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A new calcium-modified and starch-stabilized ferromanganese binary oxide (Ca-SFMBO)
sorbent was fabricated with different Ca concentrations for the adsorption of arsenic (As)
and cadmium (Cd) in water. The maximum As(III) and Cd(II) adsorption capacities of 1% Ca-
SFMBO were 156.25 mg/g and 107.53 mg/g respectively in single-adsorption systems. The
adsorption of As and Cd by the Ca-SFMBO sorbent was pH-dependent at values from 1 to 7,
with an optimal adsorption pH of 6. In the dual-adsorbate system, the presence of Cd(Il) at
low concentrations enhanced As(IIl) adsorption by 33.3%, while the adsorption of As(III) was
inhibited with the increase of Cd(II) concentration. Moreover, the addition of As(III) increased
the adsorption capacity for Cd(Il) up to two-fold. Through analysis by X-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR), it was inferred that
the mechanism for the co-adsorption of Cd(Il) and As(Ill) included both competitive and
synergistic effects, which resulted from the formation of ternary complexes. The results
indicate that the Ca-SFMBO material developed here could be used for the simultaneous

removal of As(IIl) and Cd(II) from contaminated water.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

food chain through drinking and irrigation water systems
(Fisher et al., 2017; Ma et al., 2012; Zhao et al., 2019). Studies
have shown that As and Cd can accumulate in living organ-

Waterbodies contaminated with toxic trace elements are
a widespread problem, especially in developing countries
(Agrafioti et al., 2014). These waterbodies may become con-
taminated with heavy metal(loid)s from both point-source
and non-point-source pollutants. Heavy metal(loid) ions such
as arsenic (As) and cadmium (Cd) in the waterbodies are po-
tential ecological threats because these toxins can enter the
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isms, and cause a variety of harmful effects (Yan et al., 2015).
As an illustration, both As and Cd have been observed to cause
cancer and organ failure in humans (Barrett, 2012; Lubin et al,,
2008). Therefore, there is an urgent need for the elimination of
these elements. Previous studies have employed many meth-
ods such ion-exchange, electrochemical techniques, mem-
brane filtration and reverse osmosis (Sullivan et al., 2010;
Zhang et al., 2010). However, the use of these techniques for
the removal of As and Cd from large waterbodies can be tech-
nically challenging and exorbitant in cost (De Gisi et al., 2016;
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Ungureanu et al.,, 2015). Thus, it is of high importance to de-
velop effective technologies that are cost-effective to treat As
and Cd in large waterbodies before releasing them into the
natural environment.

The advantage of using relatively easy-to-manufacture and
cost-effective materials make adsorption methods popular in
the treatment of large contaminated waterbodies (Deng et al.,
2013). Previous investigations have used both chemical and bi-
ological absorbents, such as zeolites, clays, biochar and bac-
terium cells for the adsorption of As and Cd (Kyzas and Ma-
tis, 2015; Pandey et al., 2009; Wang and Xing, 2004). How-
ever, these absorbents do not have high removal efficien-
cies (Han et al., 2013; Mishra and Ramaprabhu, 2010). Previ-
ous studies on As (III) have shown that absorbents combined
with ferromanganese binary oxide (FMBO) could improve the
removal efficiency of As(Ill) from water (Gallios et al., 2017;
Lou et al., 2017). This is due to the fact that FMBO has a porous
structure with large specific surface area, and contains Mn and
Fe functional groups (McCann et al., 2018; Wu et al., 2015). The
improved adsorption of As(IIl) by FMBO was due to the oxida-
tion of As(III) to As(V) by Mn(V) (Xu et al., 2019). Furthermore,
the Fe(Ill) oxide component can serve as an adsorption site
for As(IIl) and As(V) and facilitate As removal from the water
(Ryu et al.,, 2017).

Although Fe-Mn binary oxides are efficient in removing
As(1ll) from aqueous solutions, they are less effective in ab-
sorbing Cd. Since Cd exists as a cation in solution and tend
not to precipitate with Fe(IIl) oxide, as is observed with As(V)
and Fe oxides. Thus, it is difficult to simultaneously remove
As and Cd by FMBO alone. In a previous study on municipal
solid wastes, an increase of Ca content positively contributed
to the stabilization of heavy metal cations (Agrafioti et al,,
2014). Thus, in this study, based on the above information, we
added CaCOj3 on the surface of starch-FMBO (Xu et al., 2019)
in an attempt to improve its Cd absorption capacity. Further-
more, an adsorption experiment was carried out to determine
the optimum Ca content and pH conditions for the removal
of As and Cd. The adsorption performance of Ca-SFMBO for
As and Cd in water was studied by a thermodynamic adsorp-
tion experiment. Further, X-ray diffraction (XRD), scanning
electron microscopy equipped with energy dispersive spec-
troscopy (SEM-EDS), X-ray photoelectron spectroscopy (XPS),
and Fourier-transform infrared spectroscopy (FT-IR) were used
to study the absorption mechanism.

1. Materials and methods
1.1. Materials

Analytical grade chemical reagents including FeSO4-7H,0,
Fe;(SO4)3, MnSO4, KMnO,4, CaCO3, NaOH, and HCI were ob-
tained from the Sinopharm Chemical Reagent Co., Ltd., China.
The stock solutions of As(III) (300 mg/L) and Cd(II) (300 mg/L)
were prepared by dissolving NaAsO, and Cd(NOs), (Analytical
Reagent) in deionized water, respectively.

1.2.  Synthesis of adsorbents

Ca-SFMBO was synthesized by using a co-precipitation
method in the presence of a stabilizer (starch) and surface
modifier (CaCOs). Firstly, a 0.0412 g/mL stock solution of
starch and a mixture of FeSO4-7H,0 (0.1860 g/mL) and MnSO4
(0.0100 g/mL) were prepared in deionized water. Secondly,
10 mL of the prepared solution was mixed with 30 mL of iron
manganese solution in a 100 mL beaker for 15 min. Then,
25 mL KMnO, (0.0504 g/mL) was gradually added to the mix-
ture and stirred vigorously with a magnetic stirrer. After mix-
ing completely, 4 mol/L NaOH was used the adjust the pH of
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Fig. 1 - Effect of Ca-SFMBO concentration on the removal
efficiency (%) of Cd(II) and As(IIl) after a 24 hr. incubation
period in single-adsorbate systems. The initial
concentration of As(III) was 30 mg/L and initial
concentration of Cd(II) was 20 mg/L at pH 5. SFMBO:
starch-stabilized ferromanganese binary oxide; Ca-SFMBO:
calcium-modified and starch-stabilized ferromanganese
binary oxide.

the mixture to 2. The solution was allowed to equilibrate for 24
hr at 25 °C before the suspension was filtered using 30-50 xm
filter paper and washed with deionized water three times. The
starch-stabilized iron manganese oxide (SFMBO) product was
thus obtained. Finally, SFMBO was uniformly dispersed into
deionized water to form a turbid liquid. Calcium carbonate
powder with different mass fractions (0%, 1%, 5% and 10%) was
added into the turbid suspension of SFMBO and the mixture
was dispersed by ultrasound for 1 hr. The mixture was then
separated by suction filtration, washed with deionized water
three times, and dried for 24 hr.

CaCO3 particles were added to the freshly prepared
SFMBO and sonicated to adjust the SFMBO surface chemistry
(Gurgel et al., 2008) through reaction of Ca?* with ferric and
manganese oxides (Wu et al., 2018). The addition of CaCOs3
decreased the acidity of the SFMBO surface environment
and enhanced the activity of Fe and Mn oxide adsorption
sites, which can contribute to the direct adsorption of Cd(II)
(Sheng et al., 2004).

1.3. Characterization

The surface morphology and particle size of the material were
detected by scanning electron microscopy (SEM, FEI-Quanta
200F, FEI, Netherlands), and the distribution and content of
elements could be qualitatively analyzed by energy disper-
sive spectroscopy (EDS, SIRON, FEI, Netherlands). X-ray diffrac-
tion (XRD, XD-98, Netherlands) was used to detect the crystal
structures of materials. In addition, the influence of functional
groups on the material surface and the adsorption mecha-
nism before and after the adsorption of As and Cd were in-
vestigated by X-ray photoelectron spectroscopy (XPS, Escalab
250 xi, Thermo Fisher Scientific, USA) and Fourier-transform
infrared spectroscopy (FT-IR, IRaffinity-1, SHIMADZU, Japan).

1.4.  Batch experiments

Batch thermodynamic adsorption experiments were carried
out to evaluate the adsorption capacities of the adsorbents for
As(Ill) and Cd(II). All deionized water used in the adsorption
experiment was purged with nitrogen for 10 min in advance to
remove all oxygen from the water. In detail, 0.0100 g of adsor-
bent was added into a 50 mL centrifuge tube, and the adsorp-
tion capacity for different concentrations of As(IlI) and Cd(II)
(0-70 mg/L) was evaluated. The adsorption capacity of the ad-
sorbents in an As(III)-Cd(II) mixed solution was also tested.
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Fig. 2 - SEM images of different adsorbents: (a) SFMBO; (b) 1%Ca-SFMBO.

The effect of adsorption pH (As(III) solution in the range 1-11,
Cd(II) solution in the range 1-7 and dual-adsorbate system in
the range 1-7) on adsorption was also studied. The tubes were
placed in a thermostatic oscillator (250 r/min, 25 °C) for 24 hr.,
and the suspension was filtered using a 0.45-um hydrophilic
membrane after 24 hr. Then, the concentrations of total As(III)
and Cd(II) were analyzed by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS NEXION300XX, PerkinElmer, Inc., USA).

2. Results and discussion

2.1.  Selection and characterization of Ca-SFMBO

Fig. 1 shows the removal efficiency of SFMBO for As(IlI) and
Cd(I1). The removal efficiency toward As(III) was 77.1%, while
that for Cd(II) was 50.6%. In order to improve the removal ef-
ficiency toward Cd (II), the surface of SFMBO was modified
with CaCO3 powder. The addition of CaCOs; (1% mass frac-
tion) greatly improved the removal efficiency for Cd(1l) (68.7%),
but only had minimal influence on the As(IIl) removal effi-
ciency. It has been reported that increasing amounts of cal-
cium carbonate increased the pH by three units on the sur-
face of biochar Wu et al., 2018); further, Guan et al. (2017) con-
firmed that CaCO3;-modified diatomite could improve its treat-
ment efficiency in acid dye wastewater. Besides, Chun et al.
(2004) also modified the surface of HZSM-5 zeolite by CaCOs3
through a solid-state reaction, and indicated that the acidity
of the samples was reduced after modification. The mecha-
nism is similar to Reaction ((1) (Xu et al., 2014).

SFMBO — a(H") + bCaCO; — SFMBO — c(Ca) + dHCO3~

+ eH2C03 (1)
However, further increasing the dosage of CaCOs, to as high
as 10% mass fraction, did not significantly improve the re-
moval efficiency toward both As(IIl) and Cd(II). This may have
occurred because further increasing the CaCO3 content had
little impact on the surface pH of SFMBO. Moreover, high-
concentration CaCO3; could reduce the active iron oxide and
manganese oxide components of SFMBO as follows:

SFMBO — f(OH) + gCaCO3 — SFMBO — h(OCa*) +iHCO3~
+jH,CO;3 2
and this could also influence the heavy metal(loid) adsorption
kinetics (Zhang et al., 2009D).
There were no detectable crystalline peaks in the XRD pat-
terns of SFMBO and Ca-SFMBO (1%-10% Ca), indicating that

SFMBO was amorphous and had interior porosity (not shown
in this paper) (Shan and Tong, 2013). As shown in Fig. 2, the
surface morphology of SFMBO and Ca-SFMBO is composed of
loose particles, and the distribution of SFMBO particles (100-
200 nm) was relatively uniform. The size of Ca-SFMBO parti-
cles was as small as a few tens of nanometers and as large
as 500 nm, which was not uniform. This occurred because
when adding the CaCO3; modifier, the acid-base balance on
the surface of SFMBO was destroyed and became more ba-
sic, which promoted the aggregation and growth of iron- and
manganese- oxide particles (Ebinger and Schulze, 1990; Gu et
al., 2017).

2.2.  Optimization of initial pH for As/Cd adsorption by
Ca-SFMBO in water

The influence of the initial pH on the As(IlI) adsorption ca-
pacity is shown in Fig. 3a. Ca-SFMBO could maintain a stable
adsorption capacity for As(IIl) over a wide pH range, and the
adsorption effect was best when the pH was 10. This occurred
because during the synthesis of the adsorbent (pH = 2), the pH
was tightly controlled, resulting in an increase in proton func-
tional groups on the surface of Ca-SFMBO. Since, in an alkaline
environment, a proton protective layer was formed on the sur-
face of the adsorbent to prevent passivation of iron and man-
ganese ions; this consequently facilitated As(IIl) oxidation by
MnO, to As(V), which enhanced As adsorption in the form of
H,As04~, HAsO4%~, and AsO43~ (Lin et al,, 2017; Xiong et al.,
2017). When the pH reached 11, the protective proton layer on
the surface of the adsorbent was destroyed. In the higher pH
range, the adsorption of As(IlI) was inhibited by the negatively
charged sites occupying the surface of the material and the
electrostatic repulsion effect (Yang et al., 2010), resulting in a
decrease in the removal efficiency of As(III).

Cd(II) is unstable under alkaline conditions and is prone to
the formation of cadmium hydroxide, which inhibits the nor-
mal adsorption of Cd(II) (Reddy and Lee, 2014). Therefore, the
initial pH in Cd(II) adsorption experiments ranged from 1 to
7 (Fig. 3b). The adsorption of Cd(Il) by Ca-SFMBO was due to
specific adsorption and physical adsorption by iron and man-
ganese oxides. With the increase of initial pH, the proton layer
on the surface of Ca-SFMBO was gradually removed, which re-
sulted in the increase of specific adsorption sites for Cd(II) on
the Ca-SFMBO surface and the adsorption capacity of Cd(Il)
(Roonasi and Holmgren, 2009). However, with the increase of
pH, the hydroxyl groups in the solution combined with a large
amount of iron and manganese ions to cause steric hindrance,
hindering the specific adsorption sites of Cd(Il), and inhibiting
the adsorption of Cd(II).

The changes in the adsorption mode of Cd(Il) in the As(III)-
Cd(II) mixed contaminant solution are shown in Fig. 3c. In ad-
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Fig. 3 - Effect of initial pH (pHi) on adsorption capacity of (a) As(III), (b) Cd(II), (c) As(III)-Cd(II), (d) equilibrium pH (pHe) at the
initial As(III) concentration of 30 mg/L and initial Cd(II) concentration of 30 mg/L with equilibrium time of 24 hr. for As(III)

and CA(II).

Table 1 - The adsorption capacities of Fe-based adsorbents for As(IIl) and Cd(Il) in water, from the literature.

No. Adsorbent Adsorption Adsorption capacity (mg/g) References
pPH
As(11I) cd(i)
1 Calcium-based magnetic biochar (Ca-MBC) 6.0 6.34 10.07 Wu et al., 2018
2 Magnetic graphene oxide (MGO) 6.0 - 91.29 Deng et al., 2013
3 Fe/Mn modified biochar (FMBC) 7.0 8.25 - Lin et al., 2017
4 Fe-Mn binary oxide nanohybrids 7.0 78.84 - Lou et al., 2017
5 Fe-Mn binary oxide waste 7.0 70 - McCann et al., 2018
6 Iron and manganese oxides = 132 = Ocinski et al., 2016
7 Fe-Mn binary oxide-impregnated granular activated 7.5 18.4 - Ryu et al., 2017
carbon (IMIGAC)
8 Magnetic nanoparticles modified with Fe-Mn binary 7.0 47.76 - Shan and
oxide (Mag-Fe-Mn) Tong, 2013
9 Iron hydroxide/manganese dioxide doped straw 3.0 75.82 - Xiong et al., 2017
activated carbon
10 Fe-Mn binary oxide 8.0 - 41.44 Xu et al., 2014
11 FeOOH 8.0 - 12.32 Xu et al,, 2104
12 MnFe, 04 3.0 94 - Zhang et al., 2010
13 calcium-modified and starch stabilized 6.0 156.25 107.53 This study

ferromanganese binary oxide (Ca-SFMBO)

dition to the original specific adsorption and physical adsorp-
tion modes, chemical complexation adsorption may have also
played a role (Liu et al., 2015). As(IIl) was first oxidized to As(V)
by manganese oxide, and then combined with the hydrox-
ides of iron and manganese, making the previously positively
charged surface of the adsorbents more negatively charged.
This created a new adsorption site for Cd(Il), through the for-
mation of ternary complexes (Hu et al., 2015). The change in
the initial pH had little effect on the adsorption capacity for
As(1lI). However, compared with the monometallic As(III) sys-
tem, the adsorption capacity significantly decreased, which
was closely related to the presence of Cd(Il). The adsorption

capacity for Cd(II) greatly increased in the presence of As(III),
and reached a stable value when the initial pH ranged from 6
to 7. Therefore, in the adsorption experiment of As(III)-Cd(II)
mixed contaminant solutions, the initial pH was set at 6.
From the pH equilibrium curves (Fig. 3d), it can be observed
that, after application of Ca-SFMBO, both the As and the Cd
solutions maintained a stable pH (5-6) after equilibrium. The
pH remained stable after the initial equilibrium, because the
Ca-SFMBO adsorbent was fabricated under acidic conditions
and this resulted in an increase of proton functional groups on
the Ca-SFMBO surface. However, as the pH became more basic,
a proton protective layer developed on the surface of the Ca-
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SFMBO adsorbent and this prevented the iron and manganese
ions from being passivated (Xu et al., 2019).

2.3.  Adsorption performance of Ca-SFMBO for As/Cd in
water

Adsorption equilibrium isotherm experiments for As(Ill) and
Cd(Il) were performed at pH 6 by varying the initial concen-
trations (As(IIl): 5-60 mg/L; Cd(Il): 3-66 mg/L), and used to
evaluate the As(lll) and Cd(II) adsorption capacities of the
adsorbents. The Langmuir equation is expressed as follows
(Sun et al., 2018; Yang et al., 2006):

Ce 1 Ce

Q " KQn ' Qm ®)
where Q. (mg/g) and Qm (mg/g) represent the equilibrium and
the maximum adsorption capacity, respectively; Ce (mg/L) is
the concentration of arsenic in the solution phase at equilib-
rium; K;, (L/mg) is the Langmuir adsorption equilibrium con-
stant, which represents the affinity of arsenic adsorption.

The obtained isotherms are presented in Fig. 4a. Accord-
ing to the Langmuir equation, the calculated As(III) and Cd(II)
adsorption capacities were 156.25 mg/g and 107.53 mg/g, re-
spectively. Table 1 shows the adsorption capacities of As(III)
and Cd(II) reported in other literatures. The correlation coef-
ficients of both As(Ill) and Cd(II) could reach 0.99, indicating
that the Langmuir model is suitable to describe the adsorp-
tion behavior of 1%Ca-SFMBO toward As(IlI) and Cd(II). The
Langmuir adsorption equilibrium constant Ky, of As(III) (0.32)
is higher than that for Cd(1I) (0.24), which means that As(III) is
more easily adsorbed.

At different initial As(III) concentrations, the adsorption of
As(IIl) varied with increasing amounts of Cd(Il) (Fig. 4b). Ad-
dition of Cd(Il) at about 3 to 9 mg/L could promote the ad-
sorption of As(Ill), among which 3 mg/L Cd(Il) had the great-
est promoting effect on the absorption efficiency. When the
added amount of Cd(Il) was more than 17 mg/L, the pres-
ence of Cd(Il) inhibited the adsorption of As(Ill). The pres-
ence of a small amount of Cd(Il) could enhance the aggre-
gation of HyAsO,~, HAsO4%~, and AsO,3~, promoting the ad-
sorption of anions from the solution on the adsorbent surface
(Wu et al., 2018). However, in the co-adsorption system, com-
petition for adsorption sites existed between As(III) and Cd(II)
in most treatments because the surface adsorption sites of
Ca-SFMBO were limited. Thus increasing the concentration of
Cd(Il) would occupy the adsorption sites for As(IIl) and As(V)
and inhibit the adsorption process of As(IIl) (Han et al., 2015).
Consequently, the adsorption of As(Ill) decreased successively
in the solutions containing 17 mg/L, 33 mg/L and 66 mg/L of
Cd(1).

At different initial Cd(II) concentrations, the adsorption ca-
pacity of Cd(Il) gradually increased with the concentration of
As(III) (Fig. 4c). When the initial concentration of Cd(Il) was
33 mg/L, the adsorption capacity of Cd(Il) in the 60 mg/L so-
lution with As(IIl) content reached 113.9 mg/L, which was a
great improvement compared with the adsorption capacity of
Cd(1I) (61.15 mg/L) without As(III) content.

If the adsorption mechanism in the co-adsorption system
was only competitive adsorption, such as by specific adsorp-
tion and physical adsorption, the increase in the concentra-
tion of one ion would reduce the adsorption amount of the
other ion (Wu et al., 2018). However, the data in Fig. 4c shows
that another adsorption mechanism existed, chemical com-
plexation adsorption. This might be explained by the follow-
ing process (Liu et al., 2015): After the adsorption of some
H,AsO,~, HAsO42~, AsO43~ on the surface of Ca-SFMBO, a
new negative ion adsorption site was generated, and the Cd(II)
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Fig. 4 - The effect of initial concentration (Cas, Ccq) on
adsorption capacity (Qe) of Cd(II) and As(III) in 1%Ca-SFMBO
adsorbent experiments at initial pH 6. (a) shows the
isotherms for As(IllI) and Cd(Il) adsorption. (b) shows the
effect of Cd(II) addition on As(IIl) adsorption. (c) shows the
effect of As(III) addition on Cd(II) adsorption.

cation was attracted by electrostatic forces. Finally, a new sta-
ble chemical bond was formed at the adsorption site, forming
a ternary complex. Therefore, the cationic adsorption sites on
the surface of the original adsorbent were fully utilized, which
greatly increased the adsorption capacity for Cd(II) (Hu et al.,
2015).

According to the microscopic characterization analysis in
Section 2.4, we inferred that the addition of As(IIl) in the so-
lution promoted the formation of ternary complexes to pro-
mote the adsorption of Cd(Il). In order to determine whether
the ternary complex was type A (Fe-Cd-As) or type B (Fe-As-
Cd), Wu et al. (2018) conducted experiments on the addition
sequence of arsenic and cadmium. It was found that mag-
netic biochar (MBC), which was pretreated with saturated As
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adsorption, significantly increased the adsorption capacity of
Cd; however, when it was pretreated by saturated Cd adsorp-
tion, the adsorption capacity of the MBC for As was signifi-
cantly decreased. This was because the MBC pretreated with
saturated As adsorption produced new adsorption sites for Cd
(MBC-As-), which improved the adsorption of Cd; while when
it was pretreated with saturated Cd adsorption, Cd occupied
a large number of As adsorption sites on the MBC, which de-
creased the adsorption capacity for As. Therefore, the ternary
complex in the experiment is type B (Fe-As-Cd). In our study,
the results also confirmed the existence of the type B ternary
complex (as shown in Fig. 5), which is consistent with the re-
sults by Wu et al. (2018). However, more experiments with dif-
ferent As and Cd addition sequences should be conducted in
the future.

2.4.  Adsorption mechanism

XPS analysis of SFMBO and Ca-SFMBO adsorbents before and
after the adsorption of As and Cd was conducted to study
the adsorption mechanism. As shown in Fig. 5a, peaks were
observed centered at 709.8 eV and 713.6 eV, indicating that
the main forms of Fe(Ill) in the adsorbents were Fe,O3 and
FeOOH (Cao et al., 2012). Calculation of the peak areas after
As(I1)-Cd(II) adsorption showed that the content of FEOOH de-
creased in both SFMBO and Ca-SFMBO, indicating that FeOOH
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before and after As(III)-Cd(II) adsorption.

was consumed during the process. However, the valence state
of Fe did not change with adsorption, suggesting that FeOOH
was the adsorption component in the As(III)-Cd(II) adsorption
process. Comparing spectra before and after adsorption, the
peaks of FeOOH and Fe, 03 were shifted to higher binding en-
ergies, indicating that the formation of an adsorbed ternary
complex in the form Fe-As-Cd changed the chemical state of
Fe in the adsorbents (Xiong et al., 2017).

MnO, was the main form of Mn in the adsorbents, whose
main function was to oxidize As(III). When As(III) was oxidized
to As(V), the form of As in solution changed from H3AsOj3 to
H,As0,~, HAsO,%~ and AsO,3~, with a negative charge, which
was more easily absorbed by cations on the surface of the ad-
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Fig. 7 - Elemental mapping images of 1%Ca-SFMBO after As-Cd adsorption. (a) EDS layered image; (b) Fe; (c) Mn; (d) Ca; (e)
Cd; (f) As. The initial As(III) concentration of 30 mg/L and initial Cd(II) concentration of 30 mg/L with equilibrium time of 24

hr. for As(IIl) and Cd(II).

sorbents (Gallios et al., 2017; Lou et al., 2017). In the process of
heavy metal adsorption (Fig. 5b), MnO, (centered at 642.4 eV
and 654.1 eV) in SFMBO and Ca-SFMBO was transformed into
MnOOH (centered at 641.7 eV and 653.4 eV) and MnO (cen-
tered at 640.7 eV and 652.4 eV), which was reflected in the
decrease in peak areas of the former and the appearance of
compound peaks of the latter (Ocinski et al.,, 2016; Xu et al.,
2019). However, according to calculated peak areas, the oxida-
tion efficiency of MnO, in SFMBO was not the same as that
in Ca-SFMBO. After As-Cd adsorption, the contents of MnO,,
MnOOH and MnO in SFMBO were 20.21%, 68.54% and 21.25%,
respectively, and the corresponding values for Ca-SFMBO were
24.96%, 57.54% and 17.50%. This was because the adsorption
sites of Cd(Il) increased after the surface calcification treat-
ment to give Ca-SFMBO, and the adsorption of Cd(II) prevented
contact between As(IIl) and MnO,, reducing the oxidation rate
of MnO, (Wu et al., 2018).

Peaks corresponding to As(V) (centered at 46.2 eV) and
Cd(Il) (centered at 405.1 eV) are shown in Fig. 5c, and d. There
was no difference between the two adsorbents, where As(III)
was basically oxidized to As(V), indicating similar adsorption
products.

Fig. 6 shows the FT-IR spectra of SFMBO and Ca-SFMBO par-
ticles before and after As-Cd adsorption. The peaks around
1630 cm~! and 3363 cm~! were associated with the elas-
tic vibration of hydroxyl groups (Gupta et al., 2012). The
peaks of Ca-SFMBO (3355 cm™~! and 3380 cm™') were shifted
to higher wavenumbers when compared with the peaks of
SFMBO (3375 cm™! and 3351 cm™!). This was because in
CaCO3-modified SFMBO, Ca ions bonded to the material sur-
face, which changed the surface chemistry of the material and
was reflected in changes to the hydroxyl groups. The peaks at
1122 cm~! and about 530 cm~! were respectively due to the
C-O bond elastic vibration and the presence of inorganic ions
(Zhang et al., 2009a). The peaks due to inorganic ions showed
slight shifts after material adsorption, such as 534 cm~1! to 520
cm~?! for SFMBO and 541 cm~?! to 511 cm~? for Ca-SFMBO. This
was because the surface chemistry around the inorganic ions
Fe and Mn changed during the adsorption process, leading to
shifts in the inorganic peak positions. After heavy metal ad-

sorption, both SFMBO and Ca-SFMBO generated new peaks at
1384 cm~!, which was attributed to the production of a new
ternary Fe-As-Cd inorganic complex.

Fig. 7 shows elemental mapping images of Ca-SFMBO af-
ter As-Cd adsorption. It can be seen that the distributions of
Fe and Mn were relatively uniform (Fig. 7b, and c). However, it
should be noted that dissolution of Fe and Mn from the ma-
terial will occur during the treatment of metals in water by
iron/manganese materials (Ryu et al., 2017, Sun et al., 2018).
This might affect the adsorption capacities of the materials,
and needs more study. The distributions of Ca, As and Cd were
similar (Fig. 7d-f). It was speculated that the Fe-As-Cd ternary
complex was formed as follows: As(IIl) was oxidized and ad-
sorbed, and then Cd(II) was adsorbed again at the same posi-
tion. The adsorbed content of Cd(Il) was higher than that of
As(I1I), which was because of the relatively high concentra-
tion of Cd(II) (30 mg/L) in solution. Cd(Il) may compete with
As(III) for adsorption sites on the surface of Ca-SFMBO and
inhibit the adsorption of As(III). Moreover, Cd(II) could also be
adsorbed at sites where As(IIl) ions are adsorbed due to chem-
ical complexation.

3. Conclusion

A Ca-SFMBO adsorbent was prepared through co-precipitation
with a novel Fe/Mn ratio, synthetic pH, stabilizer (starch) and
surface modifier. It could be seen from XRD and SEM results
that Ca-SFMBO consists of amorphous oxide particles. In the
optimal adsorption pH experiment, Ca-SFMBO could stabilize
the pH in solution over a wide range. In single-adsorption sys-
tems, the optimal pH and mechanism of As(IIl) and Cd(Il) ad-
sorption were different, and the optimal pH of As(III)-Cd(II)
co-adsorption was 6. In the dual-adsorbate system, the pres-
ence of Cd(Il) at low concentrations enhanced As(III) adsorp-
tion by 33.3%, while the adsorption of As(Ill) was inhibited
with increasing Cd(II) concentration. The possible adsorption
mechanisms were inferred as electrostatic physical adsorp-
tion, chemical adsorption and chemical complexation adsorp-
tion. A new stable chemical bond was formed between As and
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Cd on Ca-SFMBO, forming a ternary complex. Based on XPS
analysis, the hydroxyl of Mn was closely related to the oxida-
tion of As(IIl) and the hydroxyl of Fe was related to the adsorp-
tion of As and Cd. However, the addition of CaCO3 destroyed
the acid-base balance in the synthesis process of SFMBO, re-
sulting in irregular Ca-SFMBO particles, and reduced the ox-
idation efficiency of Mn(IV). FTIR and EDS analysis specu-
lated the formation of a ternary Fe-As-Cd complex. In con-
clusion, the developed Ca-SFMBO adsorbent shows promise
for application in the treatment of arsenic- and cadmium-
contaminated water.
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