of oxygen-containing
functional groups (Zhang et al. 2019; Gao et al. 2019).
Figure 1a shows the XRD spectrum of SBC at pyroly-
sis temperatures from 400 to 1000 °C. The characteristic
peak at 20=26.6° corresponded to SiO,, which originated
from the sewage sludge. At lower pyrolysis temperatures
(400-600 °C), the characteristic peak at 260 =29.2° was
attributed to CaSO;. The peak disappeared at 700-1000 °C
and a new characteristic peak corresponding to CaS at
260 =31.4° appeared, due to the reduction of S in CaSO;
by C to CaS at higher temperature (Liu et al. 2021). At
900-1000 °C, new peaks corresponding to Ca (Al;51,05),
Fe,P, and Fe;P appeared; these peaked might come from
the flocculant during the wastewater treatment. FTIR analy-
sis further verified the functional groups changes of SBC
with pyrolysis temperature (Fig. 1b). The peak at 466 cm™"
corresponding to O-Si-O vibration verified the existence
of SiO, in SBC. The peak at 866 cm™ is attributed to the
vibration of aromatic C-H, which provides n electrons
and is conducive to the adsorption of heavy metal cations
(Chen et al. 2014). The peaks at 1037 cm™!, 1420 cm™!, and

Table 1 Elemental

compositions of SBC obtained Sample N (%) C (%) 0 (%) H (%) S (%) H/C o/C (O+N)/C

under different pyrolysis SBC400 0.89 8.05 15.96 1.34 1.12 1.98 1.49 1.58

temperatures SBC500 0.68 6.84 14.63 0.76 0.82 1.32 1.61 1.69
SBC600 0.53 6.23 12.62 0.54 0.80 1.03 1.52 1.59
SBC700 0.33 4.87 9.11 0.44 0.84 1.07 1.40 1.46
SBC800 0.19 425 6.98 0.33 0.97 0.93 1.23 1.27
SBC900 0.08 321 421 0.20 0.99 0.75 0.98 1.01
SBC1000 0.05 2.38 231 0.06 1.03 0.29 0.73 0.75
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1615 cm™!, corresponding to the vibration of C-O, -OH,
and C=0, gradually weakened as the pyrolysis temperature
increased. This might affect the adsorption on Cd(II) by SBC
since oxygen-containing functional groups had a stronger
affinity to cations (Li et al. 2017).

SBC500, SBC700, and SBCI00 were further investigated
by SEM and XPS. SEM images show that all of the three
SBC had blocks or lamellar structure (Fig. 1c—e). The sur-
face of SBC500 was smoother, while SBC700 was similar
in size but had more flakes on the surface. With the further
increase in pyrolysis temperature to 900 °C, SBC sintered
and the surface roughness increased. The specific surface
areas of the three SBC were 23.57 m2~g'1, 30.96 m2~g'1,
and 28.33 m>g~!, respectively. The wide scan XPS spec-
trum (Fig. S1) shows that the main elements in SBC were
C and O. Cl1s XPS spectra (Fig. 1f) contained C-H/C=C,
C-OH, C=0, and O-C =0 bonds; C=0 bond disappeared
in SBCY00, indicating that high pyrolysis temperature led to
the decomposition of oxygen-containing functional groups.
The results of XPS analysis are consistent with those of
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FTIR analysis, revealing that pyrolysis temperature changes
the properties of sludge biochar.

Effect of pyrolysis temperature on heavy metal
bioavailability and ecological risk

Heavy metal bioavailability

The concentration of heavy metals in SS and SBC is shown
in Table S2. As the pyrolysis temperature increased, the per-
centage of heavy metals in SBC increased due to the decom-
position of organic matters (Hossain et al. 2011). The con-
centrations of heavy metals in the SS and SBC followed the
sequence of Zn>Cu>Mn > Cr> Pb, which was consistent
with previous research (Lu et al. 2015; Zhang et al. 2020b).
The concentration of Zn was much higher than those of
other heavy metals, which may be related to the extensive
use of galvanized pipes in China (Jin et al. 2016). As seen
from Fig. 2, the heavy metals in SS were mainly ACE and
RED, which had higher bioavailability and mobility. With
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Fig.2 Heavy metals (Zn, Cr,
Pb, Cu, Mn) fraction distribu-
tion in the SS and SBC

Concentration percentage(%)

ge(%)

ation per

100

8

=3
1

6f

S
1

4

S
1

2

S
1

o

zn [ Ace [ reD [ ox1 [0 RES

I

T T T T T T
85 gRCAW (g0 (p 600 (100 (pC800 SBCW“S‘;C\W

Concentration percentage(%)

80

204

[ Jace [ rep [ ox1 [T RES

Cr

<S SBCAw S‘,Csw sBC“W SBC'M S“Csw sncgw Sgc\w

100 4

8

S
!

6f

S
L

4

S
L

2

S
1

o

pb  [_]Ace [ rep [l ox1 [T RES

T T T T T T T

Concentration percentage(%)

80

Cu [_] Ace [ rep [l ox1 [T RES

([

T
85 gpCAW g0 (RO (100 (800 (oI 1OV

T
S5 gpCAW (RCs0 (GC0 (o100 (g ROV (o0 100

Mn

(] ace [ rep [ ox1 [T RES

100

=
1

6f

<
1

4

Concentration percentage(%)
>
|

w
S
il

il

the increase of pyrolysis temperature, the proportion of more
stabilized OXI and RES increased, revealing that pyroly-
sis can significantly immobilize heavy metals in the SS.
At pyrolysis temperature above 800 °C, the OXI and RES
content of Cu and Mn decreased, probably because of the
release and volatilization of Cu and Zn due to the decompo-
sition of carbonate and silicate (Li et al. 2018a).

Ecological risk assessment of heavy metals in SS and SBC

Figure S2 and Fig. 3 show the ecological risk indexes of SS
and SBC. For SS, Cr had the highest ecological risk factor E,
among the five heavy metals investigated, and the potential
ecological risk index RI reached up to 787.0, suggesting the
high ecological risk due to the existence of heavy metals. R/
decreased to 491.6 after pyrolysis at 400 °C and significantly

@ Springer

T T T T T T T T
S5 gpCAW (pCs0 (p600 (T (RC8O0 (pCoMd 100t

decreased to low risk above 500 °C. As a result, pyrolysis at
temperature above 500 °C is suggested in order to immobi-
lize and decrease the ecological risk of heavy metals in SS.

Influencing factors on Cd(ll) adsorption

The Pseudo-first-order and Pseudo-second-order kinetics
modeling are shown in Fig. 4a. The adsorption capacity
of Cd(II) by SBC increased rapidly within 5 h due to the
large number of accessible adsorption sites. The adsorption
occurred at the outer surface of SBC and was mainly con-
trolled by diffusion (Kotodyriska et al. 2012; Ni et al. 2019).
The adsorption reached equilibrium thereafter due to the
saturation of the active adsorption site. Table 2 shows the
fitting parameters of adsorption kinetics curve. The best
fitting was provided by the Pseudo-second-order model
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parameters for Cd(II) adsorption
by SBC obtained under
different pyrolysis temperatures
(400-1000 °C)
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SBC400 66.23 1.1307 0.8961 71.47 0.0202 0.9601
SBC500 64.63 1.8304 0.8453 68.11 0.0401 0.9210
SBC600 63.53 2.6752 0.8909 66.40 0.0575 0.9463
SBC700 109.60 5.2007 0.9414 110.06 0.0938 0.9795
SBC800 53.12 2.7105 0.8487 55.51 0.0790 0.8935
SBC900 30.19 2.0025 0.8811 31.43 0.1078 0.9418
SBC1000 27.04 1.8063 0.9046 28.57 0.0896 0.9379
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(R,*><R,%), implying that chemical mechanism played an
important role in Cd(II) adsorption (Chen et al. 2021; Fan
et al. 2017). SBC700 had the highest adsorption capacity
with the maximum adsorption capacity at 120.24 mg-g~!,
which was related to its highest specific surface area and
more abundant oxygen-containing functional groups. The
maximum adsorption capacity is comparable to most of the
modified biochar. Besides, the minimum ecological risk and
maximum adsorption capacity can be achieved simultane-
ously at 700 °C. Therefore, SBC700 was utilized to investi-
gate the effect of pH and co-existing ions.

Figure 4b shows the effect of initial pH on Cd(II) adsorp-
tion by SBC700. The adsorption capacity was the lowest
at pH 3.0 due to the competition of H™ with Cd(II) for the
adsorption sites. The adsorption capacity increased with pH
increasing from 3.0 to 5.5, which was consistent with the
result of Li et al. (2017). The deprotonation of carboxylic and
hydroxyl functional groups increased the negative charges
on the surface of SBC with the increase of pH, and then
the number of binding sites increased (Khan et al. 2020a).
Meanwhile, the concentration of H" decreased with the
increase of pH, which made it less competitive (Usman
et al. 2016). At pH 8, the removal capacity increased, prob-
ably due to the precipitation of Cd(II) at alkaline pH.

The effect of coexisting cations and anions on Cd(II)
adsorption by SBC700 is shown in Fig. 4c. Both of the exist-
ence of Ca’* and Na™ inhibited the adsorption of Cd(II) and
Ca®" was severely interfere with the adsorption, which was
consistent with the result of Zhao et al. (2020). The main
reason was that Ca2* had a stronger covalent nature, so it
was more competitive to adsorb Cd(Il) (Wang et al. 2018).
SO42_ almost had no effect on Cd(II) adsorption, but
NO;™ inhibited the Cd(II) adsorption. This was because
the ability of monovalent anion to compete for the active
center of adsorbent was stronger than that of Cd(II), and
the increase of its concentration will reduce the probabil-
ity of collision between Cd(II) and adsorbent (Zhao et al.,
2020). However, due to the negative charge on the surface
of SBC700 (Fig. 4d), it was more difficult for SO,*~ to
approach SBC700 than NO5™, so the inhibition of SO,*~ was
not obvious. Besides, Ca2* released into the solution by ion
exchange inhibited Cd(II) adsorption (Fan et al. 2017), while
S0,*" formed insoluble CaSO, (pKy, =5.04) with Ca’",
which counteracted the inhibition of both ions. The inhi-
bition of coexisting ions Ca®*, Na*, and NO;~ on Cd(II)
adsorption enhanced with the increase of concentration.

Adsorption mechanism
The SEM images of SBC500, SBC700, and SBC900 after
Cd(II) adsorption are shown in Fig. 5. Many spherical

nanoparticles with particles size at 40-80 nm adhered to
the SBC surface and pores, indicating that Cd precipitate
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was formed at the surface of SBC (Wu et al. 2021). Com-
bined with EDS analysis (Fig. S3), it was found that the
content of Cd increased, suggesting that Cd(II) was success-
fully adsorbed. SEM images showed that the adsorption of
Cd(I) on SBC500 was concentrated in the pores, while it
was observed both at the surface and pores on SBC700, this
was consistent with the result of higher adsorption capac-
ity of SBC700 in adsorption kinetics. Due to the obvious
reduction of pores caused by sintering at high temperature,
the adsorption of SBC900 mainly occurred at the surface.
Besides, Ca content dropped sharply in the EDS image of
SBC500 after adsorption. Ca>* in solution was thought to be
released from SBC after Cd(II) adsorption (Fan et al. 2017),
so it was speculated that SBC500 adsorbed Cd(II) through
ion exchange.

The XRD spectrum of sludge biochar after Cd(II)
adsorption is shown in Fig. 5d. No obvious differences
were observed in the XRD spectrum of SBC before
and after Cd(II) adsorption at pyrolysis temperature at
400-600 °C, indicating that the precipitates containing
Cd(II) were predominantly in the form of amorphous com-
pounds (Chen et al. 2015). The characteristic peaks cor-
responding to CdSO,, Cd,Si0O,, Cd;(PO,),, CdCO;, and
Cdy(PO,)¢ appeared at high temperature (700-1000 °C)
(Zama et al. 2017), suggesting that the removal of Cd(II)
was mainly through the interaction of Cd(II) and miner-
als to form surface precipitates (Gao et al. 2019). Besides,
the characteristic peaks corresponding to CaS disappeared
after adsorption, speculating that CaS was involved in the
adsorption process. The increase of pyrolysis temperature
will change the mineral composition of biochar and pro-
duce anions such as SO42_, Si044_, PO43_, and CO32_ (Qiu
et al. 2021). As can be seen from Fig. 5d, the number of
characteristic peaks increased with the increase of pyrolysis
temperature, indicating that the contribution of co-precipi-
tation increased.

Some characteristic peaks of the SBC in the FTIR spec-
trum after Cd(II) adsorption shifted (Fig. 5e). For exam-
ple, the peak at 866 cm~!, 1037 cm™!, 1420 ecm™!, and
1615 cm™!, corresponding to C-H, C-O, -OH, and C=0,
shifted to 886 cm™, 1051 cm™, 1433 cm™, and 1643 cm™,
respectively. This indicated that these functional groups
were involved in the binding of SBC and Cd(II) through
cation-z interaction, surface complexation and ion exchange
(Fan et al. 2017). The change of C-H indicated that aro-
matic functional groups such as y-CH of furan contributed
to the adsorption by providing z electrons; the coordination
of Cd** with © electrons was beneficial to the adsorption of
CddI) by SBC (Gao et al. 2019). In addition, C-O, -OH, and
C=0 peaks weakened at lower pyrolysis temperature, sug-
gesting that -COOH and -OH oxygen-containing functional
groups were more involved in the reaction by complexation
(Fan et al., 2017).
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Fig.5 SEM images of a
SBC500, b SBC700, and ¢
SBCI900 after Cd(Il) adsorp-
tion; d FTIR spectrum of seven
sludge biochar after Cd(I)
adsorption; e XRD spectrum
of seven sludge biochar after
Cd(II) adsorption; f Cd3d nar-
row scan spectra of SBC500,
SBC700, and SBC900 after
Cd(II) adsorption
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The wide scan XPS spectrum of SBC500, SBC700, and
SBC900 after adsorption (Fig. S4a) shows the existence of
Cd, conforming that Cd(II) was successfully adsorbed on
SBC. The new CO32' and Cd—O peaks appeared in the Cls
(Fig. S4b) and Ols (Fig. S4c) narrow scan spectra indicated
that Cd(II) may form CdCO; precipitate and be adsorbed on
the surface of biochar (Chen et al. 2021; Yuan et al. 2020).
The Cd** and Cd-O peaks appeared in the Cd3d narrow
scan spectrum (Fig. 5f); related studies had confirmed that
their occurrence corresponded to the mechanism of ion
exchange and complexation, respectively (Zhang et al. 2015;
Khan et al. 2020b). The difference of the peak area of Cd>*
and Cd-O in the three kinds of sludge biochar resulted in
the difference of adsorption mechanism. The effect of ion
exchange and complexation was comparable in SBC500,
and it was consistent with SEM analysis and characteriza-
tion of more oxygen-containing functional groups. The peak
area of Cd—0 in SBC700 was more than twice that of Cd**,
indicating that SBC700 was dominated by complexation,
which consistent with the fact that SBC700 had the high-
est peak area of C=0 in XPS characterization. Some of
the oxygen-containing functional groups decomposed on

Binding energy(eV)

the surface of SBC900 while the number of exchangeable
cations increased at high temperature. The peak area of Cd**
in SBCY00 was significantly higher than that of Cd-O; ion
exchange was its main adsorption mechanism. Figure 6 sum-
marizes the main adsorption mechanism of Cd(II) by SBC.
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Fig. 6 The main adsorption mechanism of Cd(II) by SBC
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Conclusion

Through the characterization of SBC, it was found that surface
functional groups of SBCs were changed by pyrolysis. The
content of C-H increased with the increase of pyrolysis tem-
perature, while oxygen-containing functional groups such as
C-0, -OH, and C=0 were reduced. The proportion of more
stabilized OXI and RES in SBC increased with the pyrolysis
temperature increased; however, ACE content of Cu and Mn
increased at temperature above 800 °C. The ecological risk
of heavy metals in SS decreased with the increase of pyroly-
sis temperature, and it decreased to low risk above 500 °C
in general. The Cd(II) adsorption mechanism of SBC mainly
included co-precipitation with SO,*~, Si0,*~, PO,*", and
CO0,>~ coordination with 7 electrons and ion exchange with
K*, Na*, and Ca**. The complexation of SBC was significant
at 400700 °C, but its contribution decreased with the decrease
of surface functional groups at high pyrolysis temperature. The
practical application conditions of SBC are complex, so it is
necessary to further study its adsorption performance in the
presence of other heavy metals. In addition, due to the interac-
tion of natural factors, the long-term risk of SBC in the natural
environment needs further investigation.
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