
Characteristics of a Novel Decomposed Corn Straw-Sludge Biochar
and Its Mechanism of Removing Cadmium from Water
Qiaoting Chen, Minling Gao,* Qiyu Miao, Ling Xiao, Zhongyang Li, Weiwen Qiu, and Zhengguo Song*

Cite This: ACS Omega 2023, 8, 24912−24921 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The utilization of high-efficiency adsorption materials to reduce cadmium pollution in aquatic environments is the
focus of current environmental remediation research. Straw waste and sludge, which are available in huge amounts, can be best
utilized in the preparation of environmental remediation materials. In this study, six types of biochar (SBC, CBC, DBC, SD1BC,
SRDBC, and SCDBC) were prepared from straw and sludge by co-pyrolysis, and their cadmium adsorption mechanisms were
explored. Cd(II) adsorption isotherms and kinetics on the biochar were determined and fitted to different models. Kinetic modeling
was used to characterize the Cd(II) adsorption of biochar, and findings revealed the process of sorption followed pseudo-second-
order kinetics (R2 > 0.96). The Langmuir model accurately represented the isotherms of adsorption, indicating that the process was
monolayer and controlled by chemical adsorption. SCDBC had the highest capacity for Cd(II) adsorption (72.2 mg g−1), 1.5 times
greater than that of sludge biochar, and 3 times greater than that of corn straw biochar. As the pH level rose within the range of pH
5.0 to 7.0 and the ionic strength decreased, the adsorption capacity experienced an increase. SCDBC contained CaCO3 mineral
crystals before Cd(II) adsorption, and CdCO3 was found in SCDBC after adsorbing Cd(II) via X-ray diffraction analysis; the peak of
Cd could be observed by Fourier transform infrared spectroscopy after the adsorption of Cd(II). The possible adsorption of Cd(II)
by SCDBC occurred primarily via surface complexation with active sorption sites, precipitation with inorganic anions, and
coordination with π electrons. Collectively, the study suggested that the six types of biochar, particularly SCDBC, could be used as
highly efficient adsorbents for Cd(II) removal from aquatic environments.

1. INTRODUCTION
Water pollution caused by heavy metals is a challenging
problem that posed a threat to ecosystems, the environment,
and human health worldwide.1 The most commonly used
heavy metal removal methods contained adsorption, photo-
catalysis, chemical precipitation, ion exchange, electrochemical
approaches, membrane filtering, and forward osmosis.2,3

Cadmium (Cd) poisoning can lead to lung damage, cancer,
hypertension, liver disease, and aberrant physiological develop-
ment. Owing to its high persistence, solubility, mobility, and
bioaccumulation, Cd is listed as China’s priority pollutant and
as one of the most contaminating heavy metals;4,5 therefore,
removal of Cd from the aquatic environment is highly
important. Ion exchange, chemical precipitation, coagulation,
adsorption, and membrane separation are common methods
used to remove Cd(II) from aquatic environment. Among

them, biochar adsorption has broad application prospects in
wastewater remediation.6

Biochar is an incompletely carbonized organic substance
with a complex surface chemical structure, more micropore
structure, and excellent adsorption performance.7 It is usually
prepared by pyrolyzing biomass, such as plant straw, animal
manure, and sewage sludge, at high temperatures in oxygen-
limiting circumstances.8 Cd(II) removal by biochar had been
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reported earlier; Higashikawa et al.9 reported that Cd(II)
removal impact and sorption mechanism of biochar are
affected by various factors, including the type of raw material,
pyrolysis temperature, and adsorption conditions.

Sludge is composed of organic compounds, macro- and
micronutrients, trace elements, microorganisms, and micro
pollutants.10 After pyrolysis and carbonization, biochar can be
used as a cheap raw material for the preparation of biochar
adsorbents.11,12 With the continued development of urban-
ization, the vast volume of urban sludge has become a severe
ecological burden. Treatment methods, such as aerobic or
anaerobic digestion, incineration, composting, landfill, and
direct agricultural utilization, not only consume energy but
may also cause additional environmental risks.13 China is a big
agricultural country with rich straw resources. The annual
output of straw exceeds 1.0 × 1010 tons (40% of that of corn
straw), accounting for more than 15% of the total output of
agricultural straw.14,15 The utilization rate of corn straw is low,
and more than half of it is burnt, causing air pollution.16

Under these circumstances, sludge and corn straw were
found to be quite suitable for the production of biochar to
achieve resource utilization. Several studies on biochar
preparation by co-pyrolysis of straw and sludge have shown
that co-pyrolysis cannot only compensate for the defects of
sludge with large ash content, less volatile substances, and low
carbon content but also lessen the heavy metal risks of biochar
by diluting the sludge’s heavy metal concentration.17−19 Wang
et al.20 reported that biochar produced by co-pyrolysis of
sludge and wheat straw has a higher porosity and a larger
specific surface area than pure sludge biochar.

However, relatively few investigations have been conducted
to date on the influence of sludge on the performance of
decomposed straw biochar. According to Zhang et al.,21

carboxylic acid esters are decomposed, carboxyl groups are
increased, and organic acids are formed during the
decomposition of corn straw. Changes on the straw surface
in functional groups may result in the formation of humus,
thus improving the adsorption performance of biochar. Wang
et al.20 reported that sludge-corn straw biochar exhibits high
Cr(VI) sorption capacity. We hypothesized that the increased
biomass would improve the adsorption of heavy metals by
biochar prepared by adding sludge to a co-pyrolysis mix of
decomposed straw.

Biochar made from decomposed straw and sludge has not
yet been implemented to remove Cd(II) from the aquatic
environment. Therefore, in this study, sludge and decomposed
corn straw were utilized as raw materials to prepare biochar.
This study aimed to demonstrate the facile fabrication of
biochar utilizing decomposed straws and sludge. Furthermore,
the sorption characteristics of six different types of biochar
were investigated, including sorption kinetics and isotherm
adsorption, as well as the impact of pH and ionic strength on
Cd(II) adsorption. Additionally, this study delved into
understanding the sorption mechanism involved.

2. MATERIALS AND METHODS
2.1. Reagents and Materials. Sodium hydroxide

(NaOH), cadmium nitrate [Cd (NO3)2·4H2O], and nitric
acid (HNO3) were provided by Jiuxinyaozheng Co. Ltd.,
(Beijing, China). All chemicals used in the investigations were
of analytical quality, and all experiments were conducted with
deionized water (18.25 MΩ cm−1).

Corn straw was obtained from farmland in Tianjin, China.
Sewage sludge was obtained from an urban domestic sewage
treatment plant in Shantou, China. The inductively coupled
plasma mass spectrometry test results for municipal sludge
have been reported in the Supporting Information.
2.2. Preparation of Biochars. Sludge from the sewage

treatment plant was used as a raw material, which was dried
and put through a 0.25 mm sieve to obtain sludge powder in
the laboratory. Before usage, corn straw was dried at 80 °C in
the oven, pulverized, and passed through a 0.25 mm sieve. The
six methods of preparation of biochar were as follows: (1)
SBC: sludge was dried to a consistent weight before being
pulverized, sieved, and pyrolyzed into sludge biochar. (2)
CBC: corn straw was dried to a consistent weight before being
pulverized, sieved, and pyrolyzed into straw biochar. (3) DBC:
corn straw was placed in white plastic buckets, an appropriate
amount of water was added, and it was placed under natural
conditions for 30 d to let it mature to black naturally. After
decomposition, the sample was dried to a consistent weight
before being pulverized, sieved, and pyrolyzed into biochar. (4)
SD1BC: the sludge: corn straw mass ratio of 1:3 was physically
mixed, and a suitable amount of water was supplied; it was
placed in plastic buckets with intermittent oxygen supply in the
early stage and placed under natural conditions for 30 d to
allow it to mature naturally. (5) SRDBC: a mass ratio of sludge:
decomposed straw = 1:3 was physically mixed and pyrolyzed
into biochar. (6) SCDBC: a mass ratio of sludge biochar:
decomposed straw = 1:3 was physically mixed and pyrolyzed
thereafter.

Pyrolysis was used to prepare biochar,22 and the process was
conducted in a muffle furnace with a nitrogen flow rate of 6000
cm3 min−1 and a temperature ranging from ambient to 600 °C
for a duration of 1 h. The biochar was prepared, washed with
deionized water, and then dried for 24 h at 60 °C in the oven.
2.3. Cd (II) Sorption. Six biochar samples (0.5 g) were

added to a 250 mL solution containing 100 mg L−1 of Cd(II)
to perform the kinetics experiment and then stored in 0.5 mL
aliquots at pH 6.0 at intervals of 1, 5, 10, 20, 30, 60, 120, 240,
360, 480, 720, 1440, and 2160 min. Furthermore, the rotor was
set to turn at 350 rpm, and the temperature was set to 25 ± 1
°C. The sample was filtered through a 0.22 μm filter and
analyzed using atomic absorption spectrometry (AAS) (Beijing
Haiguang). Adsorption performance in Cd(II) solution was
compared in terms of concentration decrease.

The adsorption quantity (qt) was estimated according to the
following equation

q
c c V

m
( )

t
t0=

(1)

where qt represents the Cd(II) adsorbed quantity at time t (mg
g−1), m represents the weight of biochar used (g), c0 represents
the initial concentration (mol L−1), and ct represents the time
concentration (mol L−1).

OriginPro was used to fit qt and t to the pseudo-first-order
and pseudo-second-order kinetic models.

The equation below describes the pseudo-first-order kinetic
model

q q (1 e )t
k t

e
1= * (2)

where qt represents the Cd(II) adsorbed quantity at time t (mg
g−1), qe represents the equilibrium adsorption quantity, t
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represents the adsorption duration, and k1 represents the
pseudo-first-order rate constant (min−1).

The equation below describes the pseudo-second-order
kinetic model

q
q k t

q k1 tt
e

2
2

e 2
=

× ×
+ × × (3)

where qt represents the Cd(II) adsorbed quantity at time t (mg
g−1), t represents the adsorption duration, qe represents the
equilibrium adsorption quantity, and k2 represents the pseudo-
secondary rate constant [g (mg·min)−1].

All equilibrium adsorption isotherms were obtained with
0.01 g of adsorbent and 20 mL of Cd(II) solution
[concentrations of 10, 25, 50, 80, 100, 150, and 200 mg L−1

(pH 6.0)] in 40 mL brown glass bottles. NaOH or HNO3
solution (0.1 mol L−1) was used to modify the solution’s pH.
By adjusting the solution’s pH to 5.0−7.0, the impact of pH on
the Cd(II) adsorption was evaluated. NaNO3 (0.001−0.1 mol
L−1) was used to examine the ionic strength. Finally, the
adsorption equilibrium was obtained by end-oscillating in a
thermostatic oscillator for 36 h at 25 ± 0.5 °C and 120 rpm.
Whatman no. 42 filter paper was then used to filter the
suspension. Furthermore, AAS was used to determine the
equilibrium concentration of Cd (II) in the filtrate. Triplicates
of all batch adsorption experiments were performed. Based on

the decrease in Cd(II) of the solution, the performance of
Cd(II) adsorption was compared.

The adsorbed amount (qt) was calculated according to

q
c c V

m
( )

e
0 e=

(4)

where qe represents the adsorbed Cd(II) quantity (mg g−1), c0
represents the initial concentration (mol L−1), ce represents the
equilibrium concentration (mol L−1), and m represents the
amount of biochar used (g).

The equation below describes the Langmuir model

q
k c q

k c1e
4 e m

4 e
=

× ×
+ × (5)

where qe represents the adsorbed balance Cd(II) quantity (mg
g−1), ce represents equilibrium concentration (mol L−1), k4
represents the Langmuir constant, and qm represents the
maximum quantity of adsorbed Cd(II) (mg g−1).

The equation below describes the Freundlich model

q k c n
e 5 e

1/= × (6)

where qe represents the balance quantity of adsorbed Cd(II)
(mg g−1), ce represents the equilibrium concentration (mol
L−1), and k5 and n represent the Freundlich constants.

Figure 1. SEM images of different biochars before adsorption of Cd(II).
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2.4. Characterization of Biochar. Fourier transform
infrared spectroscopy (FTIR) (Thermo Scientific Nicolet
iS5, USA) was used to identify various functional groups
that existed on the surface of biochar. Scanning electron
microscopy (SEM; Gemini Sigma300, Carl Zeiss AG,
Germany) was used to analyze the element mapping. Ground
biochar before and after Cd sorption was compared using X-
ray diffraction (XRD) to discover the likely production of
crystalline Cd crystals. For this analysis, a computer-controlled
X-ray diffractometer (D/max 2500, Riga, Japan) with stepper
motors and a graphite crystal monochromator was used. An
alumina target (Al−K, hv = 1486.8 eV) was used for X-ray

photoelectron spectroscopy (XPS; Thermo Scientific ESCA-
LAB 250; USA) at 15 kV and 15 mA. Deconvoluted peaks
were discovered using both scholarly and empirical data.
2.5. Data Analysis. For a preliminary analysis of the data,

Microsoft Excel 2012 was used, and Origin 2020 was used for
drawing the results. Triplicate batches of experiments were
performed, including isotherms, kinetics, and the effects of pH
and ion concentration.

3. RESULTS AND DISCUSSION
3.1. Characterization of Biochar. The SEM graphic of

biochar under a scanning electron microscope is shown in

Figure 2. X-ray diffraction patterns of different biochars.
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Figure 1. SBC and SD1BC exhibited obvious agglomeration
phenomena with different sizes, dense and rough surfaces, and
underdeveloped pore structures. CBC revealed non-rod-like
residual coke with a loose residual coke structure and more
pore distribution. The SRDBC sample had a loose surface with
pores of different sizes. The surface of the SCDBC sample
exhibited irregularities with unevenly distributed pores. The
CBC and DBC samples were rod-shaped with a uniform pore
distribution. After the carbonization of the biomass, dehy-
dration and decarboxylation occurred, forming a highly
aromatic conjugated system which retained the basic structural
characteristics of biomass; the contour of each tissue was
clearer, and the carbon skeleton structure was obvious.23

Owing to the different compositions of sludge and straw
combined with water and volatile organic compounds, the
structures of CBC and DBC were different. Because of the
higher organic matter content, sludge had a lower pyrolysis
degree than straw, resulting in a significantly lower surface pore
structure in sludge than straw biochar. The pore structure of
biochar may be formed by the escape of volatile substances
during pyrolysis, and the pore structures may have potential
value in biochar performance. The rough surface of biochar
may provide chemical positions, which could lead to a series of
chemical reactions, such as ion exchange.

The different crystals and compositions of biochar are
shown in Figure 2. In addition to organic matter, some
inorganic minerals were present in the sludge, with the main
mineral components being SiO2 and CaCO3. All of the biochar
samples (with cadmium before and after adsorption) had two
major diffraction peaks at 2θ = 26.6 and 29.5°, which aligned
with conventional SiO2 (quartz) crystallite composition and
CaCO3 crystals.24 The main component of sludge was CaO,
which could form CaCO3 with CO2 at high temperatures. The
mineral composition was stable during pyrolysis, indicating
that the biochar had compositional stability.
3.2. Cadmium(II) Adsorption. The kinetics of Cd(II)

sorption by biochar are depicted in Figure 3a. The findings
revealed that SCDBC had a better Cd(II) removal capacity
than other biochar preparations. Biochar required 5 h to
complete most of the Cd(II) adsorption and 36 h to reach
adsorption equilibrium; the adsorption rate decreased
gradually with time. Previous studies reported that Cd(II)
adsorption kinetics could be separated into a rapid-increase
stage and a slow-equilibrium stage, with physical adsorption
occurring primarily on the biochar outer surface.25 This could
be explained by the early rich vacancies on the biochar surface,
which were presumably filled by prospective dangerous metal
ions and grew increasingly saturated as adsorption persisted.24

Models of pseudo-first order (2) and pseudo-second order
(3) are used to explain the sorption data. The higher square
correlation coefficient (0.836 < R2 < 0.937) was used in the
pseudo-second order model to fit the experimental data better
(Table 1). It is speculated that chemical adsorption primarily
regulates the Cd(II) sorption of biochar,26,27 including surface
complexation, ion exchange, and mineral precipitation.25,28

Adsorption isotherms are significant in the investigation of
adsorption mechanisms. The sorption performance of SCDBC
and SRDBC was better than that of SD1BC, SBC, CBC, and
DBC, with the Cd(II) adsorption capacity as the evaluation
index. As illustrated in Figure 3b, the adsorption process was
revealed by analyzing the experimental data using the
Freundlich and Langmuir models. Maximum Cd(II) adsorp-
tion capacity (qm) of six biochar samples (SBC, CBC, DBC,

SD1BC, SRDBC, and SCDBC), estimated by the Langmuir
equation, was 47.1, 24.7, 39.7, 26.3, 65.9, and 72.2 mg g−1,
respectively. SCDBC demonstrated the best sorption, with a
maximum adsorption capacity of 72.2 mg g−1. Based on the
experimental data, the fitted correlation coefficient (R2) with
the highest value (Table 2), the Langmuir model performed
better than the Freundlich model in characterizing Cd(II)
sorption by biochar preparations. The results demonstrated
that monolayers, rather than multilayers, regulate the
adsorption of Cd (II) on biochar.29,30 Based on the fitting
conditions of the adsorption model and SEM data analysis, the
number of chemical binding sites was speculated to be the
main factor leading to a change in adsorption performance.25

Figure 3. Kinetic adsorption (a) and isotherm of Cd (II) adsorption
(b) of different biochars on Cd (II).

Table 1. Kinetic Parameters of Different Biochars Adsorbed
Cd (II)

first-order kinetic model second-order kinetic model

BCs qe k1 R2 a k2 R2

SD1BC 9.62 7.42 0.869 10.1 0.948 0.912
SRDBC 28.6 0.38 0.810 32.4 0.012 0.876
SCDBC 24.1 2.90 0.891 24.7 0.143 0.925
CBC 9.90 5.75 0.803 10.6 0.777 0.866
SBC 23.3 0.69 0.910 25.1 0.041 0.936
DBC 18.4 4.28 0.751 20.5 0.197 0.835
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SCDBC was inferred to effectively increase the number of
chemical binding sites, therefore, SCDBC had better adsorption
performance for Cd(II).
3.3. Influences of the Solution’s Initial pH. pH

influences not only the adsorbent’s surface charge but also
the ionization degree and morphology of metal ions in the
adsorbent. Adsorption on SCDBC at different initial pH values,
and change in the solution pH before and after adsorption
(Figure 4a). As the initial pH decreased from 7.0 to 5.0, the
Cd(II) absorption decreased significantly from 72.2 to 43.1 mg
g−1. SCDBC was illustrated to react completely with Cd(II) at
higher pH values, between 5.0 and 7.0, since hydrogen ions in
the solution increased with a decrease in pH and competed

with Cd(II) for adsorption sites. Because there were
insufficient adsorption sites left for Cd(II) to be adsorbed,
the biochar adsorption capacity decreased. As the solution pH
increases, the root of hydroxide combines with the hydrogen
ions on the surface of the biochar, thereby reducing the
electrostatic repulsion between the hydrogen ion and Cd(II).
With the decrease in hydrogen ion concentration of the
solution, the competition between hydrogen ions gradually
weakens,31 making it easy for Cd(II) to combine with the
binding sites having negative electric charges on the biochar
surface, and Cd(II) adsorption capacity increases. Under the
experimental conditions, when pH was 7, the biochar Cd(II)
adsorption capacity reached its maximum value. After the
reaction, the pH of the solution did not significantly change,
and none of them reached the pH (approximately 8.2−9.7) at
which Cd(II) precipitates in the solution, demonstrating that
the removal of Cd(II) was due to its adsorption on biochar
rather than due to its precipitation caused by an increase in
solution’s pH. When the pH increased furthermore, surface
complexation of the Cd(II) solution existed in the state of
Cd(OH)+.32 The precipitation interaction between Cd(II) and
OH− was the main factor impacting Cd(II) removal, which
reduced biochar’s Cd(II) adsorption capability.33 The
increased adsorption capacity might be attributed to the
dissociation of −COOH and −OH functional groups from
biochar with Cd(II) and their interaction to form surface
complexes.34,35

3.4. Influences of Ionic Strength. The impact of ionic
strength on the sorption of Cd(II) by SCDBC is shown in
Figure 4b. As the amount of NaNO3 (0.001−0.1 mol L−1) in
the Cd(II) aqueous solution increased, the amount of Cd(II)
that SCDBC could adsorb decreased. The decrease in Cd(II)
adsorption attributed to the rise in ionic strength may be
explained by the competition between sodium ions and Cd(II)
for the negatively charged adsorption sites on SCDBC,
resulting in a decrease in the biochar’s adsorption performance
to adsorb cadmium as the concentration of sodium nitrate
increases. High ionic strength causes agglomeration of
adsorbents in particle form, reducing the total number of
adsorption sites and thus the adsorbed quantity.36 Adsorption
can be classified as non-specific or specific based on the
influence of ionic strength on it. If the additional exogenous
ions promoted adsorption, the latter occurred by internal
coordination and specific adsorption; if the adsorption was
inhibited, an outer complex was formed on the surface of the
adsorbent, and the latter was adsorbed on the diffuse layer with
opposing charges through electrostatic interactions.37 There-
fore, Cd(II) may be inferred to be adsorbed on the biochar’s
surface by electrostatic interactions, forming an outer−sphere
complex.

Table 2. Isothermal Parameters of Different Biochars Adsorbed Cd (II)

Langmuir Freundlich

BCs qm/(mg g−1) K3/(mg L−1) R2 K4 n
1

R2

SD1BC 26.31 1.60 0.99 17.14 −0.090 0.98
SRDBC 65.87 0.057 0.99 10.04 −0.383 0.91
SCDBC 72.22 0.813 0.98 25.66 −0.261 0.99
SBC 47.08 0.435 0.96 16.11 −0.264 0.84
CBC 24.67 0.285 0.99 10.35 −0.186 0.91
DBC 39.70 0.313 0.97 14.36 −0.203 0.97

Figure 4. Effects of pH (a) and ionic strength (b) on adsorption of
Cd (II) by ScDBC.
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3.5. Adsorption Mechanism. The FTIR spectra of the
SCDBC biochar sample and biochar-adsorbed Cd are depicted
in Figure S1. The peak value of SCDBC was approximately
3400 cm−1, which was strongly connected to the stretching
vibration of the interlayer of metal-OH groups or water
molecules.38 The peak value of 2880 cm−1 represents the
tensile vibration of −CH2,

39 which implied that the biochar has
aromatic or aliphatic chemicals present during the process of
synthesis,40 and the weak peak was approximately 1570 cm−1

and showed C�C stretching vibration characteristic.41 The
peak height of 1423 cm−1, which appeared in the SCDBC after
co-pyrolysis, represented the C−H bending vibration. The

peak at 1030 cm−1 represented the stretching vibration of C−
O. In addition, the peak at 878 cm−1 was attributable to
aromatic C−H.42 Several studies have shown that heavy metals
can react with oxygen-containing functional groups; therefore,
oxygen-containing functional groups could be significant in
cadmium adsorption. Through comparative analysis, the
functional group types of SCDBC before and after adsorption
were found to be not very different, although some absorption
peaks’ intensity was weakened. The −OH peak at 3400 cm−1

disappeared after adsorption, indicating that −OH is involved
in the cadmium adsorption process. After Cd(II) sorption, the
peaks of C−H (878 cm−1) and C−O (1030 cm−1) increased

Figure 5. XPS spectrum of different biochars. (a) XPS full spectrum of biochars, (b)C 1s spectra of ScDBC, (c) O 1s spectra of ScDBC, (d, e, f) C
1s, O 1s, and Cd 3d spectra of ScDBC-Cd, respectively.
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slightly, demonstrating the involvement of C−H/C−O groups
in adsorption and cation−π/π−π interactions between
cadmium and the biochar’s surface.43,44

Binding energy shifts for C, O, and Cd were observed using
XPS to further investigate the mechanism of adsorption on
SCDBC (Figure 5a). Six types of biochar were found, all
containing the absorption peaks of C, O, Cd, Mg, Ca, and Si;
the primary constituents were the elements C and O, with
binding energies of around 284 and 530 eV, respectively.
Figure 5b illustrated the existence of three major C 1s peaks in
biochar, which were attributed to the C−C/C−H, C−O, and
C�O, respectively, at values of 284.7, 286.1, and 289.0
eV.45,46 Following Cd adsorption, the biochar also showed
three major C 1s peaks at 284.7, 286.0, and 288.6 eV (Figure
5d), which were ascribed to C−C, C−O−C, and O−C�O
groups, respectively. The binding energy of distinct oxygen
species was used to separate the O 1s XPS spectra into three
overlapped peaks: M−O (530.2 eV, oxygen bonded to metal),
M−OH (531.5 eV, hydroxyl linked to metal), and −C�O/
C−O (532.9 eV, carbon−oxygen bond). The −OH percentage
of SCDBC before cadmium adsorption was 65.8%, which
declined to 57.4% after cadmium adsorption (Figure 5c,e).
This implied that the sorbent surface existed contained
abundant −OH groups, which participate in cadmium
sorption.47,48 The fraction of M−O increased from 17.2 to
27.3%, as the electron-deficient metal cations decreased the
electron cloud density surrounding the O atoms in −OH and
−COOH to generate Cd−O.49 In addition, Cd was detected in
the adsorbents after adsorption (Figure 5f). The Cd 3d peak of
Cd-loaded biochar in the XPS spectra could be observed in
comparison to the XPS spectra of biochar, indicating that Cd
was present on the biochar surface. Specific sorption,
particularly in the form of CdCO3 or Cd−O, was identified
by Cd XPS analysis50−52 and elucidated the Cd(II) removal
mechanism. The peak values of the Cd 3d spectrum of
SCDBC-Cd at 405.1 and 411.9 eV were attributed to Cd 3d 5/
2 and Cd 3d 3/2 respectively, indicating that Cd(II) exists as
CdCO3. Peak binding energies of 405.8 eV for Cd 3d 5/2 and
412.6 eV for Cd 3d 3/2, respectively, demonstrating that
Cd(II) presents in the form of Cd−O.25,53 The original
summit of CaCO3 was replaced by the peak of CdCO3, and a
new peak of CdCO3 was generated from biochar with
adsorbed Cd(II) in XRD. This revealed that chemical
interactions may occur between the cadmium ions and
CaCO3 during the adsorption process, possibly combining
with free CO3

2‑ to form CdCO3. The characterization of
CdCO3 and its formation were consistent with the earlier
report.54 Based on the discussion and analysis above, as shown
in Figure 6, it was determined that surface complexation of Cd
with active adsorption sites (−OH), coordination with
electrons (C−H, C−O), cation−π interaction, and precip-
itation with inorganic anions (OH−, CO3

2−) were the possible
Cd(II) adsorption mechanisms of SCDBC.

4. CONCLUSIONS
Biochar with excellent adsorption properties was synthesized
by the co-pyrolysis of sludge and corn straw to address the
issues of extensive accumulation and limited utilization of
sludge and straw. Compared to other sludge-based and straw-
based biochar preparations, SCDBC had the highest adsorption
capacity (qm = 72.2 mg g−1). The solution pH and ionic
strength affected the Cd(II) adsorption capacity of biochar.
According to XPS and FTIR analysis, the main adsorption

mechanism of SCDBC is primarily attributed to chemisorp-
tion. The Cd(II) adsorption of SCDBC occurred mainly
through precipitation with inorganic anions, surface complex-
ation with active sorption sites, and coordination with π
electrons. SCDBC could be used as an effective adsorbent for
mitigating Cd pollution in aquatic environments. Therefore,
this study provides a novel idea for the resource utilization of
municipal sludge and straw and suggests a theoretical reference
for their application in the field of environmental remediation.
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