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ABSTRACT

In this study, the CTAB/MnFe,0O,/MnO, and MnFe,O,/MnO, composites were prepared using the
co-precipitation method. Fourier-transform infrared spectroscopy, scanning electron microscopy,
X-ray diffraction, and Brunauer-Emmett-Teller method were employed to characterize their mor-
phology and structure. Furthermore, the selective adsorption properties of Cd(II) were investigated
under different conditions. The findings support the hypothesis that the optimal adsorption pH
for Cd(II) is 6. The adsorption process as a whole fits well the pseudo-second-order kinetic model,
and the intraparticle diffusion model is not the only rate-controlling step that is greatly influenced
by the film diffusion process. The Langmuir isotherm model of monolayer adsorption behavior
describes well the removal of Cd(II) via adsorption onto the MnFe, O, composites. According to the
Dubinin-Radushkevich model, the adsorption of Cd(Il) by CTAB/MnFe,O,/MnO, is chemisorp-
tion in nature. The effects of competing ions on Cd(II) adsorption using CTA]3/1\/Ir1FezO4/Mr102
are as follows: Ca(Il) > Mg(II) > Na(I). The promoting effect of organic acids on Cd(II) follows the
order of citric acid > tartaric acid > oxalic acid. As a result, the modified MnFe, O, composite is a

potential adsorbent for Cd(II) ion removal from aqueous solutions.
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1. Introduction

Cadmium can enter the water through electroplating,
discharge from metal smelters, alloy preparation, waste
battery treatment, and cadmium-plated steel scrap recy-
cling [1]. Cadmium has been identified as one of the most
dangerous heavy metals [2]. Because it is non-biodegradable
and easily enriched in organisms, it can cause kidney dam-
age, bone degeneration, hypertension, emphysema, nervous
system damage, and even cancer [3,4]. Therefore, it is very
crucial to remove Cd(II) from aqueous solution efficiently
and economically.

To date, several methods for cadmium removal have
been developed, including chemical precipitation, ion
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exchange, electrochemical methods, and adsorption.
Among them, adsorption is the most advantageous method
for water treatment owing to its high efficiency, ease of
operation, and low-cost [5,6]. Therefore, many adsorbents
have been developed to remove Cd(II) from wastewater
[7]. Carbon nanotubes can effectively remove Cd(II), but
the price is expensive, while activated carbon has an obvi-
ous effect of removing Cd(Il), but it is easy to desorption
[8,9]. Compared with traditional adsorption materials,
MnFe,O, has attracted considerable attention owing to its
high magnetic properties, easy separation, strong stability,
and large specific surface area. It has also been reported that
MnFe,0O, has a significant effect on heavy metal removal
from aqueous solutions. MnFe O, in combination with fer-
rous ions removes Cr(VI), MnFe,O, in combination with
graphene oxide removes lead and arsenic, and MnFe O, in
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combination with biochar removes Tl [10-12]. Therefore,
we speculate that these MnFe,O, composites may have a
certain effect on Cd(IT) removal.

According to some studies, modification of MnFe,O,
can improve the removal ability of some difficult-to-sepa-
rate metal ions [13]. MnO, is an efficient and cost-effective
adsorbent that has a positive effect on heavy metal adsorp-
tion in wastewater. Because the Fe,O-MnO, composite
material has been used to remove heavy metals from water
[14], a MnO,-modified MnFe,0O, composite material can
be prepared to improve the adsorption capacity of adsor-
bents. In recent years, an increasing attention has been
paid to the study of selective adsorbents. It is a good way
to improve the selectivity of adsorbents via surface mod-
ification. Cetyltrimethylammonium bromide (CTAB) is a
widely used as cationic surfactant [15]. Because of the hydro-
phobic groups on its surface, which can change the surface
properties and surface charges of the substance, thereby
improving the adsorption capacity of the adsorbent. As a
result, CTAB was selected to further modify the MnFe,O,/
MnO, composite material to synthesize CTAB/MnFe,O,/
MnQ, in order to improve adsorbent selectivity.

To date, materials like CTAB/MnFe,0,/MnQO, and their
selective performance in adsorbing Cd(II) from mixtures
have never been reported. Thus, it is necessary to investi-
gate the adsorption of Cd(Il) by the CTAB/MnFe,O,/MnO,
composite. In this study, the co-precipitation method was
employed to develop CTAB/MnFe,0O,/MnO, and MnFe,O,/
MnO, magnetic composites. The adsorbents that were cre-
ated were characterized, and their adsorption properties
for Cd(II) were compared under various experimental con-
ditions. Then, some parameters such as the effects of pH,
contact time, temperature, initial concentration, interfer-
ence of coexisting ions, and coexistence of organic acids on
the adsorption efficiency were studied.

2. Materials and methods
2.1. Materials

All the chemical reagents used in this study were of
analytical grade and did not require further purification.
They were purchased from Sinopharm Chemical Reagents
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Co., Ltd., (Shanghai, China). Drugs include FeCl-6H,O,
MnCl-4H,0, FeSO,”7H,O, NaOH, MnSO,, KMnO,, cetyl-
trimethylammonium bromide (CTAB > 99.0%), and the
water used to prepare various solutions in the experiment
is deionized water. All the adsorption experiments were
replicated thrice, and the mean values thus obtained were
considered as the final results.

2.2. Preparation of MnFe,O /MnO, and CTAB/
MnFe,O,/MnO, composites

MnFe,0,/MnO, and CTAB/MnFe,0,/MnQO, can be pre-
pared according to the procedure described in Fig. 1.

2.2.1. Synthesis of MnFe,O, and CTAB/MnFe,O,

MnFe,O, can perform a synthesis similar to those
in previous reports [16]. After dispersing 0.056 mol of
FeCl,-6H,O in 200 mL deionized water and heating it
to 60°C in the water bath, MnCl,-4H,0 (0.024 mol) and
FeSO,7H,O (0.024 mol) were added to the mixed solu-
tion to achieve a Mn(II)/Fe molar ratio of 0.3. Then, under
constant agitation, the NaOH (1 M, heated to the same
temperature) solution was added dropwise to the mixed
solution for co-precipitation reaction until the pH was
kept at about 11. After 3 h, the mixture was separated after
aging at 60°C for 1 h and washed with deionized water
three to five times until the pH of the filtrate was around
7. Finally, it was vacuum-dried for 24 h at 60°C. The syn-
thesis of CTAB/MnFe,O, is similar to that of MnFe,O, [17],
except that 0.2 g of CTAB was added before the addition
of NaOH; the other steps are also the same.

2.2.2. Synthesis of MnFe,O /MnO, and CTAB/
MnFe,0,/MnO,

According to previous methods, MnO, was introduced
into the surface of MnFe,0, and CTAB/MnFeO, [18],
2 g MnFe,O, or CTAB/MnFe,O, was dissolved in 100 mL
deionized water. The solution was ultrasonically treated for
10 min at room temperature (0.4 g CTAB was added to the
CTAB/MnFe,O, solution), then heated to 60°C and stirred
continuously for 30 min. MnSO, (0.036 M, 240 mL) and

Q—’aa

MnFeZO A

MnFe204/MnOZ

-

CTAB/MnFeZO 4

CTAB/MnFeZO 4/MnO2

Fig. 1. Synthesis route of MnFe,O,/MnQO, (a) and CTAB/MnFe,O,/MnQO, (b).
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KMnO, (0.036 M, 160 mL) were slowly added to the solu-
tion, and the resulting mixture was heated in a water bath at
60°C for 4 h and stirred continuously. Under the same condi-
tions, the mixture was aged for 1 h. After washing and dry-
ing, MnFe,0,/MnO, and CTAB/MnFe,O,/MnO, composites
were prepared for subsequent experiments.

2.3 Characterization

The morphology of the adsorbents was analyzed by
scanning electron microscopy (JMS-6360LV, JEOL, Japan).
The adsorbents were mounted on pin stubs by use of
double-sided carbon tape and sputter-coated with gold,
and imaged at 30 kV. Information of crystal structure was
obtained from X-ray diffraction spectra (X'Pert PRO MPD,
PANalytical, Netherlands). A scanning rate of 0.02°/s was
applied to record the patterns in the 20 angle range from
10° to 90°. Data of specific surface area was calculated
by the methods of Brunauer-Emmett-Teller (BET) (SSA-
6000, Beijing Builder, China). Fourier-transform infrared
(FTIR) spectra were obtained from the (Thermo Nicolet
Corp, Madison, WI, USA)spectrometer. The KBr/sam-
ple discs were prepared by mixing 0.5% of finely ground
samples in KBr. The samples were scanned in FTIR range
(400—4,000 cm™!) with the resolution of 4 cm™.

2.4. Adsorption experiments
2.4.1. Effect of pH on adsorption

Experiments were conducted to determine the effect
of pH on adsorption by adding 0.1 g of adsorbent and
100 mL of 3 mg L™ Cd(II) solution into a series of conical
flasks and adjusting the pH of the solution to 3.0-10.0 [19].
The concentration selected is based on the concentration
of Cd(Il) in the actual wastewater [20]. Then, it was shaken
in a shaker at 25°C for 24 h. The removal rate was calcu-
lated using Eq. (1):

=
U%=| =" |x100 1)

where C; (mg L) denotes the initial concentration of metal
ions, and C, (mg L) is the concentration of metal ions
after adsorption.

2.4.2. Adsorption kinetic

The batch method was employed for the kinetic exper-
iments. In 500 mL of 3 mg L Cd(II) solution, 0.5 g of the
MnFe,0,/MnO, or CTAB/MnFe,0,/MnO, adsorbent was
added, and the pH was adjusted with 0.1 M HNO, and
NaOH. The mixture was oscillated on a shaker at 160 rpm
for 24 h, taking samples at different intervals. The same
amount of samples was filtered and stored with a 0.22 um
filter membrane for subsequent measurement. The remain-
ing concentration of Cd(Il) in the solution was measured
using the atomic absorption spectrophotometer (AAS) at
various time intervals. The following equation can be used

to calculate the number of pollutants adsorbed per unit
mass of adsorbent in each time interval Eq. (2):

C,-C )V
%=LLWQ* @)
where g, (mg g™') denotes the adsorption capacity at time ¢;
C, and C, the initial and concentration of Cd(II) in solution
at time t, respectively; V (mL), the volume of solution; and
W (g), the mass of adsorbent.

The kinetic study can obtain information on the adsorp-
tion mechanism. The pseudo-first-order kinetic model,
pseudo-second-order kinetic model, and intraparticle dif-
fusion model were used to simulate the experimental data
to determine the appropriate adsorption kinetic model.
Their linear equations are expressed as follows [21-24]:

In(q, -q,) =Ing, - Kt 3
t 1 t
— = — @)
9, Kag; g,
q,= Kiptl/2 +C ®)

where g, and g, denote the adsorption capacity at equilib-
rium and time ¢, respectively (mg g). K, K, and K, are
the rate constants for the pseudo-first-order kinetic, pseu-
do-second-order kinetic, and intraparticle diffusion models
(min”, mg g min, mg g! min?), respectively. ¢t denotes
the adsorption time (min) and C the experimental constant
of boundary layer thickness.

2.4.3. Isothermal adsorption

At pH = 6.0, isothermal adsorption was performed by
mixing 0.1 g of adsorbent with 100 mL of Cd(II) solution
with initial concentration of 3, 50, 70, 100, 150, 200, 300,
and 400 mg L. For 24 h, the mixture was shaken at vari-
ous temperatures. Subsequently, the concentration of the
residual metal ions was determined, and the adsorption
capacity was calculated.

3. Results and discussion

3.1. Characterization of MnFe,O,/MnQO, and CTAB/
MnFe,0,/MnO,

X-ray diffraction (XRD) can be used to determine the
crystal structure of the material. Fig. 2 presents the XRD
patterns of MnFe,O,, MnFe,O,/MnO,, and CTAB/MnFe,O,/
MnO,. The XRD of MnFe,O, reveals a strong diffraction
peak when the values of 20 are 18.0°, 29.7°, 34.9°, 36.5°,
42.4°,52.6°, 56.1°, 61.6°, and 72.8°, which are attributed to
the planes (111), (220), (311), (222), (400), (422), (333), (440),
and (533). The results were also consistent with the stan-
dard card (JCPDS: 74-2403) [25,26]. In general, the XRD
peaks do not significantly change after the introduction
of MnO, and CTAB, indicating that such an introduction
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does not affect the crystal structure of MnFe,O,, which
is consistent with the results of relevant literature [27].
However, the peak strength of the b and ¢ composites
was weaker than that of a composite, which could be
attributed to MnO, and CTAB weakening the diffraction
peak intensity of MnFe,O,.

The scanning electron microscopy (SEM) images of
MnFe,0,/MnO, and CTAB/MnFe,O,/MnO, are presented
in Fig. 3. As can be seen from Fig. 3a, the MnFe,O,/MnO,
composite is spherical, which is consistent with the shape of
MnFe,O, [28,29]. Spherical molecules have a layer of small
aggregates on the surface, and the molecules are tightly
stacked with small spaces. The small particle filling of these
spaces may result in a decrease in specific surface area.
After combining MnFe,O,/MnO, with CTAB, many netlike
structures form around the sphere, as presented in Fig. 3b,
increasing the distance between single spherical molecules.
Compared with MnFe,O,/MnO,, this network structure
may be the CTAB.

The specific surface areas of MnFe,O,/MnO, and CTAB/
MnFe,0,/MnO, were found to be 132.947 and 166.574 m* g,
respectively, using the BET method. The results indicate
that after loading CTAB, the specific surface area increases
[30], which is consistent with the SEM analysis results, and
this increase is expected to improve metal ion adsorption.
Most importantly, we found that after the reaction with
metal ions, their specific surface area decreased to 50.745
and 78.653 m? g respectively, mainly because metal ions
were adsorbed to the surface of the composite material.

The FTIR spectra of MnFeO/MnO, and CTAB/
MnFe,0O,/MnO, are presented in Fig. 4. In the spectrum of
MnFe,O,/MnO, and CTAB/MnFe,O,/MnO,, O-H exhibited
the characteristic vibration absorption peak at 3,419 cm™.
The stretching vibration of Fe-O is responsible for the char-
acteristic vibration absorption peaks at 566 cm™ [31,32].
The absorption peak of O-H was significantly increased
after loading CTAB, indicating that CTAB was introduced.

Intensity (a.u.)
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Fig. 2. XRD patterns of MnFe,O, (a), MnFe,0O,/MnO, (b), and
CTAB/MnFe,0,/MnO, (c).
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For CTAB/MnFe,0O,/MnO,, the new absorption peak that
appeared at 2,921 and 2,852 cm™ belongs to the asymmet-
ric and symmetric absorptions of the —CH, band [33,34],
and the characteristic peak of —-CH, at 1,349 cm™ [35]. New
characteristic peaks appeared at 1,596 and 1,114 cm™, which
are attributed to the N-H and C-H stretching vibrations,

(®)

Fig. 3. SEM image of Mr\FeZO‘i/MnO2 (a) and CTAB/MnFeZO4/
MnO, (b).
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Fig. 4. FTIR spectrum of MnFe,O,/MnO, and CTAB/MnFe,O,/
MnO,.
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respectively. A few peaks shifted after loading CTAB, which
mainly involved in the interactions between the functional
groups of MnFe,0,/MnO, composites and CTAB [36].
In conclusion, CTAB was successfully deposited on the
surface of the MnFe O,/MnO, composites.

3.2. Effects of pH on Cd(Il) adsorption

Due to the electrostatic attraction between the adsorbent
and metal ions, the pH value significantly influences the
performance of the adsorbent [37]. Fig. 5 presents the influ-
ence of pH value on Cd(Il) removal by MnFe,O,/MnO, and
CTAB/MnFe,0,/MnO,. When the pH value increases from 3
to 6, the removal rate of Cd(II) adsorbed by CTAB/MnFe O,/
MnQO, gradually decreases from 63% to 60%. When the pH
value increases from 7 to 9, the removal efficiency of Cd(II)
remains nearly constant. This balance can be attributed
to two reasons. First, the increase in pH value leads to an
increase in negative charge and the deprotonation effect,
which enhances the electrostatic attraction between the
adsorbent and Cd(II). Second, lone pair electrons provided
by nitrogen atoms in CTAB are bound, which reduces the
ability of N atoms to form stable complexes with metal
ions. When the pH is 3-4, the removal rate of MnFe O,/
MnQO, adsorption Cd(II) begins to increase and tends to be
flat when the pH is 4-9. Because the solution is too acidic,
desorption of adsorbent may occur, and the solution may
become too alkaline, which may easily hydrolyze with Cd(II)
and cause hydroxide precipitation [38]. It is not appropri-
ate to select a reaction system that is either too acidic or too
alkaline. When the pH is set to 6, it is more in line with the
acid-base environment of natural water. As a result, 6 was
selected as the optimal adsorption pH value for this study.

3.3. Adsorption kinetics

Fig. 6 presents the effects of contact time on Cd(II)
adsorption by CTAB/MnFe,0,/MnO, and MnFe,O,/MnQO,.

70 - —&— CTAB/MnFe,0,/MnO,
—&—MnFe,0,/MnO,

f
W
<

1

H
|

pH

Fig. 5. Effect of pH on the adsorption of Cd(II), pH range
2-11, C, = 3 mg L7, dosage of adsorbent = 1 g L, reaction
time = 1,440 min, T = 298.15 K.

As can be seen from the figure, the g, of CTAB/MnFeO,/
MnOQ, is always higher than that of MnFe O,/MnO, as CTAB
is loaded on CTAB/MnFe,0O,/MnO,, and the surface func-
tional groups of CTAB are abundant and selective. It can
also be seen that the reaction is fast in the early stages of
adsorption, and the amount of adsorption increases with
time. The adsorption rate then gradually decreases, and
MnFe,0,/MnO, and CTAB/MnFe,O,/MnO, reach adsorption
equilibrium at approximately 270 and 400 min, respectively.
The rapid adsorption rate at the initial stage of adsorption
is mainly attributed to the high concentration of metal
ions in the solution, which can easily diffuse to the surface
of the adsorbent, and there are many binding adsorption
sites on the surface of the adsorbent at the initial stage of
adsorption. The adsorption rate decreases as adsorption
progresses due to the accumulation of Cd(II) on the adsor-
bent’s surface, which results in a reduction in the binding
sites. Meanwhile, the concentration gradient of metal ions
in the solution decreases, making it difficult for metal ions
to diffuse to the surface of the adsorbent until adsorption
equilibrium is reached.

The fitting results of the three dynamic models are
presented in Fig. 7, and the fitting parameters are listed in
Tables 1 and 2. The correlation coefficients (R?) of the pseudo-
second-order kinetic model are all greater than those of the
pseudo-first-order kinetic model and the R? of the pseudo-
second-order kinetic model is greater than 0.8 [39], and the
g, of the pseudo-second-order kinetic model is closer to
the adsorption amount when the experiment reaches equi-
librium, indicating that the pseudo-second-order kinetic
model can accurately describe the entire adsorption pro-
cess. Table 2 presents the fitting results of the intraparticle
diffusion kinetic model for Cd(II) adsorption by CTAB/
MnFe O,/MnO, and MnFe O,/MnO,. This implies that the
adsorption process is divided into three stages. The first
stage is the diffusion of a liquid film; the second-stage, the
slow gap diffusion from the adsorbent’s surface to the inte-
rior of the adsorbent [40], and the third stage, the adsorption

1.8 4

—_ —

L [=)}

L L
H

h

qt (mg/g)
o

1.0 ~
0.8 1
—&— CTAB/MnFe,0,/MnO,
0.6 - —&— MnFe,0,/MnO,
0.4 T

0 200 400 600 800 1000 1200 1400 1600
Time (min)
Fig. 6. Adsorption kinetic curves of CTAB/MnFe,O,/MnO, and

MnFe,O,/MnQO, for Cd(II) (pH = 6, C, = 3 mg L™, dosage of
adsorbent =1 g L7, reaction time = 1,440 min, T = 298.15 K).
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Fig. 7. Pseudo-first-order kinetic model (a) and pseudo-second-order kinetic model (b) and intraparticle diffusion model
(c) and B, -t (d) for Cd(II) on CTAB/MnFe,0,/MnO, and MnFe,O,/MnQO,.

Table 1
Kinetic parameters for the adsorption of Cd(II)

Adsorbents Experimental g, (mgg™)  First-order Second-order

plot: In(g, - ¢q,) vs. t plot: t/g, vs. t

q, = exp(intercept) q,=1/slope

K, =slope K, = slope?/intercept

R q,(mgg’) K (Imin?) R? q,(mgg") K, (gmg' min™)
CTAB/MnFe,0,/MnO, 1.788 0.4190 151 0.1068 0.9981 1.79 0.0210
MnFe,O,/MnO, 1.24 0.7307  1.09 0.0558 0.9991 1.24 0.0331

equilibrium. The C value is not zero, and these curves do
not pass through the origin, which means that the adsorp-
tion mechanism of Cd(Il) on CTAB/MnFe,0,/MnO, and
MnFe,O,/MnO, is complex, and the intraparticle diffusion is
not the only rate-limiting step.

To determine whether the rate-controlling step is an
intraparticle diffusion process or a film diffusion pro-
cess, the following Boyd film diffusion model equation is
used [41]:

F= 1—[@]2[12jexp(—n23,) (6)
T )ia\n
where B, is a constant of time; n, an integer that defines
infinite series solutions; and F, the ratio of adsorption
capacity at t to adsorption capacity at equilibrium: F = g/q..
Eq. (7) can be obtained by substituting the F value for the
Boyd model.
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B =-0.498 - ln(l - Z*] %)

The B, values at different times can be obtained from
Eq. (7). The rate-controlling steps of the reaction can be
determined using a fitting diagram of B, to time {, as pre-
sented in Fig. 8. The fitting curve is close to the origin at
the beginning of the reaction, indicating that the reaction is
more prone to intraparticle diffusion [42]. As the reaction
progresses, the curve slope increases, and the MnFe,O,/
MnO, fitting curve intercept is larger than the CTAB/
MnFe O,/MnOQ, fitting curve. Neither curve passes through
the origin, indicating that film diffusion is the main rate-con-
trolling step.

3.4. Adsorption isotherm

Adsorption isotherms are essential for understanding
adsorbent properties and providing information on how

Table 2
Intraparticle diffusion parameters for the adsorption of Cd(II)

Adsorbent Ton CTAB/MnFezO 4/ MnFe,O 4/
MnO, MnO,
K, (mg g™ min™?) 0.0398 0.0668
C, 1.0384 0.4311
R? 0.8144 0.8744
K, (mg g min"%) 0.0113 0.0213
G, cd@)  1.3519 0.7503
R? 0.3549 0.9871
K, (mg g™ min™?) 0.009 0.0041
G 1.4461 1.0800
R? 0.9999 0.7575

3.0

2.54

2.0 1

1.5 1

1.0 4

051 me —— CTAB/MnFe,0,/MnO,
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T T T T T T
0 100 200 300 400 500 600
Time (min)

Fig. 8. Fitting figure of B, values t.

adsorbents interact with adsorbents [43]. Fig. 9 presents
the isothermal adsorption curves of CTAB/MnFe,O,/MnO,
and MnFe,0,/MnQO, for Cd(II). The results indicate that the
adsorption capacity increases with the increase in Cd(II)
ion concentration, and the adsorption capacity of CTAB/
MnFe,0,/MnQ, is higher than that of MnFe, O,/MnO,, which
indicates that CTAB/MnFe,0O,/MnO, has a better selectiv-
ity for Cd(II); this finding is consistent with the results of
adsorption kinetics. The adsorption capacity increases as
the temperature increases, indicating that the adsorption
process is endothermic.

The adsorption equilibrium data were studied using the-
oretical or empirical equations. In this study, the Langmuir
and Freundlich models were used to analyze the experi-
mental data of isothermal adsorption. The Langmuir model
describes the noninteractive homogeneous monolayer
adsorption of molecules on solid surfaces, whereas the
Freundlich model is an empirical equation. The equations
of the two models are as follows:

120
CTAB/MnFe,0,/MnO,
100 ~
80 4
“on
& 607
£
[
o404
—8—25°C
207 —8—40°C
—A— 60 °C
0 -
0 50 100 150 200 250 300 350 400 450
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804 MnFe,0,/MnO,
60 -
"o
&n
E 40 1
o
o
20 ~
—8—25°C
—0—40°C
0 - —A—60°C

100 150 200 250 300 350 400 450
Ce (mg-L")

0 50

Fig. 9. Isotherm adsorption curves of CTAB/MnFe,O,/MnO, and
MnFe,O,/MnQO, for Cd(II).
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Langmuir model: . = C + L 8)
92 4, 9K
Freundlich model: Ing, =InK, + InC, 9)
n

where C, (mg L) and g, (mg g™') are the metal ion concen-
tration and adsorption capacity at equilibrium, respectively;
g, (mg g7), the maximum adsorption capacity of mono-
layer adsorption; K, and K, the Langmuir and Freundlich
constants, respectively; and n(dimensionless), the adsorp-
tion strength index. A value of 1-10 indicates that the reac-
tion is progressing [44]. Their values can be calculated
using the intercepts and slopes of the linear plots C/g, vs.
C,and Ing, vs. InC,, respectively.

The fitting parameters of the Langmuir and Freundlich
models are presented in Table 3. It can be seen that the
correlation coefficient of the Langmuir model (R? was
higher than that of the Freundlich model (R?), indicat-
ing that the uptake of Cd(II) can be well described by the
Langmuir model with monolayer adsorption behavior.
Furthermore, the g, calculated using the Langmuir model
fitting for the Cd(II) adsorption of CTAB/MnFe,O,/MnO,
at various temperatures is greater than that of MnFe,O,/
MnO,, which is completely consistent with previous
research. The n values in Table 3 are all in (1 < n < 10), indi-
cating that both absorbents are beneficial to the adsorption

Table 3
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process. Table 4 presents a comparison of g, with other
alternative adsorbents. Because CTAB/MnFe,0,/MnO,
has a higher adsorption capacity than other adsorbents,
it is expected to be used in the removal of Cd(I) from
an aqueous solution as well as in the modern process of
extraction and concentration of metal cadmium.

Another highly regarded adsorption isotherm model
is the Dubinin—-Radushkevich model, which is used to
determine whether the adsorption reaction is physical
or chemical [52,53]. The linear equation of the Dubinin-
Radushkevich isotherm can be expressed as follows:

Ing, =Ing, - pe’

£= RTln[l + 1]
CF

where & (kJ* mol?) is Polanyi potential, and 3 (mol* J)
is the activity coefficient related to the mean free energy
(E, kK] mol™) of the adsorption. The mean free energy
E (k] mol™) is calculated from as follows:

(10)

(11)

1

T @)

Parameters of adsorption isotherm models for CTAB/MnFeZO 4/MnO2 and MnFe,O 4/MnO2

Adsorbent Ton T (°C) Langmuir Freundlich
q,(mgg") K (Lmgh) R K, (mgg")(Lmg™)  n R?
CTAB/MnFe,0,/MnO, 25 89.85 0.0387 0.9969 6.2216 1.98 0.9359
40 105.6 0.0375 0.9907 9.6100 2.11 0.9557
cdq 60 115.21 0.0474 0.9930 11.5662 2.29 0.9662
MnFeZOAl/MnO2 25 77.28 0.0184 0.9877 3.0680 1.73 0.9777
40 88.18 0.0196 0.9885 3.6705 1.74 0.9797
60 92.94 0.0210 0.9910 3.9278 1.73 0.9764
Table 4

Comparison of the maximum adsorption capacities for Cd(II) onto different adsorbents in this work with other adsorbents reported

in earlier studies.

Adsorbents q,(mgg’)  pH References
Bis(2,4,4-trimethylpentyl) phosphoric acid magnetite-manganese oxide xerogel (mMOX)  7.79 6 [45]
MCCR-550 29.8 5.5 [46]
CaCO,-modified biochar 36.5 6 [47]
MnQO,-biochar 45.8 5+0.2 [48]
Mushroom substrate biochars 46.87 4-7 [49]
Magadiite impregnated with 49.45 2 [50]
Fe,0,@Si0,-HE-S 56 6 [51]
Solid-phase magadiite 64.06 2 [50]
MnFe,0,/MnO, 77.28 6 This study
CTAB/MnFe,0,/MnO, 89.85 6 This study
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If E < 8 kJ mol?, the adsorption is physical, and the
E value between 8, and 16 k] mol? indicates that the
adsorption process is chemical. Table 5 presents the fitting
parameters of the Dubinin-Radushkevich model. The E val-
ues of CTAB/MnFe,O,/MnO, at various temperatures are all
between 8 and 16 kJ mol™, indicating that the adsorption
of CTAB/MnFe,0,/MnQ, for Cd(II) is chemical.

3.5. Adsorption thermodynamics

The spontaneity of adsorption can be explained by ther-
modynamic parameters. The thermodynamic parameters of
AG (k] mol™), AH (k] mol™?) and AS (J mol? K') were calcu-
lated using Gibbs free energy and the Van't Hoff equation,
respectively. The equations are expressed as follows [54,55]:

AG=-RTInK. (13)
q
K. ="1e 14
=T (14)
AS° AH
InK_ = -——
<R TRT (15)
K°=1,000K, x MA (16)

where T (K) and R (8.314 ] mol™ K™) are the thermodynamic
temperatures and ideal gas constant, respectively; AG, AH,
and AS are Gibbs free energy, enthalpy, and entropy changes,
respectively; and K, (L mol™) is the Langmuir constant.
Table 6 presents the calculated thermodynamic parameters.

Table 5
Fitting parameters of Dubinin—-Radushkevich model
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The values of AG are all negative, indicating that the adsorp-
tion process of CTAB/MnFe,O,/MnO, and MnFe,O,/MnO, for
Cd(II) was spontaneous and that the values of AG become
more negative with increasing temperature, implying that
high temperature favored adsorption [26]. The positive
value of AH indicates that the adsorption process of Cd(II)
is endothermic, and the positive value of AS indicates that
the adsorption process is a randomness-increasing process.

3.6. Influence of coexisting ions

In general, ionic strength and the presence of anions
and cations in the solution have a significant effect on
the adsorption of metal ions. This is due to the coexisting
ions’ electrostatic attraction or repulsion with the adsor-
bent. Different salts (Ca(Il), Mg(Il), Na(I), NO;, and PO})
were added to the Cd(II) solution to test the effects of dif-
ferent ions and ion strength on the adsorption capacity of
adsorbents. The results are presented in Fig. 10. It can be
seen that in the presence of common cations, Mg(Il) and
Na(I) have a slight effect on the removal of Cd(II) when
the ionic strength is 0.001 M, and Mg(Il) has a slightly
greater inhibitory ability than Na(I). However, when the
ionic strength is increased to 0.02 M, Mg(II) and Na(I) have
an inhibitory effect on the removal of Cd(Il). In contrast,
Ca(Il) has a significant influence on Cd(II) removal, espe-
cially as ionic strength increases, which is consistent with
the previous report that Ca(Il) has a significant influence
on Cd(II) removal [56]. The order of inhibitory ability is
Ca(Il) > Mg(II) > Na(l); the first reason is that cations have
competitive adsorption with Cd(II), and the second reason
is that the Ca(II) radius is relatively large, and the polariza-
tion effect is stronger and easier to combine with CTAB, so
the removal effect of Cd(II) is greater. NO; has almost no
effect on the removal of Cd(I) from an aqueous solution,

Adsorbent T (°C) q, (mgL™) B (mol*]?) E (k] mol™) R?
CTAB/MnFe,0,/MnO, 25 76.71 -6.28 x 10™ 8.923 0.9378
40 87.36 -5.02 x 107 9.980 0.9399
60 94.63 -2.56 x 10~ 13.975 0.8968
MnFe,O,/MnO, 25 56.26 -1.18 x 10~ 20.585 0.8703
40 62.80 -8.24 x 107 7.789 0.8311
60 68.03 -7.34 x 107 8.253 0.8775
Table 6
Thermodynamic parameters for CTAB/MnFe,O,/MnO, and MnFe,O,/MnO,
Adsorbent Ion T (°C) AG (k] mol™) AH (k] mol™) AS (J mol™* K™)
CTAB/MnFe,0,/MnO, 25 -25.24 4.96 100.90
40 -26.42
60 -28.76
Cd(n)
MnFe,0,/MnO, 25 -21.50 3.11 82.57
40 -22.75
60 -24.39
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but its ionic strength has a significant effect on the removal
of Cd(II). However, in the presence of POY, the removal rate
of Cd(II) approaches 100%, which could be due to the for-
mation of an insoluble complex between PO} and Cd(II).

3.7. Effects of organic acids on Cd(Il) adsorption

There are many organic compounds in wastewa-
ter. Organic acid is one of the many organic compounds
found in wastewater. When organic acids coexist with
the metal ion Cd(II), they will compete for Cd(II) adsorp-
tion. Therefore, it is necessary to further investigate the
effects of mixing organic acids and metal ions on adsor-
bent properties. To investigate the effect of organic acids on
Cd(II) adsorption, organic acids (citric acid, tartaric acid,

100 oM 223 0.001M R 0.015M fRR%} 0.02M
80 |
Q
= — — _ — |
& 2 2 7
£ 2 =
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2 K] 5
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Fig. 10. Effect of coexisting ions and ionic strength on Cd(II)
adsorption onto CTAB/MnFe,O,/MnO,.

120
100
2~ 80
0
)
£ 604
o
40
—— Cd?*" Citric acid
20 4 —&— Cd*" Tartaric acid
—aA— Cd*" Oxalic acid
0 T T T ' ! '
0 20 40 60 80 100

The initial concentration of organic acid (mg-L™)

Fig. 11. Effect of organic acids on Cd(II) adsorption isotherms
(pH = 6, C, = 300 mg L, adsorbent dosage 1 g L, T = 25°C,
time = 1,440 min).

and oxalic acid) with concentrations ranging from 0 to
100 mg L™ were added to a Cd(II) (300 mg L) solution. The
results are presented in Fig. 11. When the concentration
of citric acid is in the range of 0-3 mg L7, the adsorption
amount of Cd(II) increases, and then gradually decreases
with the increase in acid concentration; subsequently, it
reaches equilibrium. The changing trend of oxalic acid is
similar to that of citric acid. On the contrary, the effect of
tartaric acid on Cd(II) adsorption at a concentration range
of 0-3 mg L shows that the adsorption amount increases,
and then tends to reach equilibrium, with no decrease
stage observed. In general, the presence of organic acids
is beneficial to the removal of cadmium, and the promo-
tion sequence is citric acid > tartaric acid > oxalic acid
[67,58]. Organic acids promote Cd(II) adsorption most
likely because they contain carboxyl groups, and carboxyl
groups will form complexes with Cd(II); the more car-
boxyl groups there are, the more complexes will form.

3.8. Adsorption mechanism

CTAB/MnFe,O,/MnO, and MnFe,O,/MnO, can remove
Cd(II) mainly for the following reasons. Firstly, both CTAB/
MnFe,0,/MnO, and MnFe,0,/MnO, have relatively large
specific surface areas, which can effectively remove Cd(II).
Secondly, CTAB/MnFe,O,/MnO, composite material has a
large number of CTAB, and the N atoms in CTAB can pro-
vide lone pair electrons and combine with Cd(Il), which can
effectively and quickly adsorb Cd(Il) in aqueous solution.
Thirdly, MnFe,O, has certain oxidation ability under acidic
conditions, which can increase the removal rate of Cd(II) [36].

4. Conclusions

In this study, the CTAB/MnFe,0,/MnO, and MnFe,O,/
MnO, composites were successfully prepared, and their
adsorption properties for Cd(I) were assessed. CTAB/
MnFe,0,/MnO, has greater adsorption properties than
MnFe,0,/MnO,. The results indicate that the specific sur-
face areas of CTAB/MnFe,O,/MnO, and MnFe O,/MnO, are
166.574 and 132.947 m? g7, respectively. The optimum pH
value for Cd(II) adsorption of the two composites is 6. The
adsorption equilibrium times of CTAB/MnFe,O,/MnO, and
MnFe,0,/MnO, were 270 and 400 min, respectively, accord-
ing to adsorption kinetics. The adsorption process follows a
pseudo-second-order kinetic model, with membrane diffu-
sion serving as the primary rate-controlling step. Isothermal
adsorption revealed that the two adsorbents could be well
described by the Langmuir model. The thermodynamic
parameters indicate that the adsorption process was a spon-
taneous, endothermic, and randomness-increasing process.
The influence of coexisting ions on adsorption is primar-
ily demonstrated in ionic strength, with cations inhibiting
adsorption in the order Ca(Il) > Mg(Il) > Na(I). Similarly, the
cadmium removal effect of organic acids increases with the
increase of acid concentration, and the order of promoting
effect from strong to weak is as follows: citric acid > tar-
taric acid > oxalic acid. Therefore, CTAB/MnFe,O,/MnO,
is a promising and environmentally friendly adsorbent
for the removal of Cd(Il) from an aqueous solution.
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