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ABSTRACT

Hierarchical vaterite spherulites, synthesized by a simple injection-precipitation method at room tem-
perature, were applied for the simultaneous removal of heavy metal Cd(II) and dye Congo red (CR) from
aqueous solution. Batch experiments reveal that the maximum removal capacities of as-prepared vaterite
spherulites to Cd(II) and CR are 984.5 and 89.0 mg/g, respectively, showing excellent removal perfor-
mance for Cd(Il) and CR. Furthermore, in the binary Cd(II)-CR system, the removal capacity of vaterite
to Cd(II) is significantly enhanced at lower CR concentration (<100 mg/L), but inhibited at higher CR con-
centration (>100 mg/L). In contrast, the concurrent Cd(Il) shows negligible effect on the CR removal. The
simultaneous removal mechanism was investigated by FESEM, EDX, XRD, FT-IR and XPS techniques. The
simultaneous removal of Cd(Il) and CR in the binary system is shown to be a multistep process, involving
the preferential adsorption of dye CR, stabilization of CR to vaterite, coordination of the adsorbed CR
molecules with Cd(II), and transformation of vaterite into otavite. Given the facile and green synthesis
procedure, and effective removal of Cd(II) and CR in the binary system, the obtained vaterite spherulites
have considerable practical interest in integrative treatment of wastewater contaminated by heavy met-

als and dyes.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Recently, combined pollution has been an increasingly hot topic
in environmental studies. In particular, heavy metals and dyes
often coexist in the effluents of textile, leather, cosmetic and
papermaking industries because of the wide application of heavy
metals (e.g., cadmium, copper and aluminum) in the dyeing pro-
cess as mordant [1-3]. Both heavy metals and dyes could cause
serious damages to human health due to their strong toxicity, envi-
ronmental persistence and bioaccumulation [4,5]. For example,
cadmium is a common hypertoxic contaminant [6]. Cadmium
exposure can cause many diseases, such as emphysema, hyperten-
sion, diabetes mellitus and skeletal malformation due to the lack of
homeostatic control for cadmium in the human body [7]. Congo
Red (CR), one of the most widely used anionic disazo dyes, can
be metabolized to cancerigenic benzidine in aquatic environment
[8,9]. Currently, numerous conventional techniques are mainly
focused on the removal of a single class of contaminants
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(either heavy metals or dyes) [10-13]. However, the different
physicochemical properties of heavy metals and dyes make the
treatment of wastewater more challenging [14]. Growing evidence
also suggested that the combined toxicities of heavy metal ions
and dyes are generally larger than the simple adduct of their indi-
vidual toxicity [15,16]. Therefore, developing facile and environ-
mentally benign materials to simultaneously remove heavy
metals and dyes from wastewater is urgent and crucial.

Calcium carbonate, occurring geologically as one of the main
mineral constituents of sedimentary rocks and biologically as inor-
ganic components in the skeletons of many mineralizing organ-
isms [17,18], is one of the most abundant minerals in nature. It
exists in three anhydrous crystal polymorphs: rhombohedral cal-
cite, orthorhombic aragonite, and hexagonal vaterite [19]. Among
them, calcite is the stable form under ambient conditions, arago-
nite is the high-pressure polymorph, while vaterite is thermody-
namically unstable [20]. Calcium carbonate has important
industrial applications in the areas of plastics, rubbers, papermak-
ing, biomedical implant and drug delivery [21,22]. In recent years,
numerous investigations have demonstrated that calcium carbon-
ate could act as a cost-effective green material to remove heavy
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metals from wastewater [23-31]. For example, waste calcite
sludge, an industrial waste material, could be used for the removal
of Cd(II), Cu(Il), Pb(II), and Zn(Il) from aqueous solution [24]. Bio-
genic aragonite and calcite mollusk shells also exhibited high sorp-
tion capacities to Pb(II), Cd(II) and Zn(II) from contaminated water
[27]. Hybrid calcite-pepsin hemispheres prepared by vapor-
diffused method were applied to the removal of Cu(Il) and Pb(II)
[28]. Compared with calcite and aragonite, vaterite usually has
high specific surface area, high dispersion and small specific grav-
ity [32]. Additionally, the solubility product of vaterite is reported
to be 1077°! at 25 °C [33], which is higher than that of calcite
(107848), aragonite (10784), and most heavy metal carbonates like
otavite (107219, cerussite (10~'>'3) and smithsonite (107°%7)
[23,34,35]. Thermodynamically, hexagonal vaterite is the most
unstable phase relative to rhombohedral calcite, otavite, cerussite
and smithsonite, as well as orthorhombic aragonite [19]. This fact
may facilitate the transformation of vaterite into a heavy metal-
rich carbonate in the presence of a solution containing these ele-
ments in a similar way to what has been observed for calcite and
aragonite [36], enhancing the removal capacity of vaterite to heavy
metal ions. Moreover, vaterite-based nanomaterials also exhibit
excellent removal performance for dyes [31,37]. Therefore, vaterite
may have potential application in the simultaneous removal of
heavy metals and dyes from aqueous solution. However, to the
best of our knowledge, no research has been reported on the simul-
taneous removal of heavy metals and dyes by calcium carbonate,
especially by vaterite.

In this study, Cd(II) and CR were selected as model pollutants
because Cd(II) and CR are typical pollutants in the dye wastewater.
For instance, a study from an industrial estate of Mumbai, India
suggested that the concentration of Cd(Il) is up to 31.0 mg/L in
dyes and textile effluents [38]. In addition, Congo red (CR) is
reported to be one of the commonest disazo dyes in the wastewa-
ters of textiles, printing, dyeing, paper, rubber and plastics indus-
tries [8,9]. Herein, the hierarchical vaterite spherulites,
synthesized by a facile injection-precipitation method at room
temperature, were applied for simultaneous removal of Cd(II)
and CR. The mutual effect between the copollutants in the binary
system and the removal mechanism were systematically
investigated.

2. Materials and methods
2.1. Materials

All chemical reagents were of analytic reagent grade and used
as received without any further purification. CaCl,, Na;COs, CdCl,,
Congo red (CR), HCl and NaOH were purchased from Sinopharm
Chemical Reagent Co., Ltd. Deionized water purchased from Blue
Science and Trade Co., Ltd (Anhui, China) was used in all the
experiments.

2.2. Preparation of hierarchical vaterite spherulites

Vaterite synthesis experiments were carried out at room tem-
perature by using an injection-precipitation method developed
from our previous work [39]. Typically, 0.02 mol of CaCl, was dis-
solved in 220 ml of deionized water in a 250 ml beaker to obtain
a homogeneous solution (0.09 mol/L CaCl,). Then 20 ml of Na,CO3
solution (0.5 M) was quickly injected into the CaCl, solution
under magnetic stirring to form a white precipitate. After being
continuously stirred for 2 min, the white precipitate was har-
vested by filtration, washed with deionized water and absolute
ethanol several times, and finally dried in vacuum at room tem-
perature for 12 h.

2.3. Characterization

Several analytical techniques were used to characterize the syn-
thesized products. The powder X-ray diffraction (XRD) patterns of
the samples were recorded with a Japan Map AHF X-ray diffrac-
tometer equipped with graphite monochromatized Cu Ko irradia-
tion (A = 1.5418 A), employing a scanning rate of 0.02°s~! in the
20 range of 10-70°. FT-IR spectra were measured on a Nicolet
Magna IR-750 spectrophotometer from 4000 to 400 cm~! at room
temperature. The morphology and microstructure of the products
were observed by JEOL JSM-6700F field-emission scanning electron
microscopy (FESEM) equipped with X-MAXN energy dispersed X-
ray spectroscopy (EDX, Oxford Instruments). Before the FESEM
observation, the samples were loaded on a Cu foil, and then
sprayed by Au. X-ray photoelectron spectra (XPS) were taken on
a Thermo ESCALAB 250 X-ray photoelectron spectrometer with
Al Ka radiation. All spectra were calibrated with graphitic carbon
as the reference at a binding energy of 284.6 eV to compensate
for the surface charging effects. The XPSPEAK 4.1 software was
used to fit the XPS spectra of each relevant element into subcom-
ponents. The zeta potential of the materials was determined with
NanoBrook Omni Zeta Potential Analyzer (Brookhaven Instruments
Corporation, America).

2.4. Removal experiments

The removal behavior of the vaterite spherulites to Cd(II) or CR
was firstly investigated individually. All removal experiments were
conducted by mixing 0.05 g of the scavenger (vaterite spherulites)
with 50 mL of Cd(II) (Ccaqny, initial = 500 mg/L) or CR (Ccg, initial = 20
mg/L) solution at room temperature. To determine the optimal
pH condition for the removal, the effect of pH on the removal ability
of the scavenger was studied in a pH range of 3.0-7.0 for Cd(II) solu-
tion because Cd(OH), can precipitate out of the solution when pH
exceeds 8.0 (Ksp, cqomyz = 107179 [40]). A pH range of 3.0-11.0
was adopted for CR solution. The kinetics experiments of Cd(II) or
CR sorption by the vaterite spherulites were carried out at 5-150
min. After the established contact time, the precipitate was sepa-
rated from the mixture by centrifugation at 10,000 rpm for 10
min. The residual concentration of Cd(Il) in the supernatant was
determined using inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Optima 7300 DV). Inductively coupled
plasma mass spectrometry (ICP-MS, Plasma Quad3) was used when
the concentration of Cd(II) was below 0.1 mg/L. The Ca(Il) concen-
tration released from the vaterite was also measured by the same
techniques as the Cd(II). Residual dye CR concentration in the
supernatant was determined by UV-vis spectrometry (TU-1901,
Beijing Purkinje General Instrument Co., Ltd.) at a wavelength of
the maximum absorbance of CR (Amax =497 nm). In addition, to
understand the mutual effect of the concurrent Cd(Il) and CR on
their removal by vaterite, a series of binary sorption experiments
were performed by varying Cd(Il) (0-1800 mg/L) or CR (0-300
mg/L) concentration with another one fixed at pH 6.0. All removal
experiments were run in triplicate, and averaged values were
reported. The removal capacity q. (mg/g) and removal percentage
W% was calculated according to following equations, respectively:

Qe = (Ci — Ce)v (1)

€ m

WY — (G — Cy)100% 2)
G

where C; (mg/L), C. (mg/L) and C; (mg/L) are the liquid phase con-

centration of Cd(Il) or CR at initial, equilibrium and any time t,

respectively. V is the volume of the solution (L), and m is the mass

of vaterite spherulites added (g).
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The saturation indexes with respect to vaterite (Sl ) and ota-
vite (Slota) at different time intervals were calculated by using
the program Visual MINTEQ version 3.1. The thermodynamic data-
base for the components, aqueous species and the mineral phase
solubility were from the default comp_2008.vdb, thermo.vdb and
type6.vdb files, respectively. The concentrations of the aqueous
species and pH were input into the model. Besides, the tempera-
ture was kept constant at 25 °C, and the oversaturated solids were
allowed to precipitate.

3. Results and discussion
3.1. Characterization of the synthesized vaterite spherulites

Fig. 1a and b depict the typical FESEM images of the synthesized
products. The panoramic FESEM image in Fig. 1a shows that the

(C) A4 V:Vaterite
v C:Calcite
2 A"
g | V V
o
\Y% C Vi Vv
O U
10 2(; 3(; l l 6(; 70

40 50
20 (degree)

Fig. 1. Typical FESEM images (a, b) and XRD pattern (c) of the obtained vaterite
spherulites.

white precipitate is composed of a large quantity of well-
dispersed microspheres with diameters of 3.0-4.0 pm. Further
enlarged FESEM image reveals that the microspheres are a hierar-
chical architecture that results from the aggregation of nanocrys-
tals about 20 nm in size, exhibiting a spherulite-like structure
(Fig. 1b and its inset). Furthermore, composition and phase purity
of the product were examined by XRD and FT-IR techniques. The
representative XRD pattern (Fig. 1c) unveils that the product is
mainly hexagonal vaterite with the lattice parameters a = 7.147
A, c=16.917 A, and space group P6s/mmc (JCPDS file 33-0268),
except for a trait of calcite (JCPDS file 83-0578), confirming that
the spherulites are vaterite-type CaCOs. The sharp and strong
peaks also show that the product is well-crystallized. In addition,
the corresponding FT-IR spectrum is exhibited in Fig. 2a. The strong
vibrational bands at 1084, 875, and 746 cm~! can unambiguously
be assigned to carbonate symmetric stretching (v; mode), carbon-
ate out-of-plane bending (v, mode), and in-plane bending (v4
mode) vibrations of vaterite, respectively [39,41], further confirm-
ing that the spherulite-like structure is vaterite. A very weak peak
belonging to calcite at 711 cm ™! is also detected (Fig. 2a) [42], cor-
roborating that calcite is of trace, which is consistent with the XRD
result (Fig. 1c). Therefore, the SEM, XRD, and FT-IR results demon-
strate that the preparation of the hierarchical vaterite spherulites
can be easily achieved by the method performed here.

3.2. Sole Cd(1l) removal

It's well known that vaterite would gradually dissolve at low pH
conditions, and precipitation of hydroxide of heavy metal ions
would occur at high pH values. Therefore, the parameter pH is usu-
ally believed to be one of the most important factors affecting the
removal process [43]. Herein, the effect of pH on the removal of Cd
(1) by vaterite was investigated at an initial pH ranging from 3.0 to
7.0, an initial Cd(II) concentration of 500 mg/L and a contact time
of 12 h. As shown in Fig. 3a (bluish notation), the removal percent-
age of Cd(Il) is found to significantly increase with the initial pH

(a) Vaterite

1084
746
711

w
&
. g3
(b) Vaterite-CR o e
=S

(¢) Vaterite-CR-Cd(IT)

Transmittance (%)

23
vt

1 1 1 1 = 1 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. FT-IR spectrum of the vaterite spherulites (a), the vaterite scavenger after 12
h treatment of 50 mg/L CR (b), and the vaterite scavenger after 12 h treatment of 50
mg/L CR and 1500 mg/L Cd(II) (c).
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Fig. 3. Effects of initial pH (a) and contact time (b) on the removal of Cd(II)/CR by the vaterite spherulites; sorption isotherms of Cd(II) (¢) and CR (d). Inset in Fig. 3b: the
digital images of solution collected at different contact time. Inset in Fig. 3d: the color of the scavenger collected from the solution with different CR concentration.

and to approach 100% at pH 5.0. Thereafter, it doesn’t change very
much with further increasing the pH to 7.0. Consequently, it can be
concluded that the removal of Cd(II) by the vaterite spherulites is
highly dependent on initial pH of the solution, and initial pH 6.0
was selected in the subsequent Cd(Il) removal experiments.

The removal kinetics of Cd(II) by the vaterite spherulites was
studied at an initial Cd(II) concentration 500 mg/L, initial pH 6.0
and contact time 0-150 min. One can find from Fig. 3b (bluish
notation) that a fast Cd(II) removal phase occurs in the first 60
min, and reaches a plateau after subsequent 30 min, indicating a
high removal efficiency of vaterite to Cd(II). The initial fast removal
rate of Cd(II) could be ascribed to the higher solubility of vaterite
relative to otavite (CdCOs) and the hierarchical structure of the
vaterite spherulites. During the Cd?* removal process, the initial
dissolution of the vaterite provides enough CO3™ ions for the pre-
cipitation of CdCO5; phase. This facilitates Cd(Il) precipitation on
the surfaces of the vatreite spherulites. With the surface of vaterite
covered by the precipitated CdCOs, the dissolution rate of the
vaterite spherulites would gradually decrease, and thus the
removal rate of Cd(Il) slows down. Fig. S1 also depicts the concen-
tration evolution of Cd(Il) and Ca(lIl) in solution at different treat-
ment times. It unambiguously exhibits a reverse evolution trend,
and the content of dissolved Ca(Il) is 4.45 mM after 3 h of treat-
ment, very close to the removed Cd(Il) (4.31 mM), demonstrating

that the removal of Cd?* in solution predominantly proceeds via
a transformation from vaterite to otavite. Furthermore, the satura-
tion indexes with respect to the vaterite (Sl,,) and otavite (Sly,) at
different time intervals (Fig. S2), calculated by program Visual
MINTEQ version 3.1, show that at the very beginning of the
removal treatment, the solution is obviously undersaturated either
for vaterite or otavite, but the fast dissolution of the vaterite spher-
ulite (Slya¢ < 0) leads to a dramatic increase in Sly,, and the solution
becomes quickly supersaturated for otavite, reaching a maximum
Slota 2.89 at 30 min. It further supports the Cd?* removal by otavite
precipitation. Afterwards, the continuous precipitation and growth
of otavite lead to the decrease of Cd(II) concentration in solution,
and the Sly, gradually approaches zero, showing an equilibrium
state.

In addition, sorption isotherm of vaterite spherulites to Cd(II),
studied at contact time 12 h, initial pH 6.0 and initial Cd(II) concen-
tration ranging from 100 to 1500 mg/L, reveals that the maximum
removal capacity is ca. 984.5 mg/g (Fig. 3c), which is higher than or
comparable to those of previous reported materials, such as EDTA
functionalized magnetic iron oxide nanoparticles (79.4 mg/g) [44],
carboxyl modified lingocellulose-biomass jute fiber (89.0 mg/g)
[45], polyaniline grafted chitosan (14.3 mg/g) [46], and other
CaC0s-based materials like natural calcite (18.5 mg/g) [25], nano-
sized aragonite mollusk shell (997.9 mg/g) [29], amorphous
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Table 1
Comparison of the maximum removal capacity of Cd(II) by various scavengers.
Scavengers Maximum removal capacity ~ Ref.
of Cd** (mg/g)
EDTA functionalized magnetic 79.4 [44]
nanoparticle
Carboxyl modified lignocellulose- 89.0 [45]
biomass jute fiber
Polyaniline grafted chitosan 143 [46]
Natural calcite 18.5 [25]
Nano-sized aragonite mollusk shell 997.9 [29]
Amorphous calcium carbonate 514.6 [26]
Hierarchical vaterite-maltose 487.8 [47]
Hierarchical porous vaterite 1040 [31]
Vaterite spherulite 984.5 This
work
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Fig. 4. FESEM images (a, b) and XRD patterns (c) of the scavenger collected after 0.5

h and 12 h treatment of Cd(II) in sole Cd(II) system (Ccaqny, initiat =1000 mgj/L).

calcium carbonate stabilized by polyacrylic acid (514.6 mg/g) [26],
vaterite-maltose hybrid materials synthesized by a 24 h gas-
diffusion method (487.8 mg/g) [47], and vaterite microsphere syn-
thesized in dimethylformamide-water (DMF-H,0) mixed solvent
at 130°C for 4 h (1040 mg/g) [31], as summarized in Table 1.
Therefore, the hierarchical vaterite spherulites could be used as
an effective scavenger for Cd(Il) removal from aqueous solution.
At present, a general consensus is that the removal of divalent
metal ions by calcium carbonate usually proceeds through a
precipitate-transformation process [27,29,36,48]. In our study,

Table 2

Comparison of the maximum removal capacity of CR by various scavengers.
Scavengers Maximum removal capacity of CR Ref.

(mg/g)
Jujuba seeds 56.0 [50]
Fe;04@graphene 33.6 [51]
Hollow Zn-Fe,04 16.6 9]
nanospheres
Fe;0,@Si0, 54.6 [52]
PTSA-Pani@GO-CNT 66.7 [53]
CoFe,04/rGO 104.5 [54]
Vaterite spherulite 89.0 This
work
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Fig. 5. Sorption isotherms of CR (a) and Cd(II) (b) by the vaterite spherulites in the
binary Cd(II)-CR system at pH 6.0; (a) Ccaq,initiai: 0, 50, 500 mg/L, Ccg initiat: 0-300
mg/L; (b) Ccriinitiat: 0, 25, 50, 100, 400 mg/L, Ccqqny,initial: 0-1800 mg/L.
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because of the initial dissolution of vaterite spherulites, the con-
centration of CO3~ ions on the surfaces and around vaterite spher-
ulites may be relatively higher than those in bulk solution. As a
consequence, Cd(Il) ions in aqueous solution can combine with
the dissociated CO3~ to form insoluble otavite (CdCO3) depositing
on the surfaces of vaterite spherulites. For otavite (CdCOs), it is
isostructural with calcite (space group R-3c), and the lattice mis-
match between otavite and calcite is small [27,29,36]. Therefore,
the low uptake capacity and slow removal kinetics of Cd(II) by cal-
cite occurs because of a two dimensional epitaxial growth of ota-
vite on the calcite surface [36]. This can significantly passivate
the underlying surface and slow the dissolution rate of the under-
lying mineral calcite [36,48]. In contrast, vaterite possess hexago-
nal structure with a space group P6s/mmc, and thus otavite will
precipitate by a random three dimensional heterogeneous nucle-
ation rather than the lattice match epitaxial growth onto the sur-
face of vaterite, leaving some pore spaces at the otavite-vaterite
interface. This allows for the vaterite to continue dissolution and
to be less affected by the precipitated otavite. Similar random three
dimensional heterogeneous nucleation and growth has been also
observed in the sorption experiment of Cd(Il) by biogenic aragonite
[36]. Such three dimensional heterogeneous nucleation and
growth can be observed by FESEM. As shown in Fig. 4a, numerous
rhombohedra with side length of ca. 500 nm form on the surface of
spherulite-like structures after 0.5 h of contact with 1000 mg/L of
Cd(II) solution. The XRD analyses identify the appearance of a
neo-mineral otavite (JCPDS file 42-1342) (Fig. 4c), indicating that
the small rhombohedra stuck to the spherulites are otavite. When
the treatment time prolongs to 12 h, the vaterite spherulites disap-
pear completely, and hollow spherical structures consisting of
small otavite rhombohedra form (Fig. 4b and c). In particular, the
diameters of hollow spherical structures are about 3 pm (inset in

Fig. 4b), which match the size of the initial vaterite spherulites
(Fig. 1b). This confirms that the Cd(II) removal process occurs on/
near the vaterite surfaces through a continuous dissolution of
vaterite and precipitation of otavite by a random three dimen-
sional heterogeneous nucleation and growth on the surface of
vaterite, leading to an efficient Cd(II) removal. On the other hand,
the difference of the solubility product between vaterite (1077-°1)
and otavite (10~ '219) is larger than that of calcite (10-3%) and ota-
vite [23,34], and thus the transformation from vaterite to otavite is
much easier than calcite. In a word, the hierarchical structure of
vaterite, crystallographic mismatch of vaterite with calcite, and
the larger Ksp of vaterite relative to otavite result in a high removal
rate and capacity of the vaterite spherulites to Cd(II).

3.3. Sole CR removal

As for sole CR system, a series of pH-dependent removal exper-
iments were firstly conducted at initial pH from 3.0 to 11.0, CR con-
centration 20 mg/L, and contact time 12 h. As shown in Fig. 3a
(pinkish notation), CR can be almost completely removed over
the pH range from 3.0 to 9.0, but then declines with pH further
increasing from 9.0 to 11.0, indicating that high initial pH is
unfavorable to the sorption. It's well known that the sorption is
dependent on the surface charge of sorbent, and surface charge
of a material is neutral at the point of zero charge (PZC), but posi-
tive below the pHpzc. Here, the pHpzc of the vaterite spherulites
was measured to be about 9.88 (Fig. S3), which is consistent with
the previous study (pHpzc = 9.90) [49]. Such a high pHpzc facili-
tates the high uptake of anionic dye CR due to the strong electro-
static attraction between anionic CR and vaterite with positive
charge. However, as the pH further increases, the positive charge
of the vaterite surface decreases (Fig. S3). As a result, the
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Fig. 6. FESEM images (a, b, c) and XRD patterns (d) of the scavenger spherulites after 12 h treatment of deionized water (a), 50 mg/L CR solution (b) and 400 mg/L CR solution

(c).
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electrostatic attraction between CR and vaterite will be weaken,
leading to the lower uptake of CR. Considering the excellent CR
removal performance over the initial pH range from 3.0 to 9.0,
pH 6.0 was selected in the following CR removal experiments.
Fig. 3b (pinkish notation) depicts the time profile of CR sorption
by the vaterite spherulites at CR concentration 20 mg/L, initial pH
6.0 and contact time 0-150 min. The removal percentage of CR has
reached 80% within the first 10 min, and CR can be completely
removed after subsequent 10 min, exhibiting an extremely high
removal efficiency. The rapid sorption process can be also visually
seen by the digital images of the supernatants collected at different
contact times (inset in Fig. 3b), showing that a 20 min of treatment
has led to clarification of the solution. In addition, after sorption
treatment, the precipitate color has turned into pinkish, entirely
different from the white vaterite, and the color gradually becomes
darker with the incremental CR concentration (inset in Fig. 3d).
These indicate the efficient immobilization of CR by the vaterite.
The sorption isotherm also shows that the maximum removal
capacity of CR by the vaterite spherulites is ca. 89.0 mg/g
(Fig. 3d), which is higher than or comparable to that of previous
reported adsorbents, such as jujuba seeds (56.0 mg/g) [50], Fes-
O4@graphene (33.6 mg/g) [51], hollow Zn-Fe,0, nanospheres
(16.6 mg/g) [9], Fe30,@Si0, (54.6 mg/g) [52], pTSA-Pani@GO-CNT
(66.7 mg/g) [53] and CoFe,04/rGO (104.5 mg/g) [54], as listed in
Table 2. Therefore, the as-synthesized vaterite spherulites can be
potentially applied to the CR removal from aqueous solution.

3.4. Simultaneous removal of Cd(Il) and CR

In practical wastewater, heavy metal Cd(II) has been reported to
be often concomitant with organic dyes in dye wastewater [16].
Thus, exploring facile and environmentally benign materials for
synergic removal of Cd(II) and CR is of considerable practical inter-
est during wastewater treatment.

Sorption isotherms of Cd(Il) and CR by the vaterite spherulites
in the binary system were investigated by varying CR or Cd(II) con-
centration with another one fixed. In addition, according to the pH-
dependent experiments of sole Cd(Il) and CR removal, the excellent
Cd(II) or CR removal by the vaterite can be achieved in the pH
range of 5-7 (Fig. 3a). Therefore, pH 6.0 is selected in the current
binary removal experiments. One can find from Fig. 5a that the
concurrent Cd(II) shows negligible effect on CR removal. This is
because that at pH 6.0 the surfaces of vaterite spherulites have pos-
itive charge, showing a preferential sorption to anionic CR. In addi-
tion, the subsequent depositing of CdCOs; on the vaterite
spherulites will also provide extra active sites for the sorption of
CR due to similar pHpzc of otavite (9.52) to vaterite (9.88)
(Fig. S3). As a result, concurrent Cd(II) almost has no effect on CR
removal even the vaterite surfaces are continuously covered by
the precipitating CdCOs. On the contrary, however, the removal
of Cd(II) is highly affected by the concurrent CR, exhibiting signif-
icant enhancement at lower CR concentration (<100 mg/L) and
inhibition at higher CR concentration (>100 mg/L) (Fig. 5b). Specif-
ically, the removal capacity of Cd(Il) increases from 982.7 mg/g
without CR to 1220.2 mg/g with 50 mg/L CR, but reduces to
703.5 mg/g with 400 mg/L CR, which is 71.6% of that without CR
(Fig. 5b). This remarkable influence of CR on the Cd(II) removal
may be attributed to the preferential adsorption and subsequent
stabilization of CR to vaterite. As we know, thermodynamically
unstable vaterite can easily transform into stable calcite in solution
through a dissolution/recrystallization process [39,55]. Our exper-
iment results also show that the vaterite spherulites dispersed in
deionized water have completely transformed into rhombohedral
calcite after 12 h of stirring (Fig. 6a and d). Nevertheless, in the
presence of 50 mg/L CR, the same stirring time donates a coexis-
tence of rhombohedral calcite and spherulite-like vaterite

(Fig. 6b and d), indicating that dye CR molecules can stabilize the
vaterite in solution. Further increasing CR concentration to 400
mg/L, FESEM and XRD analyses (Fig. 6¢c and d) reveal that except
for a small quantity of calcite, vaterite spherulites predominate
yet in the sample. Moreover, the FT-IR spectrum also shows that
besides the strong characteristic vibrations belonging to vaterite,
the weak vibrational bands of the sulfonic acid group at 1170
cm~! and the benzene framework at 840 and 670cm™! are
detected out in the sample (Fig. 2b) [56,57], indicating that the
CR molecules are intimately associated with vaterite. These results
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Fig. 7. FESEM image of the scavenger after 12 h treatment in the binary system
with 400 mg/L CR and 1500 mg/L Cd(II) (a). XRD patterns of the scavenger after 12 h
treatment of 25 mg/L, 50 mg/L and 400 mg/L CR with fixed Cd(II) concentration of
1500 mg/L(b).
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demonstrate that the CR molecules adsorbed onto the surfaces of
vaterite spherulites could obstruct the transformation from vater-
ite to calcite. It has been documented that many organic additives
with sulfonic group can stabilize metastable vaterite in solution
[58-60]. For instance, by introducing poly (vinylsulfonic acid)
(PVA) during the synthesis process, Nagaraja et al. obtained vater-
ite nanoparticles that could be maintained in solution for at least 5

months [58]. In the presence of sodium lignosulfonate (SLS), the
vaterite with multilayered structures could be kept for two months

in the mother solution [59]. Here, CR molecules may exert the sim-
ilar stabilization to the vaterite spherulites by their inherent sul-
fonic groups (Fig. S4), leading to the low dissolution of vaterite.
This stabilization phenomenon occurs in the binary Cd(II)-CR sys-
tem as well. After 12 h treatment of 400 mg/L CR and 1500 mg/L
Cd(II), the vaterite spherulites predominate in sight with fewer
small otavite rhombohedra (Fig. 7a-c). Corresponding EDX spec-
trum also presents the significant Ca, N and S, as well as weak Cd
signals (inset in Fig. 7a), confirming the efficient adsorption of CR
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and suppressed removal of Cd(II) by vaterite at higher CR concen-
tration (Fig. 5b). It appears that at higher CR concentration (>100
mg/L), CR exerts strong stabilization to the vaterite spherulites,
and thus the Cd(II) removal through the transformation of vaterite
into otavite is hindered. As a result, the deteriorated removal per-
formance for Cd(II) occurs.

In contrast, at lower CR concentration (e.g., 25 and 50 mg/L), a
significantly incremental Cd(II) removal can be harvested
(Fig. 5b). Such phenomenon can be explained as follows: On the
one hand, CR at lower concentration cannot enough stabilize the
vaterite spherulites, which can be supported by the FESEM and
XRD results (e.g., Figs. 7c and S5). For instance, at 25 mg/L CR, all
the vaterite spherulites have transformed into otavite rhombohe-
dra after 12 h sorption treatment (Figs. 7c and S5a), but vaterite
and otavite coexist at 50 mg/L CR (Figs. 7c and S5b). In this case,
considerable Cd(II) can be immobilized by the transformation from
vaterite into otavite. On the other hand, the CR molecules adsorbed
on the vaterite or neo-otavite have strong coordination with Cd(II)
by their amino and sulfonic groups, thereby offering additional
functional groups for capturing Cd(Il). This is further supported
by the FT-IR analysis of the used scavengers. Compared with the
FT-IR spectrum of the sample obtained in the sole CR solution, a
evidently bathochromic shift of the stretching vibration of the sul-
fonic acid group from 1170 to 1181 cm™! occurs (Fig. 2b and c),
indicating that the interactions between Cd(Il) and sulfonic acid
groups of the adsorbed CR may occur. To further identify the pos-
sible functional groups of CR molecules involved in the promo-
tional Cd (II) removal, the XPS analyses of the used scavengers
obtained in the sole CR (sample V-CR) and binary Cd(II)-CR (sample
V-CR-Cd) systems were also conducted, respectively. For sample V-
CR, the XPS spectrum of O1s can be deconvoluted into three differ-
ent peaks (Fig. 8a). Peaks of 01 (531.25 eV) and 03 (532.34 eV) are
related to carbonate (CO%~) of vaterite [61]. Peak of 02 (531.88 eV)
can be assigned to sulfonic group (-SO3) of CR molecules [16]. After
removal treatment of concurrent Cd(Il) and CR by the vaterite (i.e.,
sample V-CR-Cd), however, the peak of O1 shifts to lower binding
energy of 531.05 eV (Fig. 8b). This is close to that of CO3™ in the
otavite [62], which can be attributed to the partial transformation
of vaterite to otavite (Fig. 7c and S5b). Meanwhile, the peak of 02
shifts to 531.62 eV (Fig. 8b), indicating a direct coordination of oxy-
gen in sulfonic group of CR with Cd(II). Furthermore, S2p spectra of
samples V-CR and V-CR-Cd (Fig. 8c and d) can be also deconvoluted
into two peaks S1 and S2, corresponding to two sulfuric groups in
CR molecules (Fig. S4) [63]. In the presence of Cd?*, however, the
peaks of S1 and S2 shift from 168.03 and 169.23 to 168.48 and
169.66 eV, respectively (Fig. 8c and d), further suggesting that sul-
furic groups in the CR molecules adsorbed on the spherulites
involve in Cd immobilization. Similarly, the deconvolution of N1s
peak either for sample V-CR or V-CR-Cd was also performed. As
shown in Fig. 8e and f, the fitted N1s peak in sample V-CR can be
assigned to amino (—NH,, N1), azo (—N=N—, N2) and protonated
amine (—NH3 or —NH3—, N3) of CR molecules [16,64,65]. Com-
pared with sample V-CR, nevertheless, a new peak at 399.29 eV
appears in sample V-CR-Cd, and the position of N2 changes little,
but the N1 and N3 evidently shift from 399.11 and 402.02 to
398.72 and 400.74 eV (Fig. 8f). These differences indicate that the
coordination between Cd(Il) and amino group (—NH;) should
occur, where N atom donates a lone pair electrons to form the
covalent bond N—Cd, causing the reduction of electron cloud den-
sity [66,67]. The similar coordinations have been also observed
between Cu®* and acid black 1 with sulfuric and amino groups
by XPS technique [16]. Therefore, sulfuric and amino groups in
the adsorbed CR molecules are responsible for the enhanced Cd
(II) removal in the binary system. On the basis of our results, it
can be safely concluded that the simultaneous removal of Cd(II)
and CR by the vaterite spherulites is through a multistep process,
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Fig. 9. Schematic mechanism for the simultaneous removal of Cd(Il) and CR by the
vaterite spherulites in the binary Cd(II)-CR solution.

including preferential adsorption of dye CR, stabilization of CR to
vaterite, coordination of the adsorbed CR molecules with Cd(II),
and transformation of vaterite into otavite, as illustrated in Fig. 9.

4. Conclusion

In summary, the vaterite spherulites, prepared via injection-
precipitation method, can potentially used to the simultaneous
removal of Cd(II) and CR from aqueous solution. In the sole system,
the as-prepared product shows excellent removal performance for
Cd(Il) and CR, respectively. In the binary Cd(II)-CR system, the
removal of Cd(Il) is significantly enhanced at lower CR concentra-
tion (<100 mg/L), but inhibited with further increase in the CR con-
centration (>100 mg/L). In addition, the concurrent Cd(Il) shows
negligible effect on CR removal. The simultaneous removal mech-
anism involves a series of processes including preferential adsorp-
tion of dye CR, stabilization of CR to vaterite, coordination of the
adsorbed CR molecules with Cd(Il), and transformation of vaterite
into otavite. In a word, this study may provide new insights into
the simultaneous removal of heavy metal ions and dyes by carbon-
ates, and our results could be further employed in the practical
application for integrative and efficient treatment of complicated
wastewater.
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