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a b s t r a c t
In this paper, air-dried lake sludge was pretreated by ball milling, and then pyrolysed at 600°C 
to prepare lake sludge-derived ball milling biochar, and Fe3O4 was loaded on lake sludge-derived 
ball milling biochar by chemical precipitation. Scanning electron microscopy-energy-dispersive 
X-ray spectroscopy, Fourier-transform infrared spectroscopy, and X-ray diffraction were used to 
investigate and characterize the adsorbents. The results demonstrated that ball mill pretreatment 
and Fe3O4-loaded can effectively increase the content of O-containing groups in the adsorbent. 
The batch adsorption experiments revealed that Cd(II) removal followed the pseudo-second- 
order kinetic model and the Langmuir model. Additionally, the Cd(II) maximum adsorption by 
biochar (BC), MBBC and Fe3O4@MBBC was 31.33, 47.36 and 92.42 mg/g, respectively. The Cd(II) 
removal mechanisms were complexation, ion exchange, co-precipitation and electrostatic interac-
tion. The Cd(II) removal efficiency on Fe3O4@MBBC was maintained at 91.35% after 5 adsorption–
desorption experiments, indicating that Fe3O4@MBBC had the ability to be better applied for the 
removal of Cd(II)-containing wastewater.
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1. Introduction

With the economic development in China, many heavy 
metals have entered the natural environment such as water 
bodies through various channels, posing a serious threat to 
the ecological environment and even human health [1–3]. 
Heavy metal Cd(II) pollution is a serious environmental 
problem in China [4]. Cd(II) easily migrates and is easily 
enriched into the human body through the food chain, and 
accumulates and destroys in the bones, liver and kidneys 
of the human body [5–7]. Because of this, there is a great 
need to investigate how to remove Cd(II) ions from aque-
ous solutions. Adsorption has been favoured by research-
ers in recent years as a simple, inexpensive and effective 
method [8].

Biochar, a black carbon-rich material produced by 
pyrolysis of biomass raw materials in an anoxic or anaer-
obic atmosphere, has a large specific surface area, well- 
developed pores, abundant functional groups and a stable 
structure [9–12]. Therefore, in recent years, many schol-
ars have used various types of biochar for the removal 
of Cd(II) from aqueous solutions, such as eucalyptus 
leaf biochar [5], peanut shell biochar [10] and cow dung- 
derived vermicompost biochar [13]. To further enhance the 
heavy metals adsorption capacity of biochar, researchers 
have used a range of modification methods to treat the 
biochar, such as acid-base modification, inorganic min-
eral modification, metal oxide loading and microwave 
radiation [14–19]. However, these modification methods 
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are complex, chemically dependent and prone to produce 
hazardous waste. A simpler and greener process needs to 
be found for biochar modification. Ball milling technol-
ogy is an emerging technology that has the advantages of 
being green, low cost, easy to operate and mass produced 
when applied to biochar modification [16,20–22]. Xiao 
et al. [23] find that the adsorption capacity of Cd(II), Cu(II) 
and Pb(II) by N-containing ball milling biochar prepared 
from bovine bone meal is 165.77, 287.58 and 558.88 mg/g, 
respectively, representing increases of 93.91%, 75.56% and 
64.61% compared with the un-milled preparation. Cui 
et al. [16] find that the adsorption capacities of corn sto-
ver-derived biochar (BC), ball-milled corn stover-derived 
biochar (B-BC) and MgAl-LDHs-modified ball-milled 
corn stover-derived biochar (B-LDHs-BC) are 57.4, 72.1 
and 105 mg/g for Cd(II), respectively. The above studies 
have shown that ball milling technology can effectively 
increase the heavy metals adsorption capacity of biochar. 
Ball milling can increase the specific surface area and 
improve the pore structure of biochar, thus providing 
more adsorption sites for the adsorption of heavy metals 
[20,22]. Besides, previous studies have demonstrated that 
the O-containing groups of the adsorbent can be increased 
by ball milling [21,22].

In this paper, lake sludge-derived ball milling biochar 
loaded with Fe3O4 (Fe3O4@MBBC) was prepared from Fe3O4 
and lake sludge. The objectives were to (1) study the effect 
of ball mill pretreatment on the adsorption performance of 
biochar; (2) investigate the effects of reaction time, tempera-
ture, pH, coexisting ions, background ion and initial Cd(II) 
concentration on the Cd(II) removal, and (3) analyse the 
removal mechanism.

2. Materials and methods

2.1. Reagents

Fe3O4 pellets were purchased from Shanghai Aladdin 
Reagent Co., Ltd., (Shanghai, China). Cd(NO3)2, NaCl, NaOH 
and HCl were all analytically reagent (AR) and purchased 
from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, 
China). The experiment water was deionized water (DW). 
Different mass concentrations of Cd storage solution were 
prepared by Cd(NO3)2.

2.2. Preparation of biochar and modified biochar

Preparation of lake sludge-derived ball milling bio-
char [24]: The lake sludge was taken from the bottom of 
a lake in Wuhan and firstly dried in a ventilated place for 
7 d. The lake sludge was then dried to constant weight in 
a constant temperature drying oven (DF205, Hebei Haowei 
Electric Equipment Technology Co., Ltd., China) at 80°C. 
The dried lake sludge was subjected to ball milling in a ball 
mill (JC-QM, Qingdao Juchuang Environmental Protection 
Group Co., Ltd., China) and the sieved sludge powder 
was collected after passing through an 80 mesh sieve. 
The sludge powder was placed in a crucible and placed in 
a tube furnace with N2 as protective gas, heated to 600°C at 
a rate of 20°C/min and pyrolysed for 2 h and then cooled. 
The powder was neutralized with deionized water, dried 

for storage, and recorded as MBBC. Besides, no ball milling 
pretreatment of the feedstock was carried out and the lake 
sludge-derived biochar was prepared by the above steps 
and recorded as BC.

Lake sludge-derived ball milling biochar loaded with 
Fe3O4 composite (Fe3O4@MBBC) [25]: BC with Fe3O4 in a mass 
ratio of 1:1 was added to 300 mL of DW, the solution pH was 
adjusted to 10.0~11.0 with NaOH (1 mol/L), and then stirred 
in a water bath at 90°C and 180 rpm for 12 h. After the stirring 
was completed, the mixture was centrifuged and the result-
ing solid was collected. The powder was washed with DW 
to neutral. The solid was then dried in a desiccator at 80°C 
for 12 h, after which it was written down as Fe3O4@MBBC.

2.3. Batch adsorption experiments

10 mg of absorbent and 25 mL of Cd(II) solution 
were mixed. The mixture solution pH was adjusted with 
0.1 mol/L of HCl and NaOH, and then reacted in a constant 
temperature shaker at 150 rpm and 25°C for a certain time. 
The influence factors of initial pH (2.0~8.0), 10~50 mg/L of 
coexisting ions (Na+, K+, Ni2+, Pb2+, Cu2+, Fe3+ and Al3+), back-
ground ion (NaCl, 0~1 mol/L), adsorption time (5–480 min), 
temperature (15°C, 25°C and 35°C) and initial Cd(II) con-
centration (10~150 mg/L) of the solutions were investigated 
on the Cd(II) removal.

Simulation of the species distribution of Cd(II) in aque-
ous solution was carried out using the Visual MINTEQ 
3.1. The conditions simulated were a temperature of 25°C 
and a Cd(II) concentration of 10 mg/L. The solutions that 
reached adsorption equilibrium were centrifuged and fil-
tered, and the Cd(II) concentration in the filtrate was deter-
mined using flame atomic absorption spectrophotometry 
(AA-6300, Shimadzu, Japan), and the removal efficiency 
[Eq. (1)] and adsorption capacity [Eq. (2)] were calculated.
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where R is the removal efficiency, %; C0 is the initial Cd(II) 
mass concentration in solution, mg/L; Ce is the Cd(II) mass 
concentration in solution after adsorption equilibrium, 
mg/L; qe is the equilibrium adsorption capacity, mg/g; V/m 
is the ratio of solution volume to adsorbent mass, mL/mg.

2.4. Adsorption–desorption experiments

At 25°C, pH 6.0 and Cd(II) concentration of 10 mg/L, 
10 mg biochar was mixed with 25 mL Cd solution and reacted 
in a shaker for 480 min. After completion of the reaction, 
the solution was filtered and the adsorbed biochar was col-
lected. The adsorbed biochar was added to 1 mol/L HCl and 
desorbed for 12 h in a shaker. After desorption completed, 
the mixture was filtered and the biochar was collected. 
The biochar obtained was washed several times using DW 
and then dried. The above steps were repeated 5 times and 
the removal efficiency of Cd(II) by biochar was calculated.
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2.5. Determination of released metal ions

The cations concentration (Na+ and Ca2+) in the solu-
tion after adsorption was determined using flame atomic 
absorption at different initial Cd(II) concentrations, while 
a blank group (DW without Cd +10 mg adsorbent) was set 
up for comparison. Then, the net release of cations was 
calculated.

2.6. Characterisation

The crystalline structure was analysed by X-ray diffrac-
tion (XRD, D8, Bruker, Germany). Surface morphological 
features and elemental content were analysed by scanning 
electron microscopy-energy-dispersive X-ray spectrometer 
(SEM-EDS, SUPRA 40, Zeiss, Germany). Fourier-transform 
infrared spectrometer (FTIR, 1725X, PerkinElmer, USA) 
was used to analyse functional groups of the adsorbents, 
with a scanning wavelength range of 400~4,000 cm–1 and a 
resolution of 0.3 cm–1. The fully automated specific surface 
area and pore size analyser (ASAP 2020M, Micromeritics, 
USA) was used to analyse specific surface and pore size. 
The zeta potential analyser (Zetasizer Nano ZSE, Malvern, 
UK) analysed surface potential of biochar at different 
pH and calculated its zero potential point (pHZPC).

3. Results and discussion

3.1. Characterization analysis

As shown in Table 1, the specific surface area, pore vol-
ume and pore size of BC were 5.49 m2/g, 0.054 cm3/g and 
9.57 nm, respectively. Nevertheless, the specific surface 
area, pore volume and pore size of MBBC were 201.24 m2/g, 
0.187 cm3/g and 16.60 nm, respectively. This phenomenon 
demonstrated that ball milling could improve the pore 
structure of the biochar [22]. After Fe3O4-modified, the 
specific surface area, pore volume and pore size of Fe3O4@
MBBC were 78.18 m2/g, 0.108 cm3/g and 13.69 nm, respec-
tively. This can be attributed to the surface of MBBC was 
occupied by Fe3O4 particles, resulting in the reduction of 
pore structure [15]. The pHZPC of BC, MBBC and Fe3O4@
MBBC were 4.67, 4.86 and 5.64, respectively. This indicated 
that when the pH solution was below pHPZC, the adsorbent 
surface was positively charged and vice versa [16,26].

The microstructure and elemental composition were 
analysed by SEM-EDS. As shown in Fig. 1a, the surface of 
the BC was smooth and had a few pores. Furthermore, the 
main elements on the surface of the BC were C (30.21 wt.%), 
O (46.75 wt.%), Ca (6.32 wt.%) and Si (16.42 wt.%). After 
ball milling the pretreated raw material (Fig. 1b), the sur-
face of the MBBC developed grooves and became rough. 

Notably, the MBBC shown an increase in the elemental 
content of O. Massive particulate matter appeared on the 
surface of the Fe3O4@MBBC (Fig. 1c). This may be respon-
sible for the reduced pore structure of the Fe3O4@MBBC 
[25]. Notably, the element of Fe (12.39 wt.%) was present, 
which indicated that the Fe3O4 was successfully loaded on 
BC. Additionally, there was an increase in the content of 
element O.

The N2 adsorption–desorption isotherm of the adsor-
bent is shown in Fig. 2a. As the relative pressure increased, 
the N2 adsorption capacity by the biochars gradually 
increased and a hysteresis loop was formed. This con-
firmed that the adsorbent was a mesoporous material 
[4,23,26]. The pore-size distribution is shown in Fig. 2b. The 
pore-size distribution was concentrated between 2~50 nm, 
which indicated that the biochar was a mesoporous mate-
rial [27,28]. Additionally, the pore sizes of BC, MBBC and 
Fe3O4@MBBC were 9.57, 16.60 and 13.75 nm, respectively.

As shown in Fig. 2c, in the FTIR spectrum BC had 
groups such as –OH (3,383 cm–1), C=O (1,626 cm–1), –COOH 
(1,428 cm–1), C–O (1,036 cm–1) and Si–O (473 cm–1) [1,12,28–33].  
After ball milling the pretreated, the vibrational peaks of 
–OH (3,427 cm–1), C=O (1,626 cm–1) and –COOH (1,432 cm–1) 
groups in MBBC appear enhanced. This was also consis-
tent with previous studies [34]. In the FTIR spectrum of 
Fe3O4@MBBC, the Fe–O group appeared at 560 cm–1 indi-
cating successful modification [34,35]. Notably, the –OH 
group appeared enhanced and shifted after the modifica-
tion, presumably because of the –OH introduced by the 
Fe3O4 modification [9,25,36]. Previous literature had shown 
that iron oxide modified biochar is effective in improv-
ing the removal of heavy metals [35,37]. The results showed 
that O-containing groups in the adsorbent can be increased 
by pre-treating it in a ball mill and loading it with Fe3O4.

The material compositions of adsorbent were analysed 
by XRD (Fig. 2d). The main substances was SiO2 and CaCO3 
in BC and MBBC [2,28,38]. However, the diffraction peaks 
at 2θ = 30.2°, 35.5° and 43.2° in the Fe3O4@MBBC were con-
sidered to be Fe3O4, indicating the composite was successful 
prepared [36,37]. It was also confirmed that the particulate 
matter on the surface of the Fe3O4@MBBC was Fe3O4.

3.2. Batch adsorption experiments

3.2.1. Effect of initial pH on the Cd(II) removal

At 25°C, with a dosage of 10 mg, a Cd(II) concentration 
of 10 mg/L, and a reaction time of 480 min, the effect of 
initial pH (2.0~8.0) on Cd(II) removal was investigated. As 
shown in Fig. 3a, the Cd(II) removal efficiency by adsorbent 
increased rapidly followed by a slow increase. At pH = 6.0, 

Table 1
Pore structure and zero potential point of adsorbent

Specific surface area (m2/g) Pore volume (cm3/g) Average pore size (nm) pHPZC

BC 5.49 0.054 9.57 4.67
MBBC 201.24 0.187 16.60 4.86
Fe3O4@MBBC 78.18 0.108 13.75 5.64
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the removal efficiency of BC, MBBC and Fe3O4@MBBC 
were 67.37%, 78.72% and 96.77% respectively. At pH < 6.0, 
Cd(II) was mainly as Cd2+ in aqueous solution (Fig. S1a). 
When the pH of the solution exceeded 6.0, Cd(II) in solu-
tion appeared as Cd(OH)2(s). The reason for this was pre-
sumed to be that at low pH, a large amount of H+ occupied 

the biochar surface and protonated it, causing it to be pos-
itively charged [26,39]. The positively charged biochar on 
the surface created an electrostatic repulsion with the posi-
tively charged Cd(II), resulting in a low removal efficiency 
[25,31,40]. With increasing pH, the biochar deprotonated 
(biochar surface was negative charge) and thus enhanced 
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Fig. 1. SEM-EDS analysis of BC (a), MBBC (b) and Fe3O4@MBBC (c).
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the Cd adsorption [25,41]. Notably, at pH > 6.0, the pres-
ence of Cd(OH)2(s) precipitation also caused an increase 
in removal efficiency. To confirm the ability of biochar to 
promote the formation of Cd precipitates, the final pH 
after adsorption equilibrium was measured (Fig. S1b). The 
final pH of solutions was all higher than the initial pH, 
indicating that the adsorbent had a strong solution buff-
ering capacity. Chen et al. [1] demonstrated that biochar 
had strong pH buffering capacity and was able to pro-
mote Cd precipitation from biochar. Additionally, previ-
ous literatures suggested that co-precipitation is one of 
the crucial mechanisms for the Cd removal from aqueous 
solutions by biochar [12,42].

Thus, electrostatic interaction and precipitation are 
involved in the removal of Cd(II).

3.2.1. Coexisting ions

The actual Cd(II)-containing wastewater is a more com-
plex system, containing a variety of other cations (e.g., K+, 
Na+, Ni2+, Pb2+, Cu2+, Fe3+ and Al3+). The effect of coexisting 

ions (10~50 mg/L) on the Cd(II) removal is shown in Fig. 5c. 
The K+ and Na+ had almost no effect on the Cd(II) removal. 
However, the Ni2+, Pb2+, Cu2+, Fe3+ and Al3+ caused a decrease 
in the adsorption efficiency. As the concentration of co-ex-
isting ions increased (from 0 to 50 mg/L), the removal of 
Cd(II) by the adsorbent decreased. Notably, the Pb2+ had a 
significant effect on the adsorption, followed by Cu2+ and 
Ni2+. It was also possible that the affinity of the adsor-
bent for these 5 cations was higher than that of Cd(II), 
resulting in a significant inhibition of Cd(II) removal [43].

3.2.2. Background ions

The effect of the background ion (0~1 mol/L NaCl) 
on the Cd(II) removal was investigated at 10 mg dosage, 
480 min reaction time, 10 mg/L Cd(II) concentration, initial 
pH 6.0 and 25°C. As shown in Fig. 5e, an increase in the 
ionic strength of NaCl from 0 mg/L to 1 mol/L had almost 
no effect on the Cd(II) removal. This result suggested that 
the Cd(II) removal on BC, MBBC and Fe3O4@MBBC was 
consistent with specific chemisorption [39]. This result 
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indicated that the chemical reaction between Cd(II) and the 
adsorbent occurred (e.g., complexation with O-containing 
groups or co-precipitation) [43,44].

3.2.3. Removal of Cd(II) from actual water bodies

The removal of Cd(II) by biochar was tested in three 
different water bodies: deionized water (DW), tap water 
(TW), and river water (RW). As shown in Fig. 3f, the 
result showed that the Cd(II) removal efficiency of BC was 
67.56% (DW), 63.39% (TW), and 45.94% (RW), respectively. 
The Cd(II) removal efficiency of MBBC was 78.64% (DW), 
74.69% (TW), and 56.39% (RW), respectively. Notably, 
the Cd(II) removal efficiency in different water bodies by 
Fe3O4@MBBC was above 95%. The result confirmed that 
Fe3O4@MBBC was more effective in removing Cd(II) from 
the actual water bodies.

3.2.4. Adsorption kinetics

The effect of reaction time (5~480 min) was investi-
gated at 25°C, dosage of 10 mg, Cd(II) concentration of 
10 mg/L and pH 6.0 (Fig. 4). The adsorption capacity of 
BC, MBBC and Fe3O4@MBBC on Cd(II) increased rapidly 
to 13.10, 15.88 and 23.45 mg/g in 5~120 min, respectively. 
The adsorption capacity of BC, MBBC and Fe3O4@MBBC 
on Cd(II) increased slowly to 16.75, 18.89 and 24.23 mg/g in 
120~300 min, respectively. The adsorption equilibrium was 
reached after 300 min. In the initial adsorption stage, the bio-
char surface had massive unused activity sites, resulting in 
a rapid increase in adsorption capacity [41,45]. With adsorp-
tion proceeded, available adsorption sites decreased, result-
ing in a slow increase in adsorption and finally reaching 
equilibrium [12,46]. Moreover, Fe3O4@MBBC had a higher 
adsorption capacity, presumably due to the Fe3O4-loaded 
providing more adsorption sites.

To further understand the Cd(II) removal process on 
biochar, the experimental data were fitted and analysed 
using pseudo-first-order model [Eq. (3)], pseudo-second- 
order model [Eq. (4)], Elovich model [Eq. (5)] and intra-
particle diffusion model [Eq. (6)]. The results are shown in 
Fig. 4 and Table 2.

q q et e
k= −( )−1 1t  (3)

q
q k t
q k tt = +
e
2

e

2

21
 (4)

q tt = ( )1
β

αβln  (5)

q K t Ct d i= +1/2  (6)

where qe and qt are the adsorption capacity at adsorption 
equilibrium and at time “t”, respectively, mg/g; k1 (1/min) 
and k2 (g/(mg·min)) are the pseudo-first-order model adsorp-
tion constant and pseudo-second-order model adsorption 
constant, respectively; α (mg/g·min) and β (g/mg) are the 
initial absorbance and desorption constant, respectively; Kd 

(mg/(m·min1/2)) and Ci are intraparticle diffusion constant 
and boundary layer constant.

As shown in Table 2, the correlation coefficient of the 
pseudo-first-order model and the Elovich model was 
smaller than that of the pseudo-second-order model, indi-
cating that the pseudo-second-order model could more 
accurately describe the process of Cd(II) adsorption by BC, 
MBBC and Fe3O4@MBBC [7,46,47]. Meanwhile, this result 
indicated that the Cd(II) removal on the two biochars was 
chemisorption [24,40,48]. As shown in Fig. 4b, the intrapar-
ticle diffusion model divided the adsorption process into 
3 stages. The first stage was the diffusion of Cd(II) from 
the liquid membrane to the surface layer of the biochar; 
the second-stage was the diffusion of Cd(II) from the sur-
face layer to the pore space; and the third stage was the 
adsorption equilibrium stage [31]. In addition, the intrapar-
ticle diffusion constants Kd1 > Kd2 > Kd3 and the boundary 
layer constants C1 < C2 < C3 (Table 2) indicated that the first 
diffusion stage dominated the adsorption process [31,36].

3.2.5. Adsorption isotherms

The effect of the initial Cd(II) concentration (10~150 mg/L) 
and the adsorption temperature (15°C, 25°C and 35°C) on 
biochar was investigated at pH 6.0, dosage of 10 mg and a 
reaction time of 480 min. As shown in Fig. 5, the Cd(II) adsorp-
tion on BC, MBBC and Fe3O4@MBBC increased rapidly and 
then reached stability. Meanwhile, higher adsorption tem-
peratures could promote the Cd(II) adsorption, which indi-
cated that the Cd(II) adsorption on BC, MBBC and Fe3O4@
MBBC was a heat absorption reaction. To further analyse the 
Cd(II) removal process, the experimental data were fitted 
and analysed by Langmuir model [Eq. (7)], Freundlich model 
[Eq. (8)] and Temkin model [Eq. (9)].
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L e
L

L

=
+

=
+

max

1
, 1

1 0

 (7)

q K Ce f e
n= 1/  (8)

q RT
b

A Ce T e= ( )
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 is the Cd(II) concentration at adsorption equilibrium, mg/L; 
qmax (mg/g) and KL (L/mg) are the theoretical maximum 
adsorption capacity and the Langmuir adsorption equilib-
rium constant, respectively; Kf (mg1–n Ln/g) and n denoted 
the Freundlich adsorption equilibrium constant and the 
dimensionless number, respectively; AT (1/g) and bT (kJ/
mol) are Temkin constants; R is gas constant (8.314 J/mol K), 
and T is the absolute temperature (K).

As shown in Table 3, the correlation coefficient of 
Langmuir model was the largest, which indicated that 
the Langmuir model better illustrated the Cd(II) removal 
process. This result also reflected the removal process 
as a homogeneous, monolayer adsorption [2,13,14,45]. 
Temperature increase was effective in increasing Cd(II) 
adsorption [16,29,38,46]. At 25°C, the maximum theoreti-
cal adsorption capacities of BC, MBBC and Fe3O4@MBBC 
were 31.33, 47.36 and 92.42 mg/g, respectively. At the same 
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temperature, Fe3O4@MBBC had a smaller partition coeffi-
cient RL compared to BC and MBBC (Fig. S2), which indi-
cated that Fe3O4@MBBC had a higher affinity for Cd(II) 
[31]. In addition, increasing the temperature also caused a 
decrease in RL, suggesting that the increase in temperature 
favours adsorption [31,45]. The qmax values of Cd(II) for dif-
ferent types of adsorbent were listed in Table S1. The qmax of 
Cd(II) for different adsorbent varies greatly. In this work, the 
qmax of Fe3O4@MBBC was greater than that of the adsorbent, 
indicating that Fe3O4@MBBC had great potential to become 
a powerful adsorbent.

3.3. Mechanism analysis of Cd(II) removal

FTIR (Fig. 6a) was used to analyse the changes of func-
tional groups before and after the Cd(II) adsorption. The OH 
group’s vibrational peak shifted and weakened. Moreover, 
the peaks of C=O, –COOH and C–O groups became weak-
ened. The Fe–O group was also weakened after adsorption. 
This phenomenon indicated that the –OH, C=O, –COOH, 
C–O and Fe–O groups were involved in the adsorption 
of Cd(II) [1,13,17,25]. Previous research has shown that 
O-containing groups in biochar can complex with Cd(II) 
[12,42]. Furthermore, the literature confirmed that the 
weakening of Fe–O was caused by complexation with 

heavy metals [18,25,37]. The weakening of the O-containing 
groups (C–O, –OH, –COOH and C=O) was considered to 
be a complexation reaction with heavy metals [12,16,17,26]. 
The analysis showed that the mechanism of Cd(II) removal 
included complexation with O-containing function groups.

The crystal structure before and after the Cd(II) adsorp-
tion was analysed using XRD (Fig. 6b). After adsorption, 
the diffraction peaks of both Fe3O4 and CaCO3 appeared to 
be weakened. Notably, Cd(OH)2 and CdCO3 precipitates 
appeared at 2θ = 22.56° and 36.39°, respectively [49]. The 
presence of Cd(OH)2 suggested that Cd(II) precipitated 
during the adsorption process, which was also consis-
tent with previous studies [42,49]. Furthermore, previous 
research has shown that carbonates in biochar are released 
into solution and combine with Cd(II), resulting in CdCO3 
precipitates [1,6,49]. Therefore, the mechanism of Cd(II) 
removal included co-precipitation.

To further confirm the adsorption mechanism (Fig. S3), 
whether ion exchange occurred was confirmed by measur-
ing the net release of Na+ and Ca2+ from the solution. The 
Cd(II) adsorption capacity correlated positively with the 
net release of cations. This finding implies that the cations 
exchanged with Cd(II), removing Cd(II) from the solution 
[6,49,50]. The highest Ca2+ concentration was released, 
which also indicated that Ca2+ played a major role in the ion 

Table 3
Fitting parameters of adsorption isotherm model

Langmuir Freundlich Temkin

qmax Kb R1
2 Kf n R2

2 bT AT R2
2

BC 15°C 26.32 0.316 0.990 15.33 8.69 0.737 0.88 × 103 147.58 0.793
25°C 31.33 0.349 0.998 16.98 7.53 0.841 0.68 × 103 57.81 0.896
35°C 35.42 0.426 0.956 19.37 7.45 0.868 0.62 × 103 64.63 0.917

MBBC 15°C 42.57 0.306 0.994 20.71 6.38 0.819 0.42 × 103 20.21 0.889
25°C 47.36 0.321 0.989 23.06 6.37 0.775 0.40 × 103 20.12 0.849
35°C 52.30 0.392 0.983 25.51 6.20 0.853 0.37 × 103 22.58 0.916

Fe3O4@MBBC 15°C 83.26 0.446 0.985 37.13 5.33 0.881 0.20 × 103 15.39 0.955
25°C 92.42 0.682 0.991 44.65 5.77 0.865 0.20 × 103 29.30 0.946
35°C 96.59 1.963 0.927 53.33 6.52 0.860 0.22 × 103 109.11 0.923

Table 2
Kinetic model fitting parameters

Pseudo-first-order Pseudo-second-order Elovich

qe k1 R2 qe k2 R2 α β R2

BC 15.29 0.025 0.979 18.90 0.001 0.996 0.937 0.258 0.988
MBBC 18.59 0.023 0.906 20.70 0.002 0.950 2.38 0.280 0.943
Fe3O4@MBBC 23.70 0.090 0.700 24.57 0.007 0.923 190.70 0.418 0.909

Intraparticle diffusion

Kd1 C1 R2 Kd2 C2 R2 Kd3 C3 R2

BC 0.082 1.424 0.989 8.714 0.495 0.932 15.954 0.046 0.999
MBBC 2.654 1.258 0.960 5.896 0.963 0.981 18.137 0.043 0.992
Fe3O4@MBBC 9.695 1.605 0.985 18.022 0.549 0.975 23.334 0.050 0.967



D. Lv / Desalination and Water Treatment 271 (2022) 143–156152

exchange process. This result was also consistent with previ-
ous studies [42,50]. Also, the amount of cations released by 
BC and MBBC was higher than that of Fe3O4@MBBC, which 
suggests that the Fe3O4 loading would lower the adsorbent’s 
ability to exchange ions.

Therefore, the removal mechanism included com-
plexation, ion exchange, co-precipitation and electrostatic 
interaction.

3.4. Adsorption–desorption experiments

Fig. 7 depicts the results of five adsorption–desorp-
tion experiments performed at pH 6.0, a dosage of 10 mg, 
a Cd(II) concentration of 10 mg/L, an adsorption time of 
480 min, and a temperature of 25°C. The results showed that 
the removal efficiency of BC decreased from about 76.35% 
to 52.27%, while the removal efficiency of Fe3O4@MBBC 
remained above 91.35%. This suggested that Fe3O4@MBBC 

could be used to improve removal efficiency and the removal 
of Cd(II)-contaminated wastewater. Besides, to confirm the 
stability of the adsorbent, XRD analysis of Fe3O4@MBBC after 
five adsorption–desorption experiments is shown in Fig. 7b. 
After five adsorption–desorption experiments, the diffrac-
tion peaks of CaCO3 disappeared, and the diffraction peaks 
of SiO2 and Fe3O4 appeared to be weakened. The crystalline 
structure of Fe3O4@MBBC remained essentially unchanged 
after five adsorption–desorption experiments, indicating that 
the stability of Fe3O4@MBBC was still good.

4. Conclusion

The results demonstrated that ball mill pretreatment 
and Fe3O4 loading can effectively increase the content of 
O-containing groups in the adsorbent. The pseudo-sec-
ond-order kinetic model and the Langmuir isotherm model 
were used to explain the adsorption processes of BC, MBBC, 
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and Fe3O4@MBBC on Cd(II). In addition, the maximum 
adsorption capacities of BC, MBBC and Fe3O4@MBBC were 
31.33, 47.36 and 92.42 mg/g, respectively. The mechanisms of 
Cd(II) removal were complexation, ion exchange, co-precip-
itation and electrostatic interaction. The removal efficiency 
of Cd(II) on Fe3O4@MBBC remained above 91.35% after five 
adsorption–desorption experiments, indicating that Fe3O4@
MBBC had the potential to be better applied for Cd(II) 
removal from aqueous solutions.
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Fig. S1. The pH changes after adsorption equilibration (a). The distribution of Cd(II) species in aqueous solution at different pH (b).
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Fig. S2. Relationship between initial Cd(II) concentration and Langmuir model partition coefficient RL (a) BC, (b) MBBC, 
and (c) Fe3O4@MBBC.

Table S1
Comparison of the Cd(II) adsorption capacity of Fe3O4@MBBC and other adsorbents

Adsorbent Adsorption pH qmax (mg/g) References

α-FeOOH@BC 4.0 39.30 [S1]
Poplar saw dust-derived biochar 5.0 49.32 [S2]
KOH-modified rice straw biochar 6.5 41.90 [S3]
Cystamine dihydrochloride-modified rice husk biochar 7.0 81.02 [S4]
Fe/Zn-modified durian shells biochar 5.0 98.58 [S5]
BC 6.0 31.33 This work
MBBC 6.0 47.36 This work
Fe3O4@MBBC 6.0 92.43 This work
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Fig. S3. Correlation analysis of Cd(II) adsorption capacity by BC (a), MBBC (b) and Fe3O4@MBBC (c) with net cation release.
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