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Highlights
¢ A novel bentonite-Fe304-MnO> absorbent was prepared via a co-precipitation
process
e The MnO; coating has greatly improved Cd( II ) removal capacity
e The kinetic and isothermal data fit well with the pseudo-second-order and the
Freundlich models, respectively

e Hydroxyl group played an important role in Cd( I ) adsorption process
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Abstract

In the present study, the bentonite-Fe3;Os-MnO> composite was synthesized by
combining bentonite with Fe30s and MnO; through co-precipitation. The magnetic
properties, morphology and structure of the composites were characterized by vibrating
sample magnetometer (VSM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The obtained bentonite-Fe304-MnO> consists of Fe3O4
nanoparticles orderly assembled on the surface of bentonite and MnO; sheets coated as
an outer layer. The resulting composite particles possess a saturation magnetization of
13.4-30.5 emu/g and high specific surface area of 796.99 m?*/g. The adsorption
behaviors of bentonite-Fe3Os-MnO, for Cd(Il) removal were evaluated by batch
equilibrium experiments. The kinetic and isothermal data are well fitted with the
pseudo-second-order model and the Freundlich model, respectively. The adsorption
reached equilibrium within 30 min and the Freundlich capacities of bentonite-Fe3O4-
MnO; was 35.35 mg/g. The adsorption capacity of Cd(II) increased with an increasing
pH and was also dependent on the ionic strength. FTIR and XPS analysis implied the
combination of the surface hydroxyl groups of bentonite-Fe304-MnO, and the Cd(I1)
in the solution. Moreover, the prepared bentonite-Fe;04-MnO:> can be easily recycled
taking advantage of the magnetic properties and reused. The results proved that the
designed bentonite-Fe304-MnO- absorbent is a promising material for the treatment of

Cd contaminated water.

1. Introduction



Heavy metal pollution has become a serious environmental problem due to its non-
biodegradability, bioaccumulation and high toxicity [1-2]. Cadmium is one of the most
harmful heavy metals to human for its high toxicity even at low concentrations. It has
been reported that chronic exposure to Cd(Il) could cause renal disturbances, lung
cancer, bone lesions, prostatic proliferative lesions, and hypertension [3-4]. World
Health Organization (WHO) has set the cadmium standard for drinking water to a level
less than 5 ug/L. Hence, it is essential to explore effective, reliable and cost-effective
techniques for Cd(II) removal prior to its solution being allowed to be released to the
environment. Adsorption is considered one of the most promising and widely adopted
approaches to remove heavy metals owing to its simplicity of application, economic
viability, environment-friendliness, ability to be regenerated, and high efficiency [5-6].
For this purpose, developing adsorbents with high adsorption capacity and stable
treatment efficiency is of critical importance.

Raw bentonite is a common type of clay minerals on the earth, and has been widely
used for removing heavy metal ions because of its high specific surface areas, low-cost,
great abundance, chemical and mechanical stability, relatively high cation exchange
capacity (CEC) and good adsorption capability [7-12]. However, the difficulty to
separate bentonite from water limits its practical application. In recent years, magnetic
materials (such as Fe3O4) that can be easily separated from solution using an external
magnetic field have been extensively studied for water treatment [13-16]. Therefore, it
can be expected that the combination of bentonite and Fe3O4 not only brings about a

magnetic hybrid with high adsorption capacity, but also overcomes some drawbacks of



Fe;04, which includes agglomeration and chemical instability in acidic media [17].
Fe;04 alone is not able to efficiently remove the contaminants because of its smaller
adsorption ability and lower bonding affinity in comparison with hydrated ferric oxide
[18].

Manganese oxides (MnQy) are low cost, environmentally friendly metal oxides and
omnipresent in the natural environment. They have strong oxidizing/adsorptive abilities
due to their large specific surface areas [19-21]. Several researches reported that MnO»
attenuates numerous heavy metal ions via adsorption, ion-exchange, or coprecipitation
[22-23]. It has been reported that the modification of the Fe3O4 surface with MnO; can
increase the removal efficiency of the magnetic nanoparticles for heavy metal ions [24-
26]. Kim et al. synthesized a MnO»-coated magnetic nanocomposite (Fe304/MnQO) by
a mild hydrothermal process and proved that it exhibited a greatly improved removal
capacity toward four different heavy metals compared to unmodified Fe;Oq4
nanoparticles [25]. A nanocomposites of Fe3O4-reduced graphite oxide-MnO> were
synthesized by Luo et al. combined the oxidation property of manganese dioxide, the
high surface area of GO and magnetic features of Fe3O4, which had a high removal
capacity towards both As(V') and As(III) [27].

Based on our previous research about preparation of MnO»-coated diatomite adsorbent
[28], loading the manganese oxide on the surface of magnetic bentonite (bentonite-
Fe304) is anticipated to increase the removal capacity of magnetic bentonite while
making the composite easily recyclable. Therefore, the main objectives of this study

are to synthesize a novel magnetic bentonite coated with manganese oxide, and to



characterize the adsorbent using a variety of techniques. The adsorption ability for
Cd(1II') will be investigated with a focus on the effect of contact time, pH and ionic
strength on Cd(II) sorption. The adsorption kinetics and adsorption isotherms will be
measured and the sorption mechanism discussed. The regeneration and reusability of

the composite adsorbent will also be demonstrated.

2. Materials and methods

2.1. Materials

The bentonite used for this study was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ferric chloride (FeCls), ferrous sulfate heptahydrate (FeSO4-7H>0), ammonia
(NH4OH, 25-28%), manganese chloride tetrahydrate (MnCly-4H>0), potassium
permanganate (KMnQy4), sodium hydroxide (NaOH) , concentrated nitric acid (HNOs,
65-68%), sodium chloride (NaCl), cadmium nitrate tetrahydrate (Cd(NO3)>-4H>0)
were purchased from Shanghai Zhenxin Reagent Co. Ltd (China). Cadmium nitrate
tetrahydrate (Cd(NO3)2-4H>0, purity > 99% ) was purchased from Shanghai Aladdin
Chemical Co. Ltd (China). All the chemicals are analytical reagent (AR) grade without
further purification. Water used was distilled and purified by a Milli-Q system.

Cd(II) stock solutions (1000 mg/L) were prepared by Cd(NOs3)>-4H>0 in purified water.
Fresh initial solutions of varying Cd(II) concentrations were prepared daily by diluting
the stock solution with ultrapure water.

2.2 Preparation of bentonite-Fe304-MnO2

The bentonite-Fe304-MnO; nanocomposite was synthesized via a two-step co-



precipitation process according to the previous literatures [29-30].

First, 2.821 g of bentonite was added into a 500 mL three-neck round flask containing
300 mL solution of FeCls (3.952 g), and continuously stirred for 4 h. Then the solution
was purged with N; for about half an hour followed by the quickly addition of 3.387 g
FeSO4:7H>0 to the flask. The solution was heated to 90 °C in N> atmosphere and a
certain amount of ammonia was added with vigorous agitation. Afterwards, the
obtained black suspension was kept stirring for another 1 h at 90 °C and then cooled to
room temperature. The fabricated bentonite-Fe3Os4 was separated by a magnet and
washed with ultrapure water repeatedly until the conductivity was < 2 us/cm. At last,
the bentonite-Fe3O4 was dried at a vacuum freeze drying apparatus. The dry material
was crushed and stored in a desiccator.

To select appropriate content of loading MnO> on the bentonite-Fe;Os, different molar
ratios (2:1, 1:1, 1:1.5, 1:2) of Fe to Mn were prepared and denoted as bentonite-Fe3O4-
MnO; (2:1), bentonite-Fe304-MnO> (1:1), bentonite-Fe304-MnO> (1:1.5), and
bentonite-Fe304-MnO» (1:2), respectively. They were prepared as follows [30]: 1 g
bentonite-Fe3O4 composite was dispersed in a three-neck round flasks (500 mL)
containing 200 mL ultrapure water under N> flow. Different amount of MnCl>-4H,O
was added into the suspension under stirring. After 4 h mixing, the suspensions were
heated to 80 °C and added with the solutions containing corresponding amounts of
KMnO4 and NaOH dropwise, followed by a continuous agitation for another 2 h.
Afterwards, the dark-brown precipitate was separated by magnetic attraction and rinsed

repeatedly with ultrapure water until the conductivity was < 2 us/cm. Finally, the



product was dried in a vacuum freeze drying apparatus. The dry material (denoted as

bentonite-Fe304-MnO,) was ground and stored in a desiccator.

2.3 Characterization

The magnetic property of adsorbents was analyzed by a VSM (Meghnatis Daghigh
Kavir Co., Kashan, Iran). The surface morphologies and elemental compositions of the
absorbents were analyzed with Quanta F250 SEM-EDX (FEI, USA) and Hitachi
HT-7700 TEM (Hitachi, Japan) operating at 100 kV. The specific surface areas were
measured by nitrogen adsorption/desorption analysis using the BET method with a
Micromeritics ASAP 2010 surface area analyzer (Norcross, GA, USA). XRD analysis
was carried out on an X’Pert PRO diffractometer (PANalytical Co., Almelo, The
Netherlands) using Cu Ka (A = 0.154 nm) and operating at 40 kV and 30 mA. The
powder diffraction pattern was obtained in a scanning mode with a 0.02 (26) step size
from 10 to 80" at 4° per min. FTIR spectra from 400 to 4000 cm™! were collected using
a Nicolet 6700 FTIR spectrophotometer Spectrum (Thermo, USA) to identify
functional groups on the adsorbent surface. XPS data were collected on a Kratos AXIS
Ultra DLD spectrometer with monochromatic Al Ka radiation. The zeta potential was
measured by a Zetasizer 2000 (Malvern Co., UK). Aqueous sample suspension was
dispersed using an ultrasonic bath and an average of three measurements was taken to
represent the measured potential.

In addition, the leaching of iron or manganese at different pH (3.0-10.0) was examined

for evaluating the absorbent stability. 0.3g of bentonite-Fe3O4-MnO, adsorbents (1:1.5)



was added into 100 mL of 100 mg/L Cd(II) solution and stirred at 160 rpm under 25

°C for 24 h.

2.4 Bath adsorption experiments

In a typical reaction, adsorption experiment was conducted in a 250 mL conical flask
at 25 °C and pH 6.0 (adjusted by 0.1 M HNO3 or NaOH). 0.3 g of sorbent was added
to 10 mL Cd(II) solution with a concentration of 100 mg/L. The mixture was stirred
thoroughly at 160 rpm, then the sample solution was separated by a magnet.

To determine the optimal Fe/Mn ratio, bentonite-Fe3O4-MnO- adsorbents with different
Fe/Mn ratio (2:1, 1:1, 1:1.5 and 1:2) were added to the Cd(II) solution for 24 h.
Combined the Cd(II) removal efficiency with the saturation magnetization values, the
optimal MnO: loading on bentonite-Fe;04-MnO> was selected for the subsequent
experiment.

For the kinetic experiment, adsorbents (bentonite, bentonite-Fe3O4, or bentonite-FezO4-
MnOz> (1:1.5)) and 100 mL of 100 mg/L Cd(II) solution were used, and the stirred time
intervals were controlled from 1 to 1440 min. The adsorption isotherms was established
on 0.3 g bentonite-Fe304-MnO» (1:1.5) adsorbents with initial concentration of Cd(II)
from 50 to 400 mg/L for 24 h.

To investigate the effects of pH on the sorption of Cd(II), the adsorption experiment
was tested on 0.3 g adsorbent with initial concentration of 100 mg/L Cd(II) by varying
the initial solution pH from 2.0 to 9.0. In the ionic strength effect study, NaCl with

different concentrations (0, 0.001, 0.01, 0.1, 0.2 M) were used as electrolyte



background with 0.3 g adsorbents and initial concentration of Cd(II) at 100 mg/L. The
adsorption capability for trace Cd(II) on bentonite-Fe3Os-MnO»(1:1.5) was also studied
by adding different amounts (0.01-0.06 g/L) of adsorbents into a series of 100 mL Cd(1I)
solution at 100 pg/L concentration.

For the reusability of bentonite-Fe;04-MnO> (1:1.5) after adsorption, 0.1 mol/L HNO3
solution (pH = 3) was chosen as the desorption solution. The mixture was shaken
vigorously at 25 °C for 24 h, and then separated from the suspension by a magnet. The
separated samples were suspended in HNOs3 solution with stirring for 4 h, washed with
ultrapure water to neutral pH and freeze-dried before re-adsorption in the next cycle.
The adsorption / desorption experiment was repeated 5 times.

Sample solutions after separation were filtered using 0.22-um PTFE syringe filters and
the concentration of Cd(Il) in the supernatant was determined by an atomic absorption
spectrophotometer (Analyst 800, Perkin Elmer Co., Norwalk, CT, USA). All
experiments were conducted in triplicate, and the data shown were the average values.

Sorption capacity was calculated using Egs. (1) and (2):

V(G —C)
= -2 "7 1
at m (D
o (Cy— Cp) X100
removal efficiency (%) = c (2)
0

where g (mg/g) is the sorption capacity at time t; Co is the initial concentration of heavy
metal ions (mg/L); C; (mg/L) is the concentration of heavy metal ions at time t; V is the
volume of reaction solutions, m is the mass of sorbent and removal efficiency (%) is
the percentage of adsorbed heavy metal ions from solution.

3. Results and discussion



3.1. Magnetic property of bentonite-Fe;04-MnQO:; with different MnQO: loading

The magnetic property of bentonite-FesO4 and bentonite-Fe3Os-MnO> with different
Fe/Mn ratio (2:1, 1:1, 1:1.5 and 1:2) was evaluated by examining the magnetic
hysteresis loops at room temperature, as shown in Fig. 1a. All curves display a typical
superparamagnetic property. The saturation magnetization (Ms) of bentonite-Fe3Os-
MnO> with different Fe/Mn ratio (2:1, 1:1, 1:1.5 and 1:2) was 30.5, 23.5, 17.8 and 13.4
emu/g, respectively; all were lower than bentonite-Fe3O4 (38.1 emu/g). It can be
observed that the saturation magnetization of magnetic adsorbents decreased as the
amount of MnO increased, since the non-magnetic MnO; induced a magnetic “dilution”
of the sample. Nevertheless, the saturation magnetization of bentonite-Fe3Os-MnO»
(1:2) is still enough to be separated with a magnet. The inset photograph shows that
bentonite-Fe304-MnO» (1:2) could be easily separated in the presence of an external
magnetic field.

In order to select the optimal loading ratios of MnO,, Cd(II) adsorption capacity was
tested. The effect of bentonite-Fe3O4 sorbents with different MnO: loading on Cd(II)
uptake capacity is presented in Fig. 1b. It was demonstrated that the Cd(II) adsorption
capacity increased with the increase of MnO: content, and almost reached the peak
when the Fe:Mn was 1:1.5. Further increase of the Fe:Mn showed very little change on
Cd(II) adsorption. Hence, considering both the saturation magnetization and Cd(II)

adsorption, bentonite-Fe304-MnO; (1:1.5) was used for the further experiments.

3.2. Characterization of bentonite-Fe304-MnO;



The XRD patterns of the adsorbents were shown in Fig. 2. For bentonite (Fig. 2a), two
obvious diffraction peaks appear at 19.74° and 61.88°, which indicates the presence of
montmorillonite, a main component of bentonite [31]. The peak at 26.56° is
corresponding to SiO». Six well-dissolved diffraction peaks for the bentonite-Fe3Oa,
located at 30.10°, 35.44°, 43.06°, 53.68°, 57.04° and 62.58° in Fig. 2b, can be indexed
as the (220), (311), (400), (442), (511) and (440) planes of Fe304 (JCPDS 65-3107)
[17], indicating the successful integration of Fe3O4 particles on the surface of bentonite.
For the bentonite-Fe304-MnO; (1:1.5) shown in Fig. 2, the characteristic peaks of Fe3O4
have weakened after the introduction of manganese oxides. Besides, no obvious
diffraction peak of manganese oxides is detected which suggests that manganese oxides
in the composite are likely to exist mainly in amorphous form. The surface area and
active sites decrease significantly with increase in crystallinity [32]. The amorphous
MnO; could contribute to the high surface area of bentonite-Fe3;0s4-MnO», to be
presented next.

Based on the BET adsorption experiments, the pore parameters of bentonite, bentonite-
Fe304 and bentonite-Fe304-MnO; (1:1.5) are shown in Table 1. The BET specific
surface area of bentonite-Fe304-MnO; is 796.99 m?*/g, much higher than the values of
bentonite (30.14 m?/g) and bentonite-Fe3;O4 (89.25 m?/g). It is also much higher than
that of a previously reported core-shell Fe304-MnO; nanomaterial (207.62 m?/g) [33].
The pore volume of bentonite, bentonite-Fe3O4 and bentonite-Fe304-MnO- are 0.09,
0.28 and 1.70 cm®/g, respectively. The bentonite-Fe304-MnO, composites show a

significant increase of the BET surface area and pore volume compared with the
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bentonite, which further confirm the successful pillaring of Fe;O4 and MnO- that
increase the interlayer spacing. The average pore diameter of bentonite-Fe3O4-MnO is
8.5 nm, which indicated that bentonite-Fe304-MnO- has a very porous structure.

The morphologies of the bentonite, bentonite-Fe3;O4, bentonite-Fe;04-MnO2 (1:1.5) are
illustrated in Fig.3. The SEM and TEM images of bentonite in Fig.3(a ,d) show a typical
layer structures. SEM image of bentonite-Fe3;Os composite in Fig.3b shows that Fe3O4
nanoparticles are dispersed evenly on the surface or inserted between layers of the
bentonite plates. The average size of Fe3O4 loaded on bentonite was found to be 13 nm
(Fig. 3e). After immobilization of MnO> in the magnetic bentonite, the Fe3Os
nanoparticles and the MnO; sheets are assembled with the bentonite flakes randomly
(Fig. 3(c, f)). EDX mapping of bentonite-Fe304-MnO, (1:1.5) nanocomposites
confirmed the uniform distribution of Fe, Mn and O elements in the absorbent ( EDX
elemental mappings in Fig. S1).

Fig. 4 shows the loss of bentonite-Fe304-MnO; and the concentrations of dissolved Fe
and Mn under HNOs3 solution with different pH. The bentonite-Fe3O4-MnO> (1:1.5)
showed excellent stability at pH 5-10 while lost a little at pH 2-5, indicating a small
part of adsorbent would dissolve in acid solution. When the solution pH > 3, Fe and Mn
concentrations were below 2 mg/L that met the national standard for waste water
discharge. Therefore, bentonite-Fe304-MnO: is recommended to be used for solutions
with pH > 3.

3.3. Adsorption behavior

3.3.1. Adsorption kinetics of Cd( 1)



The effect of contact time on the sorption of Cd(II) by various adsorbents are shown in
Fig. 5a. The adsorption of Cd(II) for bentonite-Fe304-MnO> was initially rapid within
the first 5 min and then increased slowly and reached equilibrium within 30 min.
Therefore, 2 h was chosen as the duration. According to previous studies, the fast Cd( 1)
sorption at the beginning was attributed to the rapid diffusion of Cd(II) to the external
surfaces of adsorbents and the slow process was ascribed to longer diffusion range of
Cd(II) into the inner pores of adsorbents or the exchange with cations in the inner
surface [34-37]. The results suggested that the adsorption process may consists of two
stages, namely, electrostatic attraction and surface complexation or ion-exchange
between the adsorbate and the adsorbent. Besides, the available adsorption sites were
abundant for interacting with Cd(II) at first, then became less and less as the reaction
progressed.

The pseudo-first-order kinetic model and pseudo-second-order kinetic model were
employed to simulate the adsorption procedure and as shown as Egs. (3) and (4),
respectively.

q = qe(1—e k) 3)

2
de th (4)

qe = 1+qokyt

where g: (mg/g) is the sorption capacity at time t; ge (mg/g) is the sorption capacity at
equilibrium; k; (min') and k> (g'-mg'-min) is the equilibrium rate constants of the

pseudo-first-order kinetic model and pseudo-second-order kinetic model, respectively.

Fig. 5a shows that the 3 samples displayed similar adsorption trend but with different



adsorption capacities. It is observed that the sorption capacity (qe) of Cd(II) follows the
order of bentonite-Fe304@MnO- (30.17 mg/g) > bentonite (27.43 mg/g) > bentonite-
Fe304 (20.93 mg/g). The MnO» content on bentonite-Fe3O4-MnO- played an important
role in the Cd(II) adsorption process. The presence of Fe3Os4 occupied part of active
sites on the bentonite surface, thus leading to the decrease of Cd(II) sorption, which is

consistent with Chen and his coworkers’ study [38].

The regression curves of the kinetic models are shown in Fig. 5(b-c). The corresponding
kinetic parameters are presented in Table 2. As a result, the pseudo-second-order model
was better to describe the adsorption process, as it has a higher correlation coefficient
(R?) of 0.99. This indicates that the adsorption of Cd(II) on bentonite-Fe304-MnO, was

a chemisorption process [39].

3.3.2. Adsorption isotherms of Cd(II)

To evaluate the adsorption properties of the bentonite-Fe;04-MnO; for Cd(II) removal
from the aqueous solution, the adsorption isotherm experiments were conducted. The
Lagmuir and Freundlich equations expressed in Eq.(5) and (6) were employed for

isotherm fitting.

A_ 1 (5)
de Kiqm Ce dm

1
Inq, = InKp + ElnCe (6)

where qe (mg/g) is the amount of Cd(II) adsorbed per weight unit of adsorbent at



equilibrium, and C. (mg/L) is the equilibrium concentration of Cd( Il ). Here qm (mg/g)
is the maximum adsorption capacity and Ky is the Langmuir adsorption equilibrium
constant. Kr is the Freundlich equilibrium constant indicative of adsorption capacity
and n is the adsorption intensity. Generally, it is considered easy for adsorption when

1/n < 0.5 whereas it is difficult adsorbed when 1/n>2.

Fig. 6 displays the adsorption isotherms of Cd(II). All the isotherms showed a similar
shape and were nonlinear over a wide range of aqueous equilibrium concentration. The
fitted constants for the Langmuir and Freundlich isotherm models along with R? are
listed in Table 3. It is evident that the Freundlich model (R?=0.919) was better to
describe the adsorption behavior of bentonite-Fe;04-MnO; than the Langmiur equation
did (R?=0.882). The Langmiur model assumes that adsorption occurs on the
homogeneous surface, while the Freundlich model describes the adsorption behavior
on heterogeneous surface. Coupled with the porous and heterogeneous nature of
bentonite-Fe3;04-MnO», we believe the Cd(Il) adsorption on bentonite-Fe304-MnO> is

better described by the Freundlich model.

To verify the advantage of the synthesized composites, a comparison between
bentonite-Fe304-MnO> and some similar kind of reported adsorbents is provided in
Table S1. The maximum Cd(II) adsorption capacity of bentonite-Fe;Os-MnO> was
higher than bentonite-Fe3O4 due to the presence of MnO» and superior to the other

similar adsorbents, but it was lower than that of Fe304-MnO> and Fe-Mn binary oxide.



The advantage of the current work includes the use of low cost bentonite clay minerals
and the simplicity of the synthesis of bentonite-Fe3O04-MnO> composite. Furthermore,

the magnetic property provides an easy way for particle separation.

3.3.3. Adsorption of trace Cd(I1l)

Taking the strict maximum contaminant level (MCL) standard of Cd(II) (=5 ug/L) into
consideration, it is important to examine the removal efficiency of bentonite-Fe;O4-
MnO: for trace level of Cd(II). In this study, 100 pug/L was chosen as the initial Cd(II)
concentration. Fig. 7 shows the residual Cd(II) concentrations and removal efficiency
of Cd(II) by bentonite-Fe3Os-MnO>. The observation indicates that the prepared
adsorbent is effective for trace Cd(II) removal. At least 95.2% of Cd(II) were adsorbed
when the adsorbent dosage was higher than 0.03 g/L, and the residual Cd(II) in the
solution was less than 4.84 ug/L. This percentage meets the MCL standard for drinking

water (< 5 ug/L according to the World Health Organization).

3.3.4. Effect of pH on the adsorption of Cd(II)

As the pH of solution is one of the most important factors affecting the adsorption
process, the effect of pH on Cd(Il) adsorption by bentonite-Fe3Os-MnO> was
investigated at different pH values from 2.0 to 9.0. As shown in Fig. 8a, the amount of
adsorbed Cd(II) increased with increasing pH. At lower pH, the competition between
protons and Cd(II) for occupying the active sites would lead to the decrease of

adsorption capacity. To further analyze the adsorption behavior, the zeta potential of



bentonite-Fe304-MnO> was determined by potentiometric analysis. From Fig. 8c, the
charge of adsorbent surface was weakly positive at pH 3 and was increasingly negative
as the pH increased. The pHzpc of bentonite-Fe304-MnO> was about 3.36. This means
that when pH > 3.36, the electrostatic attraction strength between Cd(II) and adsorbent
became stronger, which is consistent with the trend shown in Fig. 8a. Besides the
electrostatic interaction, complexation and ion exchange might occur in an adsorption
process for the adsorption of Cd(Il) at pH 3 [40-41]. According to Zhong and his
coworkers’ study [37], Cd(II) started to precipitate from the solution in the form of
Cd(OH); when pH > 6.8. Therefore, pH 6 was selected as the enrichment acidity in the

experiments.

3.3.5. Effect of ionic strength on the adsorption of Cd(Il)

The effect of background ions is important in practical adsorption processes. A
background ionic strength dependence study is also helpful to investigate the heavy
metals adsorption mechanism. In this work, the effect of initial ionic strength on Cd(II)
adsorption on bentonite-Fe304-MnO> was achieved by varying the concentrations of
additive NaCl from 0.001 to 0.2 M. As shown in Fig. 8b, the uptake of Cd(II) from
aqueous solution decreased from about 86.4% to 44.9% when the NaCl concentration
changed from 0.001 to 0.2 M. A reasonable explanation is that there is a competitive
adsorption between Cd(II) and Na" for the available active sites. At a lower ionic
strength, there are more function groups available for Cd(Il) uptake, thus the effect of

Na'" is insignificant. However, when the ionic strength is at a high level, the competition



between Cd(IT) and Na * for the available sites becomes critical, resulting in low Cd(II)
uptake. Similar trend has been reported by previous study too [42]. Accordingly, we
believe cation exchange has contributed to the Cd(II) adsorption, because cation
exchange is influenced by ionic strength whereas surface complexation is affected by
pH values [43]. In the current work, Cd(II) adsorption on bentonite-Fe3Os-MnO> was
mainly through outer-sphere adsorption, and the increase in solution ionic strength

has decreased the adsorption of nonspecifically adsorbed ions on the adsorbent [44].

3.5. Cd(Il) adsorption mechanism

3.5.1. FTIR analysis.

To better understand the adsorption mechanism of Cd(II) on bentonite-Fe304-MnO,,
the changes in FTIR spectrums recorded in the 4000400 cm™ ' range are shown in Fig.
9. In Fig. 9a, the peak near 3630 cm™!, which corresponds to the stretching vibration of
(Si, Al)-OH, obviously decreased after synthesis of Fe304 and MnO,, probably due to
the hydrogen bonding between the (Si, Al)-OH and hydroxyls on metal oxides. The
bands around 1650 cm™' and 3420 cm™' were attributed to the bending vibration of
coordinated water molecules of O-H and H-OH stretch vibrations [17]. The weakening
of these two bands for bentonite-Fe3;O4 might be caused by its production under heating
and stirring, while the strengthening of these two bands for bentonite-Fe3O4-MnO»
could be ascribed to more water on the surface and the O-H on MnO,. The abundant O-
H on bentonite-Fe3;04-MnO; is a good indication of it being a promising adsorbent. The

apparent peak at 1040 cm™! was assigned to the in-plane Si-O-Si stretching vibration



for bentonite [45], and was still stronger after the loading of metal oxides. This might
be resulted from the overlap of Fe-OH and Mn-OH peaks [46]. The observed band at
800 cm™! that is related to the stretching vibration of Si(Al)-O [47] decreased for two
magnetic adsorbent samples. The peak at 916 cm ™! was resulted from O-H deformation
vibration of inner Al-O-H groups [48]. Bentonite shows two peaks at 530 and 469 cm !
representing the stretching vibration of Al-O-Si [49-50] and deformation vibration of
Si-O-Si [48]. These peaks are much broader and stronger after adsorption because of
the overlap with Fe-O peak from Fe3O4 [51]. In the spectrum of bentonite-Fe304-MnO»,
the expected characteristic absorption peaks of Mn-O at 450 cm ™!, 520 cm™! and 720
cm! did not emerge for the amorphous MnO», which is consistent with XRD results
[30].

Some obvious changes happened to the bentonite-Fe304-MnO; spectrum (Fig. 9b) after
Cd(II) adsorption. The peaks near 3420 cm™! and 1630 cm! attributed to —OH of the
water molecules and metal oxides (Mn-OH) were much weaker, which can be explained
by the interaction between hydroxyl groups on bentonite-Fe30s-MnQO> surface and
Cd(II) in solution and possible formation of -O-Cd on the adsorbent [37, 52]. The peak
at 3420 cm’! shifted to 3255 cm™! after the adsorption, which might be caused by the
decrease of —OH and the presence of -O-Cd bond. After the adsorption, the peak at 1040

cm’! corresponding to metal hydroxyl groups (Fe-OH, Mn-OH) also sharply decreased,

which is attributed to the adsorption of Cd(II).

3.5.2. XPS analysis.



In order to further confirm the adsorption mechanism, the XPS spectra of the absorbent
before and after Cd( Il ) sorption were analyzed. The Fe 2p XPS in Fig. 10A shows the
typical peaks located at 710.8eV and 723.8eV are assigned to Fe 2p2/3 and Fe 2p1,2 [53].
Fig. 11B depicts two bands with binding energies of 641.6 eV and 653.1 eV that
assigned to Mn 2p2/3 and Mn 2p1.2 [53]. After Cd adsorption, the binding energy of Fe
and Mn has not changed, indicating that bentonite-Fe;O4-MnO, composites are stable
in Cd adsorption.

In Fig.11C, the O 1s XPS spectra was divided into three peaks corresponding to the
oxygen in the lattice (in the form of O> from metal oxide) at 529.2 eV, in the surface
hydroxyl group (—OH, hydroxyl bonded to metal such as Fe—OH and Mn—OH) at 531.5
eV and in the outer-most layer of H>O adsorbed at 533.1 eV based on the binding energy
of different oxygen species [54]. After Cd adsorption, the area ratios of the peaks at
533.1 eV changed slightly suggesting that the adsorbed H>O are not involved in Cd
sorption. Meanwhile the surface hydroxyl groups located at 531.5 eV decreased from
37.1% to 24.3%, indicating that surface hydroxyl groups are involved in the adsorption
of Cd. The increased proportion of oxygen in the lattice at 529.0 eV from 54.4% to 65.3%
could be originated from the formation of M-O on the surface and Cd-O groups in the
adsorbed Cd species. It can be concluded that the surface hydroxyl groups (M-OH)
groups on the absorbent surface are responsible for Cd(II) adsorption with O atoms
acting as binding sites for Cd.

Based on the above analyses, we propose the possible mechanism of Cd(II) adsorption

on bentonite-Fe304-MnO; composites as shown in Scheme 1. The adsorption processes



can be generally divided into electrostatic interaction and chemical binding
mechanisms. In the adsorption process, bentonite-Fe;Os-MnQO; is negatively charged
when pH is above 3.36, and the high surface negative charges of absorbent facilitated
the fast migration of the positively charged Cd(II) to the periphery of bentonite-Fe3O4-
MnO; through the electrostatic attractions. Furthermore, the adsorbed Cd(II) formed

complexation with the surface hydroxyl groups.

3.6. Regeneration of bentonite-Fe;04-MnO:2.

In view of the practical of the adsorbent, the recycling and reuse is an important
consideration. Based on the early results from Fig. 4, HNOj3 solution with pH = 3 would
be an ideal condition for Cd(II) desorption due to the acceptable Fe and Mn dissolution
and poor adsorption capacity at that pH. The adsorption—desorption cycles were
repeated five times using the same batch of bentonite-Fe3Os-MnO> (Fig. 11a).
Compared to the fresh adsorbent, the adsorption capacity at the second cycle decreased
to 83.7% of the first cycle, and further to 77.0% in the third cycle. After which, it
remained almost unchanged in the subsequent cycles. The decrease in the adsorption
capacity may be partly attributed to the incomplete desorption of Cd(II) from the
surface of bentonite-Fe304-MnO; [37,55]. Also when Cd(II) ions go into the vacant site
of MnQO;, desorption may be more difficult [55]. After five cycles, the adsorption
capacity, the magnetic intensity of bentonite-Fe304-MnO> did not decrease and the
adsorbent could be separated from solution quickly. Fig. 11(b, c) shows the

representative SEM and TEM images of regenerated composites after the fifth cycle.



The regenerated adsorbent still retained nanoparticle structure and shows little
difference with the fresh adsorbent. Furthermore, EDX elements analysis shown that
little Cd(II) remained on the surface of the bentonite-Fe304-MnO; after the fifth cycle
(Fig.11c). Therefore, the prepared bentonite-Fe3O4-MnO> can be easily recycled and

reused, which supports their long-term use in water purification.

4. CONCLUSION

The synthesized bentonite-Fe304-MnO> combined the high surface area of bentonite
and manganese dioxide, and the magnetic property of Fe3;O4, hence the adsorbent
showed a good recovery and reusability in removing Cd(II) from solution. The maximal
adsorption capacities for Cd(II) was 35.35mg/g. The adsorption capacity was found to
increase with increasing pH. The adsorption was also dependent on the ionic strength,
which implied that Cd(II) has participated in the formation of outer-sphere complexes
on bentonite-Fe3O4-MnO: surface. According to the FTIR and XPS analyses, the
surface hydroxyl groups of bentonite-Fe;O4-MnO> have played a critical role in the
Cd(II) adsorption process, and there is a possibility of -O-Cd bonding formation during
the adsorption. Moreover, the prepared bentonite-Fe;O4-MnO- can be easily recycled
and reused. Considering the simple fabrication procedure, environmental friendliness,
excellent removal capacity, and good regeneration performance of bentonite-Fe3O4-
MnO,, it is expected that bentonite-Fe3Os4-MnO> has broad applications for the

treatment of heavy metal ions from aqueous systems.
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Fig. 1S. Typical elemental mappings of as-synthesized bentonite-Fe;04-MnO>



Table S1. Comparison of the maximum adsorption capacities of Cd( Il ) onto various clay
mineral-based adsorbents

Adsorbent sample Qm (mg/g) References

Bentonite-Fe;04-MnO» 35.35 This work
Bentonite-Fe;O4 21.7 [1]
Fe304-MnO; 53.2 [2]
Fe-Mn binary oxide 74.76 [3]
Fe-montmorillonite 25.7 [4]
Fes04/Mg-Al-CO;-LDH 45.6 [5]
70.4-AIPMt 13.04 [6]

References:

[1] L.G. Yan, L. Shuang, H.Q. Yu, R.R. Shan. D. Bin, T.T. Liu. Facile solvothermal synthesis of
Fe;Ou4/bentonite for efficient removal of heavy metals from aqueous solution. Powder Technol.,
301(2016) 632-640.

[2] E. J. Kim, C.S. Lee, Y.Y. Chang, Y.S. Chang. Hierarchically structured manganese oxide-coated
magnetic nanocomposites for the efficient removal of heavy metal ions from aqueous system. ACS
appl. Mater. Interfaces, 5(2013) 9628-9634.
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Table S2. The binding energy values of the Fe 2p, Mn 2p,

before and after Cd(II) sorption

C 1s, O 1s of bentonite-Fe304-MnO;

Sample Bentonite-Fe304-MnO» Ben--Fe;04-MnO; +Cd
Binding energy Area (%) Binding energy Area (%) Bonds
eV) (eV)
Fe 2p 722.9 41.4 723.4 44.7 Fe 2pin
710.7 58.6 710.3 55.3 Fe 2pas
Mn 2p 653.1 37.8 652.8 34.5 Mn 2pi
641.6 62.2 641.4 65.5 Mn 2pas3
Ols 528.8 54.4 529.2 65.3 M-O
531.1 37.1 531.3 243 M-OH
533.0 8.5 533.1 10.4 H-O-H
Cls 284.5 68.3 284.0 61.2 C-C,C-H
286.5 9.0 286.6 15.1 C-0
288.2 22.7 288.2 23.7 C=0




Figure Caption

Fig. 1. Magnetization curves (a) and adsorption capacity (b) of bentonite-Fe304-MnO, with
different MnO; loading (top inset, photographs showing the states of bentonite-Fe;O4-MnO-
(1:2) before and after placing a magnet).

Fig. 2. XRD patterns of bentonite (a), bentonite-Fe3O4 (b) and bentonite-Fe304-MnO» (1:1.5) (c)

Fig. 3. SEM and TEM images of bentonite (a, d); bentonite-Fe;O4 (b,e); bentonite-Fe304-MnO>

(c, f); and EDX spectrum of bentonite-Fe304-MnO: (g)

Fig. 4. The stability of bentonite-Fe;04-MnO> and residual Fe and Mn concentration in solution

with varying pH

Fig. 5. (a) Effects of reaction time on Cd(II) adsorption by absorbents; (b) the pseudo-first-order
and (c¢) the pseudo-second-order kinetic models for Cd(IT) on the bentonite-Fe;04-MnO»

Fig. 6. Adsorption isotherm for Cd(II) adsorption onto bentonite-Fe3O4-MnO>

Fig. 7 Removal of trace level of Cd(II) using bentonite-Fe304-MnO- with different dosages

Fig. 8. Effects of pH (a) and ionic strength (b) on the adsorption of Cd(Il) by bentonite-Fe3O4-
MnO2; and determination of pHpzc of three adsorbents (c)

Fig. 9. The FTIR spectra of bentonite, bentonite-Fe3O4 and bentonite-Fe304-MnO- (a); The FTIR
spectra of bentonite-Fe304-MnO> before and after reaction with Cd(II) (b)

Fig. 10. Fe 2p(A), Mn 2p(B), O 1s (C) and C 1s (D) XPS spectra of bentonite-Fe;04-MnO; (a),
bentonite-Fe304-MnO; with Cd(II) adsorbed (b)

Fig. 11. Cd(II) removal by bentonite-Fe30s-MnO> over five successive adsorption-desorption
cycles (a); SEM image (b), TEM image (c) and EDX spectrum (d) of regenerated bentonite-
Fe304-MnO»

Scheme 1. Cd(II) adsorption mechanism onto bentonite-Fe3Os-MnO»
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Fig. 3. SEM and TEM images of bentonite (a, d); bentonite-Fe3O4 (b,e); bentonite-Fe304-MnO>

(c, f); and EDX spectrum of bentonite-Fe;04-MnO: (g)
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Fig. 11. Cd (II) removal by bentonite-Fe304-MnO: over five successive adsorption-desorption

cycles (a); SEM image (b), TEM image (c) and EDX spectrum (d) of regenerated bentonite-
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Scheme 1. Cd (II) adsorption mechanism onto bentonite-Fe3Os-MnO-



Table 1. Pore parameters of bentonite, bentonite-Fe;04 and bentonite-Fe;04-MnQO;

Samples Sger(m?/g) Pore volume (cm®/g) Pore size (nm)
Bentonite 30.14 0.093 12.4
Bentonite-Fes; O, 89.25 0.28 12.7

Bentonite-Fe;04-MnOx(1:1.5) 796.99 1.70 8.5




Table 2. Parameters of two kinetics models for Cd(Il) adsorption by bentonite-Fe3;04-MnO;
Experimental data Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Jeexp (ME/Q) Geca (Mg/g) ki (min') R? Jecal (Mg/g) ko (min™) R?
Bentonite 2743 31.26 0.099 0.6857 26.94 0.068 0.9998
Bentonite-Fe;O4 20.93 8.21 0.231 0.8249 20.94 0.157 0.9995
Bentonite-Fe;04@ MnO» 30.17 40.20 0.156 0.9062 30.23 0.054 0.9999




Table 3. Langmuir and Freundlich adsorption isotherm parameters for Cd*" adsorption onto bentonite-Fe;O4-MnO,

Langmuir Freundlich

qm (mg/g) Ky (L/mg) R? Kr (mg/g) 1/n R?

35.35 3.53 0.882 23.43 0.088 0.919




