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a b s t r a c t
To enhance the Cd(II) adsorption capacity on sludge biochar (SBC), potassium permanganate mod-
ified sludge biochar (MSBC) was prepared. Additionally, the removal performance and adsorption 
behavior of Cd(II) on biochar were investigated by initial pH, coexisting ions, dosage, adsorption 
kinetics and adsorption isotherms. The Cd(II) adsorption behavior of SBC and MSBC was con-
sistent with the pseudo-second-order kinetic model and the Langmuir model. The coexisting ion 
concentration of NaCl had almost no effect on the Cd(II) adsorption of SBC and MSBC. The max-
imum Cd(II) adsorption capacities of SBC and MSBC were 55.81 and 108.69 mg/g at the optimum 
conditions of 25°C, 1 g/L dosage and pH 5.0, respectively. After four replicate experiments, the 
removal efficiency of Cd(II) by SBC and MSBC was 64.05% and 90.34%, respectively. Complexation 
of Cd(II) with O-containing groups, Cd(II)-π interactions, co-precipitation and electrostatic inter-
action were the main mechanisms for the Cd(II) removal from aqueous solutions by SBC and 
MSBC. The KMnO4-modification effectively enhanced the number of O-containing groups in the 
biochar and enhanced the complexation of Cd(II) by MSBC, which was the main reason for the 
increased Cd(II) adsorption capacity of MSBC. The results showed that KMnO4-modification could 
effectively increase the Cd(II) adsorption by sludge biochar.

Keywords:  Potassium permanganate modification; Sludge biochar; Cd(II); Adsorption performance; 
Mechanism

1. Introduction

With the rapid development of metal mining, smelting 
and processing and machinery manufacturing industries, 
large amounts of cadmium-containing wastewater are being 
discharged into the water environment and cadmium pollu-
tion has become a serious environmental problem [1]. In the 
natural environment, cadmium is non-degradable and can 
accumulate in living organisms, making it a more serious 
threat to the ecosystem [2]. Therefore, effective treatment of 
wastewater containing cadmium is essential. Currently, the 
main methods of treatment for cadmium-containing waste-
water are chemical precipitation, electrochemical methods, 

adsorption, ion exchange and membrane separation [3,4]. 
Among them, adsorption is the most promising technol-
ogy for the treatment of heavy metal wastewater due to 
its simplicity, low-cost and high treatment efficiency [5].

For adsorption methods, the successful removal of pol-
lutants depends on the choice of adsorbent with affinity for 
the target pollutant and fast adsorption rate [1]. Previous 
literature demonstrated that carbon-based materials 
(e.g., carbon nanotubes, graphene, biochar) are well suited 
as adsorbents for the treatment of heavy metal wastewater 
[1,2,6]. Of these, biochar has a very significant cost advan-
tage, which makes it more promising for practical appli-
cations in heavy metal wastewater treatment. However, 
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biochar also suffers from relatively low adsorption capacity 
and poor adsorption selectivity for the removal of heavy 
metal ions [1,7,8]. Modification has been reported as one 
of the most effective ways to improve the adsorption per-
formance of biochar for heavy metals [1]. The modification 
methods of biochar can be broadly classified into chemical 
modification, physical modification, mineral loading and 
magnetic modification [9]. Compared to other modification 
methods, chemical modification of KMnO4 not only signifi-
cantly improves the pore properties of biochar and increases 
the number of oxygen-containing functional groups, but 
also loads manganese oxides onto biochar, thus enhancing 
the interaction between biochar and heavy metal ions and 
more significantly improving the adsorption performance 
of biochar for heavy metals [1,10].

In this work, KMnO4-modified sludge biochar was pre-
pared to remove Cd(II) from aqueous solution. The main 
objectives of this work (1) to investigate the effect of KMnO4-
modification on the physicochemical properties of sludge 
biochar; (2) to explore the Cd(II) adsorption performance 
on biochar in terms of influencing factors (e.g., coexisting 
ions, dosage and solution pH), adsorption isotherms, and 
adsorption kinetics; (3) to analyze the potential mechanism 
of Cd(II) adsorption on biochar.

2. Materials and methods

2.1. Reagent and material

Cadmium nitrate (Cd(NO3)2·4H2O), nitric acid (HNO3), 
sodium hydroxide (NaOH), sodium chloride (NaCl) and 
potassium permanganate (KMnO4) were analytical reagent. 
All reagents were purchased from Sinopharm Reagent 
Group., Ltd., (Shanghai, China). Different concentrations 
of Cd(II) solution were prepared by dissolving different 
masses of Cd(NO3)2·4H2O in deionized water.

2.1.1. Pre-treatment of dewatered sludge

Dewatered sludge from wastewater treatment plant 
in Zhengzhou (Henan Province, China). The sludge was 
transferred to a drying oven at 80°C and dried to a constant 
weight. The dried sludge was crushed into sludge powder 
and passed through an 80-mesh sieve. The sieved sludge 
powder was used for the preparation of sludge biochar.

2.2. Preparation of materials

2.2.1. Sludge biochar

The sludge powder was first placed in a tube furnace 
after passing N2 for 1 h. The tube furnace was heated to 
800°C at a rate of 20°C/min and N2 was continuously intro-
duced during the pyrolysis. The resulting biochar was 
recorded as sludge biochar (SBC).

2.2.2. KMnO4 modified sludge biochar

2 g KMnO4 was dissolved in 50 mL deionized water, 5 g 
SBC was added and shaken for 2 h in shaker, then filtered 
and dried. The black solid was noted as modified sludge 
biochar (MSBC).

2.3. Batch adsorption experiments

All adsorption experiments were performed in 50 mL 
polypropylene centrifuge tubes. The pH of the solution 
was adjusted with 0.01 mol/L HNO3 or NaOH. The adsorp-
tion reaction was shaken on a rotary shaker at 150 rpm and 
25°C. The effects of dosage (0.2~3.0 g/L), initial pH (2.0~7.0), 
coexisting ions concentration (0~0.1 mol/L) on Cd(II) 
removal were investigated.

After the reaction, the suspension was filtered through 
a 0.22 µm nylon membrane and the Cd(II) concentration 
in the filtrate was determined by atomic absorption spec-
trophotometry (Shimadzu, Model AA-6300, Japan). The 
removal efficiency [Eq. (1)] and the adsorption capacity 
[Eq. (2)] were calculated.
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where R is the removal efficiency, %; C0 is the initial Cd(II) 
concentration in solution, mg/L; Ce is the Cd(II) concentra-
tion in solution after adsorption equilibrium, mg/L; q is 
the equilibrium adsorption capacity, mg/g; V and m are the 
solution volume (mL) and adsorbent mass (mg), respectively.

2.3.1. Adsorption kinetics

The number of reactors required was designed accord-
ing to a pre-designed time (5~300 min) interval. In each reac-
tor, 25 mL of 10 mg/L Cd(II) solution was added to which 
1 g/L of biochar was added and shaken at 25°C. The suspen-
sion was then removed at a pre-determined time and fil-
tered to obtain the filtrate, which was measured for Cd(II) 
concentration. The pseudo-first-order model [Eq. (3)], the 
pseudo-second-order model [Eq. (4)] and the intraparticle 
diffusion model [Eq. (5)] were used for fitting analysis.
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where qe and qt are the adsorption capacity at the equilibrium 
time and time “t” (mg/g), respectively; k1 and k2 represent 
adsorption rate constant of the pseudo-first-order (1/min) 
and the pseudo-second-order (g/mg·min), respectively; 
Kd (mg/(g·min1/2)) is rate constants of intraparticle diffu-
sion and film diffusion models; Ci is constant of the intra-
particle diffusion model.

2.3.2. Adsorption isotherms

25 mL of Cd(II) solution with different concentrations 
(10~200 mg/L) was added to 1 g/L of biochar and the suspen-
sion was shaken at 25°C for 300 min. Then, the suspension 
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was filtered to obtain the filtrate and the Cd(II) concentration 
in the filtrate was determined. The Langmuir model [Eq. (6)] 
and Freundlich model [Eq. (7)] were used to fit this data.
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where qe is the adsorption capacity at equilibrium (mg/g); Ce is 
the Cd(II) concentration at adsorption equilibrium (mg/L); 
qmax, KL and RL are the maximum Cd(II) adsorption capacity 
(mg/g), Langmuir equilibrium constant (L/mg) and separa-
tion factor, respectively; Kf and n represent the Freundlich 
affinity coefficient (mg1–n·Ln/g) and Freundlich constant 
related to the surface site heterogeneity, respectively.

2.3.3. Repeatability experiments

The used adsorbent was mixed with 0.1 mol/L HCl 
solution, shaken at 25°C for 24 h, washed three times with 
deionized water and dried at 80°C for 24 h. The regenerated 
adsorbent was used for adsorption experiments.

2.4. Characterization methods

Scanning electron microscopy with energy-dispersive 
X-ray spectrometer (JSM-7500F, JEOL, Japan) was used 
to observe the microscopic morphology of the samples. 

The crystalline structure and physical composition of the 
sample were analyzed using X-ray diffraction (XRD, D8X, 
Bruker, Germany). The surface chemical composition was 
analyzed with an X-ray photoelectron spectrometer (Escalab 
250Xi, Thermo Fisher Scientific, USA) and Avantage soft-
ware was used to perform peak splitting analysis. The 
Fourier-transform infrared spectrometer spectrum of biochar 
in the range of 4,000~500 cm~1 was determined by Fourier-
transform infrared spectrometer (FTIR, Nicolet-460, Thermo 
Fisher, USA). The N2 adsorption–desorption isotherm was 
analyzed by pore structure parameter (Tristar II Plus 2.02, 
USA), and the specific surface area, pore volume and pore 
size of biochar were analyzed. The amounts of O-containing 
functional groups (e.g., hydroxyl, carboxyl and lactone) in 
biochar were determined by Boehm titration [11].

3. Results and discussion

3.1. Physiochemical property analysis

The microstructures of SBC and MSBC are shown in 
Fig. 1. The SBC had a flat surface and there were no a large 
amount of particles on the surface. Moreover, the presence 
of element Mn was not detected in the energy-dispersive 
X-ray (EDS) spectrum of the SBC. Nevertheless, the MSBC 
surface (Fig. 1b) showed massive particles, and the element 
Mn appeared in EDS spectrum of MSBC, which indicated 
successful modification with potassium permanganate. 
The specific surface area, pore volume and pore size of SBC 
were 34.96 m2/g, 0.213 cm3/g and 11.36 nm, respectively. 

 

Fig. 1. Scanning electron microscopy with energy-dispersive X-ray spectroscopy analysis of sludge biochar (a) and modified 
sludge biochar (b).
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However, the specific surface area, pore volume and pore 
size of MSBC were 64.29 m2/g, 0.278 cm3/g and 14.54 nm, 
respectively. The specific surface area, pore volume and pore 
size of MSBC were higher than those of SBC, signifying that 
MSBC could provide more adsorption sites for the Cd(II) 
removal [12]. Additionally, the amount of O-containing 
groups in the biochar was determined by titration. After 
KMnO4-modification, the number of hydroxyl, carboxyl and 
lactone groups increased from 0.142, 0.176 and 0.039 to 0.213, 
0.249 and 0.063 mmol/g. This indicated that the KMnO4-
modification increased the number of O-containing groups 
in the biochar, which provided more adsorption sites to 
remove Cd(II) from aqueous solution [11].

3.2. Effect of different factors on Cd(II) removal

3.2.1. Dosage

Fig. 2a shows the effect of dosage on the Cd(II) removal. 
As the dosage increased from 0.2 to 1 g/L, the Cd(II) removal 
efficiency by SBC and MSBC increased rapidly. This was 
because with the increase of dosage, the SBC and MSBC in 
the adsorption system can provide more adsorption sites 
for Cd(II), which was beneficial to the Cd(II) removal [7]. 
When the dosage was increased from 1 to 3 g/L, the Cd(II) 
removal efficiency by SBC and MSBC increased slowly. On 
the one hand, this was because the concentration of Cd(II) 
in the solution was limited [11]. On the other hand, an 
excessive dosage can cause agglomeration of the adsorbent, 
which in turn was not conducive to the diffusion of Cd(II) 
in the solution to its internal adsorption sites, thus leading 
to a slow increase in the removal efficiency [9]. Considering 
the removal efficiency and economic efficiency, the opti-
mum dosage of adsorbent was 1 g/L.

3.2.2. Initial pH of solution

The removal performance of SBC and MSBC for Cd(II) 
at different initial pH is shown in Fig. 2b. As the initial 
pH increased, the removal efficiency of Cd(II) by SBC and 
MSBC showed an increasing trend, while this increasing 
trend became very slow when the initial pH was greater 
than 5.0. In general, the solution pH determined the sur-
face charge of the adsorbent and the morphological distri-
bution of pollutants in solution, which in turn affected the 
removal performance of pollutants by adsorbent [13]. The 
morphology of Cd(II) (at solution pH ≤ 8.0, Cd(II) was pres-
ent in the form of Cd2+) remained largely unchanged in the 
pH range of this work, which meant that the surface charge 
properties of SBC and MSBC was the main factor affecting 
the Cd(II) removal [14]. At low initial pH (pH of 2.0~3.0), the 
SBC and MSBC surfaces were highly protonated, resulting 
in electrostatic repulsion between the Cd2+ and adsorbents, 
making it difficult for them to diffuse onto the adsorbent 
surface [15]. At the same time, the competition between 
the large amount of H+ and Cd2+ for the adsorption active 
sites on the SBC and MSBC surfaces was intense [8]. When 
the initial pH increased to the range of 4.0~5.0, the pro-
tonation of the SBC and MSBC surfaces decreased, result-
ing in a weaker electrostatic repulsion between them and 
Cd(II), and the reduced H+ concentration also decreased 

the competition with Cd(II) for the adsorption active sites, 
thus improving the adsorption efficiency of SBC and MSBC 
on Cd(II) [16]. When the initial pH is greater than 5.0, the 
liquid phase acidity gradually approached the pHZPC of 
SBC and MSBC, which theoretically increased the nega-
tive charge on the surface of adsorbent and enhanced the 
gravitational force between SBC and MSBC and Cd(II), 
improving the removal efficiency of Cd(II) [17]. In fact, the 
removal efficiency of Cd(II) was not significantly enhanced, 
probably because the Cd(II) binding site in SBC and MSBC 
was constant, which also indicated that electrostatic grav-
itational force was not a major role in the Cd(II) removal.

3.2.3. Coexisting ions

Fig. 2c shows the effect of ionic strength on the Cd(II) 
removal. The ionic strength was adjusted by adding a spe-
cific amount of NaCl to the solution. An increase in the ionic 
strength of solution had little effect on the Cd(II) adsorp-
tion by SBC and MSBC. This result suggested that Cd(II) 
adsorption followed specific chemisorption, as non-specific 
physical adsorption varies more for ionic strength than spe-
cific chemisorption [14,18].

3.2.4. Repeatability experiments

In 4 consecutive cycles experiments (Fig. 2d), the Cd(II) 
removal by SBC and MSBC gradually decreased during the 
cyclic adsorption process. After four cyclic experiments, the 
removal of Cd by SBC and MSBC was 64.05% and 90.34%, 
respectively. This may be due to the reduction in the active 
sites on the adsorbent surface after each cycle, which led 
to a reduction in the removal efficiency of Cd(II) [11]. 
However, the MSBC removal efficiency remained above 
90% in the fourth cycle, indicating that the MSBC can be 
recycled several times.

3.3. Adsorption kinetics

The adsorption trends of SBC and MSBC for Cd(II) were 
approximately the same. During the initial stage of adsorp-
tion, the adsorption capacity of both biochar for Cd(II) 
increased rapidly due to the abundance of active sites on 
the adsorbent surface [4]. As the adsorption time increased, 
the effective active sites gradually decreased and the 
adsorption rate slowed down [14].

Adsorption kinetic models were used to evaluate the per-
formance of adsorbents and to study the adsorption mech-
anism. To assess the adsorption kinetics process, data were 
fitted using pseudo-first-order kinetic, pseudo-second-or-
der kinetic and intraparticle model. The pseudo-first-order 
kinetic model was based on the assumption that the adsorp-
tion process was physical, while the pseudo-second-order 
kinetic model assumed that the adsorption process was 
chemisorption [8]. The kinetic fitting results for the Cd(II) 
removal by SBC and MSBC are shown in Fig. 3 and Table 2. 
The results showed that the kinetics of Cd(II) removal fol-
lowed the pseudo-first-order and pseudo-second-order 
kinetic models relatively well. However, the R2 values of the 
pseudo-second-order kinetic model was relatively higher. 
The equilibrium adsorption capacities of Cd(II) by SBC and 
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Fig. 2. Effect of dosage (a), initial pH (b), co-existing ions (c) and repeatability experiment (d) on the Cd(II) removal on sludge 
biochar and modified sludge biochar.
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Fig. 3. Cd(II) adsorption capacity by sludge biochar and modified sludge biochar at various times (a). The pseudo-first-order (b), 
pseudo-second-order (c), and intraparticle diffusion (d) model fitting curve on the Cd(II) removal.
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MSBC obtained from the pseudo-second-order kinetic model 
were 9.04 and 9.76 mg/g, respectively, which were less dif-
ferent from the experimental results (qe,exp). This suggested 
that the Cd(II) removal by SBC and MSBC was controlled 
by chemisorption (i.e., chemical bonds may be formed 
between Cd(II) and the adsorbent by sharing or exchanging 
electrons) [9].

From the mass transfer process, the Cd(II) removal was 
divided into 3 stages: the fast adsorption stage (0~60 min), 
the slow adsorption stage (60~120 min) and the adsorption 
equilibrium stage (120~300 min). In stage 1, due to the high 
Cd(II) concentration difference between the liquid phase and 
the adsorbent surface, Cd(II) diffused rapidly across the liq-
uid film to the adsorbent surface and bound to a large num-
ber of effective adsorption sites on its surface, where liquid 
film diffusion and surface adsorption occurred [11]. In stage 
2, the Cd(II) diffusing to the adsorbent surface decreased 
as the concentration difference between the solid and liq-
uid phases decreased. As the effective adsorption sites on 
the adsorbent surface decreased, the Cd(II) adsorbed on 
the surface gradually diffused into the pores (intraparticle 

diffusion) and underwent pore filling [3]. In stage 3, with the 
further reduction of the concentration difference between 
the solid and liquid phases and the gradual saturation of 
the effective adsorption sites, the whole system showed a 
dynamic equilibrium [19]. The R2 values of both liquid film 
diffusion and the intraparticle diffusion model were within 
acceptable limits, and the values of C1 and C2 were not zero, 
indicating that the removal rate of Cd(II) was determined by 
both liquid film diffusion and intraparticle diffusion [19]. 
Meanwhile, the values of Kd in stage 1 were much higher 
than those in stages 2 and 3, indicating that liquid film dif-
fusion was the rate-controlling step for Cd(II) removal [11].

3.4. Adsorption isotherms

As shown in Fig. 4, the adsorption capacity of Cd(II) 
by biochar first increased gradually and then saturated. At 
low concentrations, Cd(II) was almost completely adsorbed. 
After increasing the Cd(II) concentration, it was found that 
the adsorption capacity basically did not change much and 
finally remained in a stable state of adsorption. This was 
because at low concentration solutions, the biochar provided 
a large number of attachment sites and functional groups, 
but as the solution concentration continued to increase, the 
attachment sites were gradually filled, and the functional 
groups were occupied [5]. Additionally, the adsorption 
capacity of MSBC was higher than that of SBC at the same 
adsorption temperature. Notably, increasing the temperature 
could facilitate the Cd(II) removal by biochar [13].

Adsorption isotherm models were used to predict the 
adsorption equilibrium mechanism, adsorption capacity 
and inherent properties of the adsorption process, and were 
an important method for evaluating the adsorption perfor-
mance. The results of Langmuir and Freundlich models are 
shown in Fig. 4 and Table 3. The Langmuir model assumes 
that the adsorbent surface is homogeneous, and adsorption 
occurs on the molecular surface layer [18]. The Freundlich 
model is applied to the adsorption on inhomogeneous sur-
faces [7]. In the Cd(II) adsorption, the Langmuir model had 
a better fit for Cd(II) adsorption by SBC and MSBC, with 
fit coefficients higher than 0.96 and 0.97, respectively, indi-
cating that the Cd(II) adsorption by SBC and MSBC was 
dominated by monolayer adsorption [5]. In addition, the 
results of the Langmuir model fit showed that the maximum 
adsorption capacities of SBC and MSBC for Cd(II) were 55.81 
and 108.69 mg/g, respectively, and the maximum adsorp-
tion capacity of MSBC was increased by 94.75% compared 
to SBC. The KL and qe of Langmuir model increased with 
increasing reaction temperature, indicating that both the 
bonding energy and electron transfer capacity between the 
adsorption site and Cd(II) were enhanced [18]. Therefore, 
SBC and MSBC had better Cd(II) adsorption potential at 
high temperatures. Meanwhile, the separation factor (RL) of 
the Langmuir model remained between 0 and 1, indicating 
that the whole adsorption process was favorable [11].

3.5. Mechanistic analysis

The functional groups of the biochar were identified by 
FTIR (Fig. 5a). The wavenumber at 3,430 and 1,630 cm–1 cor-
respond to O–H stretching vibrations and C=C stretching 

Table 1
Pore structure and O-containing functional numbers analysis of 
sludge biochar and modified sludge biochar

Sludge 
biochar

Modified sludge 
biochar

Specific surface area (m2/g) 34.96 64.29
Pore volume (cm3/g) 0.213 0.278
Pore size (nm) 11.36 14.54
Hydroxyl (mmol/g) 0.142 0.213
Carboxylate (mmol/g) 0.176 0.249
Lactone (mmol/g) 0.039 0.063

Table 2
Kinetic model parameters of Cd(II) adsorption

Sludge 
biochar

Modified sludge 
biochar

qe,exp 9.05 9.56
Pseudo-first-order qe,cal 7.68 3.14

k1 0.023 0.020
R2 0.961 0.985

Pseudo-second-order qe,cal 9.04 9.76
k2 0.006 0.017
R2 0.997 0.999

Intraparticle model Kd1 0.725 0.446
C1 2.06 5.60
R1

2 0.942 0.998
Kd2 0.480 0.217
C2 3.00 6.86
R2

2 0.991 0.928
Kd3 0.023 0.015
C3 8.656 9.30
R3

2 0.950 0.917



W. Deng / Desalination and Water Treatment 311 (2023) 76–8482

vibrations present in SBC and MSBC, respectively [18]. 
In addition, the wavenumber at 1,040 cm–1 corresponds 
to the C–O vibrational peak in the SBC and MSBC [12]. Of 
note was the enhancement of the stretching vibrational peak 
of –OH in MSBC after modification, which indicated an 
increase in the content of –OH in MSBC [15]. This result was 
consistent with previous findings that the content of –OH 
groups on biochar increased after KMnO4-modification [3]. 
Notably, new characteristic peak of C=O in carboxyl or car-
bonyl groups located at 1,430 cm–1 was also observed in the 

MSBC, indicating that more O-containing groups were gen-
erated from the biochar after modification with potassium 
permanganate [14]. After Cd(II) adsorption, the –OH stretch-
ing vibrations of SBC and MSBC at 3,430 cm–1 were shifted 
to 3,440 cm–1, indicating that the hydroxyl functional groups 
in SBC and MSBC were involved in the adsorption [9]. In 
addition, the C–O group was similarly shifted after adsorp-
tion. The C=O peaks of the carboxyl or carbonyl groups in 
MSBC were attenuated after adsorption [6]. The above evi-
dence suggested that complexation between O-containing 
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Fig. 4. Isothermal model fitting of Cd(II) adsorption on sludge biochar (a) and modified sludge biochar (b).

Table 3
Isotherm model parameters of Cd(II) adsorption

Sludge biochar Modified sludge biochar
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R2 0.805 0.925 0.912 0.870 0.818 0.708
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Fig. 5. Fourier-transform infrared spectroscopy (a) and X-ray diffraction (b) analysis of adsorbent before and after Cd(II) adsorption.
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groups (e.g., hydroxyl, carboxyl and carbonyl groups) in 
biochar and Cd(II) occurred [4]. The C=C groups in SBC and 
MSBC were shifted to 1,640 cm–1 after adsorption and the 
intensity of C=C groups was diminished. According to pre-
vious literature, this could be due to a cation-π interaction 
between the C=C groups in the biochar and Cd(II) [11].

The phase composition and crystalline structure of SBC 
and MSBC were analyzed by XRD (Fig. 5b). The main char-
acteristic peak in SBC and MSBC was identified as silica 
(PDF. # 46-1045) [20]. Additionally, the CaAl2Si2O8 (PDF. # 
20-0452) was appeared in the SBC [9]. However, the diffrac-
tion patterns of SBC and MSBC were similar and no MnOx 
peaks were detected in the Mn-containing MSBC. This may 
be due to the low content of crystalline MnOx or their pres-
ence as a disordered phase [13,16]. In the adsorbed SBC and 
MSBC, there was a significant enhancement of the intensity 
of the characteristic peaks at 2θ of 20.82° and 50.29°, pre-
sumably due to the precipitation of cadmium phosphate 
(PDF. # 31-0234) on the surface of the SBC and MSBC [18].

The characteristic peak of Cd 3d is displayed in 
Fig. 6a and b. The main forms of Cd(II) were Cd2+ and Cd–O. 
Previous studies have shown that Cd2+ represented cadmium 
precipitations, while the Cd–O may be due to complexation 
between Cd(II) and the O-containing functional groups on 
the adsorbent [21]. The relative contents of Cd2+ and Cd–O 
in SBC were 63.75% and 36.25%, respectively. Notably, the 
amount of Cd–O in the MSBC was 48.69%, while the amount 
of Cd2+ was only 51.31%. This also indicated that the KMnO4-
modification could enhance the complexation ability of 

MSBC towards Cd(II) [17]. To further illustrate the complex-
ation reaction of the O-containing groups in the adsorbent 
for the Cd(II) adsorption in aqueous solution [8]. Fig. 6c and 
d show the O 1s fine spectra of SBC and MSBC before and 
after the adsorption of Cd(II), respectively. The O 1s of SBC 
was divided into C=O and C–O characteristic peaks [11]. 
Notably, a smaller M–O peak (529.76 eV) was displayed in 
the O 1s of MSBC, indicating that the manganese oxides were 
successfully loaded on MSBC [17]. After adsorption, the 
binding energies of the C=O and C–O characteristic peaks 
in both SBC and MSBC showed an increase. Moreover, the 
relative contents of C=O and C–O showed an increase and 
a decrease, respectively. These findings confirmed the com-
plexation of the O-containing groups in the biochar with 
Cd(II) [4]. This was also consistent with previous studies. 
Notably, the binding energy of M–O also showed an increase 
after adsorption, which may also be involved in the Cd(II)  
adsorption [17].

In summary, the mechanism of Cd(II) adsorption 
included: (1) complexation with O-containing groups; 
(2) Cd(II)-π interaction of C=C groups with Cd(II); (3) co-pre-
cipitation between phosphates released by biochar and 
Cd(II); (4) electrostatic interaction.

4. Conclusion

Overall, the KMnO4-modification increased the num-
ber of O-containing groups in the biochar thus enhanc-
ing the adsorption capacity of modified biochar for 
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Cd(II). The maximum adsorption capacity of Cd(II) on 
MSBC (108.69 mg/g) was approximately twice that of SBC 
(55.81 mg/g) at 25°C. The adsorption behavior of Cd(II) on 
SBC and MSBC was spontaneous, heat-absorbing and homo-
geneous chemisorption. After four replicate experiments, the 
removal efficiency of Cd(II) on SBC and MSBC was 64.05% 
and 90.34%, respectively. Complexation of Cd(II) with 
O-containing groups, Cd-π interaction, co-precipitation and 
electrostatic interaction were the main mechanisms for the 
removal of Cd(II) from aqueous solutions by SBC and MSBC. 
The results of this work indicated that KMnO4-modification 
could improve the Cd(II) removal capacity of sludge bio-
char and provide a theoretical basis for the removal of 
actual Cd(II)-containing wastewater.
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