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a b s t r a c t
Cadmium content in the environment if exceeded would cause significant harm to human 
health. In this study, a FeSO4 and magnetism modified method was used to prepare an eggshell 
magnetic adsorbent (BC-FM) to adsorb cadmium in water. Through material characterization 
and a series of experiments on the adsorption of Cd2+, the adsorption characteristics and mecha-
nism were studied. Characterization showed that the specific surface area and total pore volume 
of BC-FM were increased after modification, and the magnetic functional group Fe–O (γ-Fe2O3) 
was successfully attached to the surface of BC-FM. Compared with the original adsorbent (BC), 
the adsorption capacity of BC-FM was greatly improved, and their equilibrium adsorption capaci-
ties were respectively 4.82 and 47.33 mg g–1. Pseudo-second-order kinetics equation and Langmuir 
adsorption isotherm fit the adsorption process well. pH and the presence of Mg2+, Pb2+, Cu2+ and 
Zn2+ had great influence on its capacity to absorb Cd2+. The main adsorption mechanisms were sur-
face adsorption, strong electrostatic interaction and complexation of oxygen-containing functional 
groups and compounds containing Fe. BC-FM was easy to separate from water and has good reuse 
performance. After 5 cycles of adsorption–desorption, the adsorption capacity of Cd2+ still reached 
81.9% of that of fresh adsorbent.
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1. Introduction

Cadmium is a toxic heavy metal widely present in the 
environment. Long-term exposure to cadmium or inges-
tion of cadmium, can cause serious harm to human health. 
Cadmium can cause a variety of diseases, such as liver and 
kidney damage [1], osteomalacia [2], reproductive system 
disorders [3], damage to the human immune system and 
cancer [4,5]. Cadmium mainly exists in zinc deposits and 
cadmium-rich sedimentary rocks in the form of cadmium 
sulfide. Volcanic eruptions will cause it to enter the ground 
environment [6]. Artificial mining and industrial processing 

had greatly increased the cadmium content in human liv-
ing environment [7]. Cadmium can diffuse into soil and 
water by discharge of industrial wastewater. Moreover, it 
will be absorbed by plants, and further enters the human 
body through the food chain. Therefore, the removal of 
cadmium in wastewater is an urgent problem to be solved.

In recent years, a variety of technologies are being stud-
ied to remove cadmium from sewage or have been used 
in actual treatment, such as chemical precipitation, ion 
exchange, electrokinetic repair, membrane separation, and 
adsorption [8]. Among them, adsorption technology has 
attracted much attention due to its economy, effectiveness, 
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and the recyclability of adsorbents [9–11]. Low-cost sorbents 
made from agricultural and domestic waste can help remove 
refractory pollutants during wastewater treatment. For 
example, biochar, as one of them, has received a lot of atten-
tion due to its effectiveness, practicality, wide sources [12,13].

High temperature pyrolysis and carbonization are 
common methods for making these adsorbents. Due to 
different raw materials, carbonization temperature and 
process conditions, the structure and properties of differ-
ent adsorbent vary greatly. Raw material is an important 
factor affecting the structure and properties of these low-
cost absorbents. Hydroxyapatite synthesized from eggshell 
waste is an efficient and low-cost adsorbent, which can be 
used to adsorb harmful metals in water [14]. Furthermore, 
eggs are a common food staple, about 65.5 million tons of 
eggs are produced worldwide each year [15], that trans-
lates to nearly 7.2 million tons of eggshell waste each year 
[16], and how to dispose of these wastes is a problem of 
great significance. Eggshell can be utilized as it has a 
composition of 94% calcium carbonate, 1% magnesium 
carbonate, 1% calcium phosphate and 4% organic matter 
[17]. Eggshells, including those without and after high 
temperature treatment, have been studied as adsorbents 
for removing pollutants from water, and the adsorption 
effect was good [18,19]. Adsorbents prepared by pyrol-
ysis of raw materials alone are often difficult to balance 
removal efficiency and economic benefits. Therefore, it is a 
problem that researchers have been working on for a long 
time to improve the removal efficiency of contaminant by 
modification of original absorbents.

Iron modification can effectively improve the adsorp-
tion capacity of absorbents for heavy metals in water, and 
the modified material is easy to recycle due to the magne-
tism of iron, which is a promising modification method 
[20]. Currently, researchers have prepared many types 
of iron-based absorbents, including zero-valent iron [21], 
iron oxides [22], iron sulfides [23], iron salts [24]. There are 
few studies on magnetic modification of eggshell absor-
bent, and its adsorption performance, mechanism and sus-
tainability need to be further explored.

Therefore, the purpose of this study is to (1) prepare 
a FeSO4-magnetically modified eggshell absorbent (BC-
FM) by chemical co-precipitation (using Fe3+/Fe2+ solu-
tion) on the basis of modification of FeSO4 to remove Cd2+ 
in water; (2) analyze the adsorption characteristics and 
mechanism of Cd2+ on FeSO4-magnetically modified egg-
shell absorbent by physical and chemical characterization 
methods, kinetics, and isothermal adsorption experiments; 
(3) explore the influence of pH and other factors on the 
adsorption of Cd2+ by FeSO4-magnetically modified egg-
shell absorbent, and explored its regeneration performance 
through repeated adsorption and desorption experiments.

2. Materials and methods

2.1. Chemical reagents

FeSO4·7H2O, FeCl3·6H2O, NaOH, CdCl2·2.5H2O, HNO3,  
NaCl, Na2CO3, Na2SO4, Na3PO4·12H2O, NaNO3, Mg(NO3)2· 
6H2O, Pb(NO3)2, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O were all 
analytical reagent grade and purchased from Sinopharm 

Chemical Reagent Co., Ltd., (China); The experimental water  
was pure water prepared by a water purifier; the Cd2+ solu-
tion was prepared with CdCl2·2.5H2O and 0.01 mol L–1 
NaNO3 solution as the background solution.

2.2. Preparation of absorbents

2.2.1. Preparation of original eggshell adsorbent

The eggshell with the inner lining removed was washed, 
dried, milled and pass through a 100-mesh sieve. Eggshell 
powder (30 g) was transported into the tube furnace (OTF-
1200X, Hefei, China) under nitrogen atmosphere with a 
heating rate of 10°C/min from the room temperature to 
500°C and continuous pyrolysis at this temperature for 
120 min. After cooling to room temperature, the material 
was removed and stored under dry conditions. The adsor-
bent produced by the above method was named BC.

2.2.2. Preparation of FeSO4 modified eggshell adsorbent

3.2 g of FeSO4·7H2O were dissolved in 50 mL of deion-
ized water and stirred for 30 min. At the same time, 3.2 g 
of BC were put in 50 mL of deionized water and stirred for 
30 min. The above two mixtures were mixed and treated 
with ultrasound for 30 min [25]. The resulting mixture 
was washed with deionized water until neutral, filtered 
and dried at 80°C. The adsorbent produced by the above 
method was named BC-F.

2.2.3. Preparation of FeSO4-magnetic modified 
eggshell adsorbent

3.0 g of BC-F were put in 30 mL deionized water, 3.0 g 
of FeCl3·6H2O and 1.4 g of FeSO4·7H2O were dissolved 
in 70 mL deionized water, and then dissolved the above 
two mixes, stirred for 20 min. The NaOH solution was 
added to the mixture by drops until the pH was 10. Stirred 
the mixture for 60 min and let it sit for another hour [26]. 
The resulting mixture was washed with deionized water 
until neutral, filtered and dried at 80°C. The adsorbent 
produced by the above method was named BC-FM.

2.3. Characterization of absorbents

The main surface functional group characteristics of 
the adsorbents before and after modification were mea-
sured by Fourier-transform infrared spectroscopy (FTIR) 
(Thermo Scientific Nicolet 6700, USA). The microscopic 
features of the samples before and after experiments were 
characterized by a scanning electron microscope (Apreo S 
HiVac, Thermo Fisher Scientific, USA; TESCAN MIRA 4,  
TESCAN, CZE) equipped with energy-dispersive X-ray 
spectrometer (EDS) patterns. The characteristics of the 
specific surface area and pore structure are measured by 
fully automatic specific surface and porosity analyzer 
(ASAP 2460, Micromeritics, USA). The X-ray diffraction 
(XRD) analysis was conducted to identify crystallo-
graphic structures of the samples using an X-ray diffrac-
tometer (Bruker D8 advance, Bruker, GER). The magnetic 
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property of sample was characterized by a vibrating sam-
ple magnetometer (Lakeshore7404, Lake shore, USA).

2.4. Adsorption experiments

0.05 g of adsorbent (BC, BC-F or BC-FM) and 50 mL 
Cd2+ solution were added into a 100 mL conical flask. It 
was shaken on a thermostatic oscillator at the condition 
of 200 rpm and 25°C. After the adsorption process, the 
adsorbent was separated by filtration with the use of a 
0.45 µm syringe filter. Except for isothermal adsorption, 
the concentrations of Cd2+ solution in other adsorption 
experiments were all 50 mg L–1.

The adsorption kinetics experiments were conducted 
within 1,440 min (15, 30, 60, 90, 120, 240, 360, 480, 600, 720, 
840, and 1,440 min). The adsorption isotherm experiments 
were established with Cd2+ concentrations of 30 ~ 80 mg L–1 
(30, 40, 50, 60, 70, 80 mg L–1) after 8 h oscillation. The iso-
therms were obtained after pH influence experiment, ion 
strength influence experiment and adsorption kinetics.

For the influence of ionic strength on the Cd2+ adsorp-
tion of BC-FM, the concentration of Na+ was respectively 
controlled to 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 mol L–1. For 
the influence of dosage of adsorbent, the dosage of BC-FM 
was respectively controlled to 0.01, 0.02, 0.03, 0.04, 0.05 and 
0.06 g. For the influence of concomitant ions, 0.01 mol L–1 
of CI–, CO3

2–, PO4
3–, SO4

2–, Mg2+, Pb2+, Cu2+, and Zn2+ were 
respectively added into the Cd2+ solution. For the influence 
of pH value, the pH of Cd2+ solution was respectively con-
trolled to 1, 2, 3, 4, 5 and 6. The pH of the solutions was 
adjusted by adding 0.1 M NaOH or 0.1 M HNO3 solution.

The experiments to evaluate the recycling capacity of 
adsorbents were carried out under the conditions of 0.05 g 
(BC-FM) and 50 mL Cd2+ solution. The above mixture was 
oscillated at 25°C and 200 rpm for 8 h, and then the adsor-
bents were separated by filter. Subsequently, the adsor-
bents were dried in an oven at 70°C. Then 0.05 g of dried 
adsorbent was used for desorption by oscillation under the 
same conditions. The above process was cycled for 5 times.

In all adsorption experiments, three groups of parallel 
experiments were set.

2.5. Analysis methods

The concentration of Cd2+ was detected with flame 
atomic absorption spectrophotometer (novAA350). The 
adsorption capacity and removal percentage of Cd2+ by 
the adsorbent were calculated according to Eqs. (1) and (2):
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where qt is the amount of Cd2+ adsorbed at the time of 
adsorption t (mg g–1); V is the volume of the solution (L); 
η is the removal percentage of Cd2+; m is the mass of adsor-
bent (g); C0 is the initial concentration of Cd2+ (mg L–1); 
Ce is the equilibrium concentration of Cd2+ (mg L–1).

2.6. Adsorption model

Adsorption kinetic model: pseudo-first-order and pseu-
do-second-order models and the Weber–Morris kinetic 
model were used to fit the adsorption experimental data. 
The specific equations were as follows, where the pseudo- 
first-order kinetic model equation was as Eq. (3), the pseu-
do-second-order kinetic model equation was as Eq. (4), and 
the Weber–Morris kinetic model equation was as Eq. (5).
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where qm is the equilibrium adsorption capacity (mg g–1); 
k1 is the rate constant of the pseudo-first-order kinetic 
model (min–1); k2 is the rate constant of the pseudo-second- 
order kinetic model (g mg–1 min–1); kip is the diffusion 
rate constant within the particle (mg g–1 min–1/2); t is the 
adsorption time (min).

Isothermal adsorption model: Langmuir model and 
Freundlich model were used to fit and analyze the data. 
The equations were as follows, where the Langmuir model 
equation was as Eq. (6), and the Freundlich model equation 
was as Eq. (7).
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where qe is the equilibrium adsorption capacity (mg g–1); 
qm is the saturated adsorption capacity (mg g–1); Ce is the 
concentration of Cd2+ when the adsorption reaches equi-
librium (mg L–1); KL is the Langmuir adsorption coefficient; 
KF is the Freundlich adsorption coefficient.

3. Results and analysis

3.1. Characteristics of the original and modified adsorbent

Fig. 1 shows the scanning electron microscope images 
(SEM) of BC, BC-F and BC-FM. BC (a, b) retained part of 
the eggshell calcium carbonate massive structure. Its sur-
face was relatively flat, and there were some fine pores and 
cracks; After FeSO4 modification, the surface of BC-F (c, d) 
was disintegrated and collapsed. Its particle size was sig-
nificantly smaller than that of BC, and a lot of flocculent 
structures similar to coral reef were added, from which 
many needle-like synapses were diffracted; Compared 
with BC, the particle size of BC-FM sample (e, f) was also 
further reduced, the surface was similar to foam, rough 
and fluffy, and the microstructure of pores becomes irreg-
ular. It could be inferred that the specific surface area of 
BC-F and BC-FM were increased compared with BC. 
That might create more adsorption sites. The morphology 
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and chemical composition of BC-FM determined by SEM-
EDX (Fig. 2) proved the existence of iron oxide (Fe–O) on 
the surface of it.

The N2 adsorption–desorption isotherms of the sam-
ples before and after modification were shown in Fig. 3a 
and b. According to the nitrogen adsorption isotherms of 
IUPAC, they showed a mixture of type II and type IV with 
the H3 hysteresis loop. Although the nitrogen adsorption 
volume of the two materials increased at the low-pressure 
end, the curve was gently rather than drastically inclined 
to the y-axis, which indicated that the pore structure was 
probably not dominated by micropores [27]. The desorp-
tion isotherm of BC was not overlapped or parallel with 
its adsorption isotherms. In the range of P/P0 = 0.5–1.0, 
the slope of desorption isotherm increased obviously 
and H3 hysteresis loop appeared in the isotherms of BC 
and BC-FM, which indicated that there were mesoporous 
or macroporous structures such as plate slit structure, 
crack structure and wedge structure in BC and BC-FM. 
These were consistent with SEM results.

The pore structure of the two materials was mainly dis-
tributed in the mesoporous range, and the pore size was 
close to the micropore size (Fig. 3c, d and Table 1), which 
was consistent with the analysis of N2 adsorption–desorption 
isotherm. Larger pore size was conducive to the diffusion of 
macromolecular heavy metal ions in the adsorbent pores. 
In addition, the specific surface area and pore volume of 
BC-FM were respectively about 15 and 10 times of that of BC. 
And that might be due to the formation of iron oxides [28].

The X-ray diffraction patterns of BC, BC-F and BC-FM 
was displayed in Fig. 3e. For BC-FM, various peaks at 30.24° 
(220), 35.63° (311), 43.28° (400), 53.73° (422), 57.27° (511) 
and 62.92° (440) (2θ) were characteristics of γ-Fe2O3 that 
was described with the standard powder diffraction file 
(PDF 39-1346), and proved the existence of maghemite on 
the surface of BC-FM. The highest peak at 29.4° (2θ) and 
other shorter peaks corresponded to the peak of calcite 
(PDF 47-1743) as CaCO3. The XRD pattern of BC-F also con-
firmed the adhesion of FeSO4 on its surface (PDF 19-0632) 
(data not shown due to the low peak).

Fig. 3f shows the FTIR spectra of BC, BC-F, BC-FM before 
and after the adsorption of Cd2+. The characteristic peak of 
3,409–3,458 cm–1 was the stretching vibration of hydroxyl 
(–OH), which indicated the existence of alcohol or phenol 

or organic acid. The higher peak intensity of BC-FM than 
that of BC and BC-F indicated the higher content of –OH 
in BC-FM. 2,877 cm–1 was the asymmetric stretching of sat-
urated C–H, and 1,799 cm–1 was related to the stretching 
vibration of C=O. The peak at 1,625 cm–1 was due to the 
stretching vibration of C=C. The strong absorption peak at 
1,425 cm–1 represented CO3

2– [29], which resulted from the 
rich CaCO3 in eggshell. The weak peak of BC-F and BC-FM 
at this point resulted from the fact that Fe2+ and Fe3+ would 
react with CaCO3 in water and convert to Fe(OH)3 and Fe–O.

3 2 33
2 3

2 3 2CO Fe H O Fe OH s CO g− ++ + ( ) ( ) + ( )  (8)

CO Fe FeCO s3
2 2

3
− ++ ( )  (9)

FeCO heating FeO CO g3 2( ) + ( )  (10)

The new peak of BC-FM at 1,143 cm–1 was the stretch-
ing vibration of C–O, indicating the existence of esters, 
ethers and alcohols. The sharp absorption peak at 875 cm–1 
could be attributed to the swing of =CH2. The new absorp-
tion peak of BC-FM at 600 cm–1 was caused by Fe–O [30].  
The spectra of BC and BC-F changed little before and 
after adsorption, suggesting that the complexation of 
oxygen-containing functional groups might not be the 
main adsorption mechanism, and the decrease of peak 
height at 1,425 cm–1 could be attributed to the hydrolysis 
of CO3

2–. In addition, comparing the infrared spectra of 
BC-FM before and after adsorption, it could be found that 
the main difference lied in the weakened C–O stretching 
vibration peak after adsorption and its position deviation, 
indicating BC-FM might have complexation and generate 
stable coordination compounds in the process of adsorp-
tion of Cd2+ [31]. Moreover, the shift of the Fe–O peak at 
600 cm–1 illustrated that the Fe–O group was involved in 
the adsorption of Cd2+ by the adsorbent.

3.2. Adsorption kinetics

The adsorption capacity of three adsorbents for Cd2+ 
presented a rapid growth trend in the period of 0–240 min, 
and tended to be stable after 240 min (Fig. 4a). At each 

Fig. 1. SEM-EDS spectra of BC-FM under magnifications of 10,000×.
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time point, the adsorption capacity of BC-F for Cd2+ was 
higher than that of BC, while the adsorption capacity 
of BC-FM for Cd2+ was much higher than that of BC and 
BC-F. The equilibrium adsorption capacities of BC, BC-F 
and BC-FM were respectively 4.82, 15.60 and 47.33 mg g–1, 
which indicated that the adsorption effect of modified 
adsorbent was better than that of original adsorbent. It was 

mainly because BC-FM had larger specific surface area and 
more adsorption sites than BC according to the results of 
SEM and Brunauer–Emmett–Teller (BET). At the beginning 
of adsorption, the adsorption capacity increased rapidly 
because the adsorption mainly occurred on the external 
surface of adsorbent. With the increase of reaction time, 
the active sites were occupied, and Cd2+ gradually diffused 

(a) (b)

(c) (d)

(e) (f)

Fig. 2. SEM images of BC (a, b), BC-F (c, d) and BC-FM (e, f).
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Fig. 3. The N2 adsorption–desorption isotherms (a, b) and the pore size distribution (c, d) of BC and BC-FM; X-ray diffraction 
(XRD) pattern of samples and standard XRD pattern of γ-Fe2O3 and CaCO3 (e); FTIR spectra of BC, BC-F, and BC-FM before and 
after absorption (f).

Table 1
Pore structure parameter of BC and BC-FM

Samples Specific surface area (m2 g–1) Total pore volume (cm3 g–1) Most probable pore size (nm)

BC 2.866 0.0051 2.995
BC-FM 30.18 0.0627 3.299
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into the carbon pores, further reacting with the internal 
active sites of the adsorbent. Finally, the adsorption process 
reached equilibrium state relatively slowly [32].

Pseudo-first-order and pseudo-second-order models 
were used to fit the experimental data (Fig. 4a), and the 

relevant fitting parameters are shown in Table 2 [33]. 
Apparently, pseudo-second-order model could better fit 
the adsorption kinetics of Cd2+ by BC and BC-F, while the 
pseudo-first-order model and pseudo-second-order model 
were both suitable for describing the adsorption of Cd2+ 

Fig. 4. Adsorption kinetics for Cd2+ by BC, BC-F, and BC-FM (a) (T: 25°C; pH: 6), fitting curves of Weber–Morris model (b), 
fitting curves of Langmuir and Freundlich isothermal models (c–e) (T: 25°C; pH: 6).
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by BC-FM, indicating that the adsorption kinetics of Cd2+ 
by BC and BC-F was affected by chemical mechanism, 
and the adsorption of Cd2+ by BC-FM was affected by both 
chemical and non-chemical mechanisms [34].

In order to further determine the adsorption mechanism 
of Cd2+ on the material, the Weber–Morris kinetic model 
was used to fit the experimental results (Fig. 4b). Since the 
adsorption reached equilibrium at 480 min, the adsorption 
data from 0 to 480 min were used for fitting. The related 
parameters are shown in Table 3, and R2 was the correlation 
coefficient. For the three adsorbents, the adsorption fitting 
curve could be divided into two stages. In the first stage, 
the slope of the straight line was larger and the adsorption 
rate was faster, which was the stage of liquid film diffusion; 
The second stage was the intra particle diffusion stage. In 
this stage, the adsorption on the adsorbent surface was 
basically completed, and the C value was higher than the 
corresponding value in the first stage, reflecting that the 
boundary layer resistance increased and the adsorption 
rate gradually decreased. That meant the intra particle 
diffusion was the main speed limiting step of adsorption 
on the adsorbent [35]. In addition, there was a good lin-
ear relationship between qt and t0.5 in the first and second 
stage, while the fitting curves did not pass through the 
origin, indicating that the intra particle diffusion was not 
the only rate controlling factor and the extra particle diffu-
sion might also affect the rate of adsorption [34].

3.3. Adsorption isotherms

The adsorbed Cd2+ contents in three adsorbents 
increased with the increase of Cd2+ concentration in the 

solution, but the increasing rates were gradually decreased. 
Langmuir and Freundlich models were used to fit the 
data (Fig. 4c–e and Table 4). The adsorption capacity of 
BC-F for Cd2+ was higher than that of BC, while the adsorp-
tion capacity of BC-FM for Cd2+ was much higher than 
that of BC and BC-F. The R2 values of Freundlich model of 
BC and BC-F were higher than those of Langmuir model, 
showing that the Freundlich model fitted the adsorp-
tion data better than the Langmuir model. This indicated 
that Cd2+ might be mainly affected by multilayer phys-
ical adsorption; For BC-FM, the R2 of Langmuir model 
(0.953) was higher than that of Freundlich model (0.815), 
and there was a big difference between the two fitting 
curves. Therefore, the Langmuir model could better fit 
the adsorption process of the adsorbent for Cd2+ in solu-
tion, indicating that the adsorption process of BC-FM for 
Cd2+ was monolayer adsorption, and the distribution of 
active adsorption sites was irregular. In addition, in the 
Freundlich model, the larger the n value, the greater the 
adsorption force of the adsorbent on heavy metal ions. The 
n value of BC-FM was higher than that of BC and BC-F, 
which could fully prove that the adsorption capacity of the 
modified materials for Cd2+ was significantly improved.

3.4. Influencing factors of adsorption effect

The removal percentage of Cd2+ increased rapidly as the 
dosage increased from 0.2 to 1.0 g L–1, and then remained 
above 95% until the dosage reached 1.2 g L–1 (Fig. 5c). 
However, the removal capacity of Cd2+ was different from 
the removal percentage, which firstly increased and then 
declined with the largest value of 64.82 mg g–1 at the dosage 

Table 2
Parameters of adsorption kinetics

Adsorbent Pseudo-first-order equation Pseudo-second-order equation

qe (mg g–1) k1 (min–1) R1
2 qe (mg g–1) k2 (g mg–1 min–1) R2

2

BC
4.66
(±0.0895)

0.0211
(±0.0019)

0.946
4.96
(±0.0574)

0.0067
(±0.0005)

0.986

BC-F
15.09
(±0.4413)

0.0194
(±0.0026)

0.876
16.04
(±0.3953)

0.0020
(±0.0003)

0.937

BC-FM
47.06
(±0.5392)

0.0318
(±0.0020)

0.969
49.49
(±0.7916)

0.0011
(±0.0001)

0.955

Table 3
Fitting parameters of Weber–Morris model

Adsorbent Step 1 Step 2

kip (mg g–1 min–1/2) C (mg g–1) R2 kip (mg g–1 min–1/2) C (mg g–1) R2

BC
0.327
(±0.0328)

0.60
(±0.2293)

0.970
0.071
(±0.0172)

3.34
(±0.2975)

0.843

BC-F
0.800
(±0.1661)

3.36
(±1.1601)

0.881
0.205
(±0.0382)

11.20
(±0.6616)

0.902

BC-FM
3.969
(±0.0764)

6.32
(±0.5332)

0.999
0.060
(±0.0236)

46.02
(±0.4094)

0.648
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of 0.6 g L–1. In conclusion, within a certain range, the adsor-
bent dosage had a great influence on the adsorption effect 
of BC-FM on Cd2+, and the increase of the dosage of BC-FM 
would significantly enhance the adsorption effect of Cd2+ 
and improve the removal percentage. In order to save the 
amount of adsorbent and give full play to the removal 
capacity of BC-FM, the best dosage should be 0.6 g L–1.

The removal percentage of Cd2+ by BC-FM decreased 
with the improving of ionic strength in the solution (Fig. 5a). 
The change relationship was basically linear. When the 
ionic strength was 0.01 mol L–1, the removal percentage of 
Cd2+ by BC-FM was 98.74%. When the ionic strength was 
0.06 mol L–1, the removal percentage drops to 82.12%. This 
might be due to the competitive adsorption of Na+ and Cd2+, 
which reduced the active sites of Cd2+ on the surface of 
adsorbent. Furthermore, dense hydration shells formed on 
the surface of adsorbent after adsorption of Na+ could pre-
vent the adsorption of Cd2+ on the surface of adsorbent [36].

The removal percentage of Cd2+ by BC-FM varied with  
the pH value of the solution as shown in Fig. 5b. In the 
range of solution pH 1 ~ 6, the removal percentage increased 
with the rise of pH. When pH was 1 ~ 4, the change of 
removal percentage was not obvious and the percentage 
were all lower than 20%. However, the removal percent-
age increased sharply from 14.92% to 84.89% when pH 
changed from 4 to 5. Then when pH changed from 5 to 6, 
the removal percentage became stable again. It showed that 
BC-FM was very sensitive to the pH of the solution. A small  
change in pH might lead to a great change in its adsorp-
tion effect on Cd2+, which may be due to the great influence 
of pH on the surface charge of the adsorbent, resulting in 
electrostatic attraction or repulsion between the adsorbent 
and Cd2+ [37]. In addition, the adsorption efficiency rose 
greatly between 4 and 5 of pH values, indicating that the 
zero-point potential of BC-FM was also very likely in the 
range of pH 4–5. The pH value corresponding to the zero-
point potential is pHzpc. When pH < pHzpc, the surface of the 
adsorbent was protonated and showed positive potential, 
which caused electrostatic repulsion with Cd2+, resulting in 
poor adsorption effect; On the contrary, when pH > pHzpc, 
the surface of the adsorbent showed negative potential 
and led to electrostatic attraction with Cd2+, resulting in 
improved adsorption effect [38].

Obviously, the anion had a small effect on the removal 
percentage, while the cation had a greater effect on the 
removal percentage (Fig. 5d). Among all cations, Mg2+ had 
the least effect on the adsorption of Cd2+, while Cu2+ had 

the greatest effect. When there was Cu2+ in the solution, the 
removal percentage of Cd2+ reached the minimum value of 
24.50%. This indicated that the presence of Pb2+, Cu2+ and 
Zn2+ in the polymetallic system had a great influence on the 
adsorption of Cd2+ by BC-FM, and other studies on adsor-
bent prepared with different materials also showed this 
property [39–42]. These results could be attributed to the 
difference in metal properties and the resulting affinity for 
adsorption sites [39]. Obviously, Pb2+, Cu2+ and Zn2+ might 
also readily bind to the adsorption sites on BC-FM.

3.5. Reuse performance and separation of BC-FM

The repeated adsorption–desorption experiment results  
of BC-FM are shown in Fig. 6a. Compared with the fresh 
material (adsorbent without adsorption of cadmium ions), 
adsorption capacity gradually decreased with the increas-
ing numbers of cycles. The reasons might be that the pore 
structure of BC-FM changed with the desorption pro-
cess. The decrease of surface adsorption sites leads to the 
decrease of adsorption capacity. In addition, the weaken-
ing of functional groups on BC-FM during desorption also 
contributed to the decrease of adsorption capacity [43]. 
After 5 cycles, the adsorption capacity of Cd2+ by BC-FM 
could still reach 81.9% of fresh adsorbent. And after 2 
cycles, the adsorption capacity of BC-FM retained 89.4% 
of that of fresh adsorbent, which indicated that BC-FM 
had stable and sustainable adsorption capacity for Cd2+. 
Effective separation and regeneration could improve the 
economic benefit of adsorbent in practical application. 
The magnetic hysteresis loops of BC-FM indicated that 
its saturation magnetization was 10.86 emu g–1 (Fig. 6b). 
The magnetic sensitivity of BC-FM allowed it to be easily 
separated within 20 s, this was also conducive to its reuse.

3.6. Adsorption mechanism

The above characterization and adsorption experiments 
illustrated that the adsorption mechanism of BC-FM for 
cadmium in water was not a single chemical adsorption 
or physical adsorption, but a multi-mechanism adsorp-
tion including physical and chemical action. SEM-EDS and 
BET results showed that the specific surface area and pore  
volume of BC-FM were greater than eggshell adsorbent 
before modification, which enhanced the surface (physical) 
adsorption capacity of Cd2+. Pseudo-first-order and pseu-
do-second-order models also showed the interaction of 

Table 4
Fitting parameters of isothermal adsorption models

Adsorbent Langmuir model Freundlich model

qm (mg g–1) KL (L mg–1) R2 KF (mg1–1/n g–1 L1/n) 1/n R2

BC
8.444
(±0.3884)

0.0340
(±0.0042)

0.976
1.1630
(±0.1490)

0.3861
(±0.0334)

0.994

BC-F
30.051
(±2.0143)

0.0327
(±0.0057)

0.963
3.0668
(±0.4242)

0.4604
(±0.0341)

0.981

BC-FM
69.769
(±2.4452)

3.4453
(±0.5171)

0.953
48.3111
(±2.8782)

0.1667
(±0.0357)

0.815
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chemical and physical mechanisms in the adsorption pro-
cess, and the diffusion in particles was the main rate-lim-
iting step, which was related to the mesopore structure of 
BC-FM, such as narrow cracks. FTIR results demonstrated 
that the oxygen-containing functional groups (–OH, C–O) 
and magnetic Fe-O on the surface of BC-FM adsorbed Cd2+ 
through complexation [44]. XRD results further indicated 
that the magnetic material containing Fe–O was maghemite 
γ-Fe2O3. In addition, due to the addition of NaOH during 
the preparation of BC-FM, Fe(OH)3, and –Fe–O–OH might 
be generated on the surface of adsorbent [45], which further 
combined with the oxygen-containing functional groups on  
the surface of BC-FM at high temperatures to generated 
iron-containing compounds –Fe–R–COOH and –Fe–R–
OH for adsorption of Cd2+ [46]. The results of isothermal 
adsorption fitting further indicated that the monolayer 
chemical adsorption and multilayer physical adsorption of 
Cd2+ occurred on the surface of BC-FM. The experimental 
results of influencing factors suggested that the pH of the 
solution, ionic strength and the existence of other metal 
cations could make a great influence on the adsorption 
capacity. pH will change the surface charge of the adsor-
bent, and high concentration of sodium ions and other 

metal ions will also hinder the electrostatic interaction 
between the surface charge of adsorbent and heavy metals 
in the solution. This indicated that there was a strong elec-
trostatic interaction between BC-FM and Cd2+. In general, 
the main mechanisms of adsorption of Cd2+ onto BC-FM 
were surface adsorption (including pore filling), strong 
electrostatic interaction and complexation of oxygen-con-
taining functional groups (C–O) and compounds contain-
ing Fe (Fe3O4, –Fe–R–COOH and –Fe–R–OH).

4. Conclusion

Using eggshell as raw material, the magnetic adsorbent 
successfully prepared by FeSO4 and magnetic modification 
had a good adsorption effect on Cd2+ in aqueous. And its 
adsorption capacity was 10 times that of the original egg-
shell adsorbent. Magnetite γ-Fe2O3 was successfully loaded 
onto the surface of adsorbent. The particle size of modified 
BC-FM became smaller, and the specific surface area and 
total pore volume were significantly increased. The exper-
imental results of BC-FM adsorption kinetics accorded with 
the pseudo-second-order kinetics model, and the Langmuir 
adsorption isotherm could fit the adsorption equilibrium 

Fig. 5. Effects of ionic strength (a), pH (b), dosage (c) and concomitant ions (d) on the adsorption of contaminants by BC-FM.
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well. The optimal dosage was 0.6 g L–1, receiving the larg-
est removal capacity of 64.82 mg g–1. pH and the competi-
tive adsorption of Mg2+, Pb2+, Cu2+ and Zn2+ were important 
factor affecting the adsorption process. The lower pH and a 
certain concentration of metal cation reduced the removal 
percentage of Cd2+. The main adsorption mechanisms 
were surface adsorption, strong electrostatic interaction 
and complexation of oxygen-containing functional groups 
and compounds containing Fe. BC-FM had good regener-
ative adsorption capacity and can be recycled after proper 
treatment.
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