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Abstract

A two-component material (Fe;0,@CaSiO;) with an Fe;0, magnetite core and layered porous CaSiO; shell from calcium
nitrate and sodium silicate was synthesized by precipitation. The structure, morphology, magnetic properties, and composition of
the Fe;0,@CaSiO; composite were characterized in detail, and its adsorption performance, adsorption kinetics, and recyclability
for Cu®*, Ni2*, and Cr** adsorption were studied. The Fe;0,@CaSiO; composite has a 2D core—layer architecture with a cotton-
like morphology, specific surface area of 41.56 m?/g, pore size of 16 nm, and pore volume of 0.25 cm?/g. The measured
magnetization saturation values of the magnetic composite were 57.1 emu/g. Data of the adsorption of Cu®*, Ni**, and Cr**
by Fe;0,@CaSiO; fitted the Redlich—Peterson and pseudo-second-order models well, and all adsorption processes reached
equilibrium within 150 min. The maximum adsorption capacities of Fe;0,@CaSiO; toward Cu*, Ni?*, and Cr** were 427.10,
391.59, and 371.39 mg/g at an initial concentration of 225 mg/L and a temperature of 293 K according to the fitted curve with the
Redlich—Peterson model, respectively. All adsorption were spontaneous endothermic processes featuring an entropy increase,
including physisorption, chemisorption, and ion exchange; among these process, chemisorption was the primary mechanism.
Fe;0,@CaSiO; exhibited excellent adsorption, regeneration, and magnetic separation performance, thereby demonstrating its
potential applicability to removing heavy metal ions.
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Introduction

Heavy metal ions can cause serious problems to human health,
living resources, and ecological systems when they exceed a
threshold concentration in water even at trace levels due to their
high toxicity, nondegradability, and bioaccumulation (Futalan
et al. 2011; Awual et al. 2016; Al-Saydeh et al. 2017). The
excessive discharge of heavy metals into water has caused se-
rious environmental pollution (Burakov et al. 2018; Wang and
Ren 2014) and, therefore, aroused concern worldwide. Various
treatment methods, such as conventional chemical precipitation
(Fu et al. 2012), ion exchange (Kalaivani et al. 2016),
chelation—flocculation (Liu et al. 2013), electrochemistry
(Wang and Huang 2017), reverse osmosis (Zhao and Liu
2018), membrane technology (Feng et al. 2018), and adsorption
(Tan et al. 2016a, b; Wang et al. 2018; Raval et al. 2016; Liu
etal. 2017a), have been established to remove heavy metal ions
from wastewater. However, these methods feature unique lim-
itations, such as low efficiency, sensitive working environment,
toxic slurry production, complicated operation, and high cost,
thereby restricting their practical applications (Raval et al.
2016). Among the methods available, adsorption is considered
the best due to its flexible operation, high efficiency, and low
cost; moreover, it does not consume chemicals (Awual 2015).
Adsorbents play a crucial role in the adsorption process; hence,
the development of environment-friendly and effective adsor-
bents should be a key point in removing heavy metals from
wastewater.

Many traditional adsorbents, including activated carbon
(Thuan et al. 2017), molecular sieves (Li et al. 2017a), and
porous polymers (Melita et al. 2014), exhibit low adsorption
efficiency and are difficult to prepare or modify, thereby lim-
iting their applications in heavy metal wastewater treatment.
Porous calcium silicate (CaSiOs; PCS) has recently elicited
research interest in the field of heavy metal wastewater treat-
ment because of its high specific surface area and porosity,
good chemical stability, controllable structure, and negative
charge strength (Zhang and Zhu 2014; Okano et al. 2013;
Mebhrali et al. 2014). Considerable effort has been exerted to
synthesize various PCS forms, such as ultrathin CaSiO; hy-
drate nanosheets (Wu et al. 2013), CaSiO; hydrate (Mehrali
et al. 2014), mesoporous CaSiOz materials (Qi et al. 2015),
chitosan-coated CaSiO; hydrate mesoporous microspheres
(Zhao et al. 2014), mesoporous CaSiO3-grafted polypropyl-
ene nonwoven fabric (Zhao et al. 2015a), thiol-functionalized
mesoporous CaSiO3 (Liu et al. 2017a), and amino-
functionalized mesoporous CaSiO; (Liu et al. 2018b), and
study their adsorption performance. The available studies
demonstrate that PCS and its modified products have a high
specific surface area and porosity, and negative charge
strength, all of which contribute to remarkably its excellent
capacity for adsorbing heavy metal ions (Liu et al. 2018b).
Unfortunately, the weak separation property of these materials
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makes them unsuitable for continuous operation, and in-
creases the difficulty and complexity of operations and treat-
ment cost. Therefore, their application in actual heavy metal
wastewater treatment is limited. Magnetic composites with
excellent adsorption performance can be easily separated from
a reaction system using an external magnetic field (Deng et al.
2008; Zhang et al. 2011; Tao et al. 2012; Hua et al. 2012).
Fe;04 nanoparticles have been extensively used to prepare
composite adsorbents due to their excellent magnetism and
stability (Deng et al. 2008). When PCS and Fe;O4 nanoparti-
cles are combined to prepare core—shell-type composites
(Fe304@CaSi0s3), the excellent adsorption performance of
PCS for heavy metals and the outstanding magnetic separabil-
ity of Fe;04 particles from wastewater can be integrated.
Thus, the newly designed Fe;0,@CaSiO; composite may
be an ideal adsorbent with considerable potential use in re-
moving heavy metal ions from water, especially in continuous
automation processes for heavy metal wastewater treatment.
To the best of our knowledge, no report on the synthesis and
evaluation of the adsorption characteristics of Fe;0,@CaSiO;
for heavy metal ions in wastewater is yet available.

This paper reports a facile and low-cost precipitation strat-
egy to synthesize a novel magnetic Fe;0,@CaSiO; compos-
ite featuring excellent adsorption performance for heavy metal
ions and outstanding magnetic separability using Fe;O4 mi-
crospheres as a core and calcium nitrate and sodium silicate as
raw materials. This study aims to prepare an excellent and
cost-effective adsorbent for heavy metal wastewater treat-
ment, investigate the adsorption behavior of Fe;0,@CaSiO3
toward heavy metal ions, specifically Cu®*, Ni**, and Cr'*,
and evaluate the relevant adsorption mechanism to establish a
theoretical and technical foundation for the continued im-
provement and application of composite adsorbents. To this
end, the structure, morphology, magnetic properties, and com-
position of the obtained Fe;O,@CaSiO3 composite are char-
acterized systematically, and the adsorption isotherm and ki-
netic characteristics of Fe;0,@CaSiO; toward Cu®", Ni**,
and Cr’* are explored under a wide range of experimental
conditions. X-ray photoelectron spectroscopy (XPS) of
Fe;0,@CaSiO; pre- and post-adsorption is also conducted.
The results demonstrate that Fe;0,@CaSiO; is a promising
adsorbent for removing heavy metals from wastewater and is
especially suitable for continuous automation processes.
Thus, valuable information on the application of this compos-
ite in the wastewater treatment industry is provided.

Experimental
Materials

Anhydrous sodium acetate, ferric chloride hexahydrate, nickel
sulfate hexahydrate, ethylene glycol, polyethylene glycol
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(PEG-4000), calcium nitrate tetrahydrate, sodium metasilicate
nonahydrate, anhydrous ethanol, chromium sulfate, copper
sulfate pentahydrate, hydrochloride acid, nitric acid, and sodi-
um hydroxide were obtained from commercial sources
(Materials, Supplementary Material). All chemical reagents
were of analytical grade and used directly as purchased with-
out any further purification. Deionized water was employed in
the experiments.

Synthesis of Fe;0,@CaSiO; magnetic composite

Magnetic Fe;0, particles were prepared through a modified
solvothermal reaction (Synthesis of Fe;O4 microspheres,
Supplementary Material), and Fe;0,@CaSiO; composites
were obtained via precipitation. A total of 1.00 g of as-
prepared Fe;O,4 microspheres was first dispersed evenly in
88 mL of anhydrous ethanol via ultrasonication and stirring
for 30 min at 45 °C. Then, 10.16 g of calcium nitrate
tetrahydrate was added to the mixture, which was subsequent-
ly maintained under ultrasonic agitation for 1 h. Finally, sodi-
um metasilicate nonahydrate solution, which was obtained by
dissolving 12.39 g of sodium metasilicate nonahydrate in
40 mL of distilled water (1:1 M ratio of calcium nitrate
tetrahydrate and sodium metasilicate nonahydrate), was added
dropwise to the mixture. A grayish black glue gradually
formed with addition of sodium metasilicate nonahydrate.
After dropping, ultrasonic stirring was performed for
90 min. The final product (Fe;0,@CaSiOs) was obtained
via magnetic separation after aging for 24 h at room temper-
ature, washing 3—4 times with distilled water, and drying in a
vacuum oven at 60 °C for 24 h.

Adsorption studies

The adsorption properties of the magnetic Fe;0,@CaSiO;
composite toward Cu**, Ni**, and Cr’* were evaluated by a
series of adsorption experiments. Simulated Cu®*, Ni**, and
Cr’* solutions with concentrations ranging from 50 to
225 mg/L at intervals of 25 mg/L were initially used as test
samples.

Adsorption conditions

In the study of adsorption conditions, 50 mL of 50 mg/L
simulated Cu?*, Ni**, and Cr’* solutions was used as test
samples, and single-factor experiments were performed to
evaluate the effects of adsorbent dosage, contact time (),
and initial pH value on the adsorption efficiency of the syn-
thesized composite for these heavy metal ions.

To investigate the effects of Fe;0,@CaSiO; dosage on the
adsorption of Cu”*, Ni**, and Cr’* ions, the pH of the simu-
lated Cu** and Ni** solutions was maintained while that of
Cr’* was adjusted to range from 5.0 to 5.5 using 0.1 mol/L

NaOH solution. Batch adsorption experiments were per-
formed in a thermostatic water bath shaker operating at
200 r/min and 293 K at ¢t = 10 h. Afterward, the adsorbents
were separated via an external magnetic field, and the concen-
trations of Cu?*, Ni**, and Cr’* remaining in the supernatant
were measured by an atomic absorption spectrometer. The
removal efficiency (R,) and equilibrium adsorption capacity
(ge) of the composite were calculated using Egs. (1) and (2)
(Liu et al. 2017a), respectively. Then, a R,-dosage diagram
was plotted, and the appropriate adsorbent dosages were de-
termined based on the change trend of the curve.

R(%) === (1)
g =1 @)

where R, (%) is the removal efficiency; ¢, and ¢, (mg/L) are
the initial and equilibrium concentrations of heavy metal ion
in solution, respectively; g. (mg/g) is the equilibrium adsorp-
tion capacity of heavy metal ion; v (L) is the volume of the
heavy metal ion solution; and m (g) is the mass of
Fe;0,@CaSi0;.

The effects of ¢ on the adsorption of Cu®*, Ni**, and Cr**
ions by Fe;0,@CaSiO; were investigated according to the
procedures and methods described above. The initial pH
values of the simulated Cu>*, Ni**, and Cr’* solutions were
identical to those described in the “Adsorption conditions”
section, and the optimal dosages of Fe;0,@CaSiO; deter-
mined from the related experiments were applied. To evaluate
pH effects, a series of simulated Cu*, Ni**, and Cr’* solutions
of various pH ranging from 2.5 to 7.5 at intervals of 0.5 were
prepared with 1 mol/L. HNO3 or NaOH solution. The same
procedures described earlier were applied under the deter-
mined optimal adsorbent dosages and 7.

Isothermal adsorption equilibrium experiments

Isothermal adsorption experiments were conducted according
to the method and procedures described in the “Adsorption
conditions” section using simulated Cu®* (original pH), Ni**
(original pH), and crrt (pH =5-5.5) solutions with initial
concentrations varying between 50 and 225 mg/L at intervals
of 25 mg/L. The test solution was 50 mL in volume; the
adsorption temperatures were 293, 303, 313, and 323 K; and
optimal Fe;0,4@CaSiO; dosage and ¢ were applied according
to the values determined in the “Adsorption conditions” sec-
tion. When the adsorption process reached equilibrium, the
adsorbent was separated using a magnet and the supernatant
was collected. The final heavy metal concentration remaining
in the supernatant was analyzed as above. The isothermal
adsorption data were fitted using the Langmuir, Freundlich,
and Redlich—Peterson models, and the adsorption
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thermodynamic parameters were calculated (Adsorption
isotherm models and adsorption thermodynamic parameters,
Supplementary Material).

Adsorption kinetic experiments

The adsorption kinetics of the magnetic composite for Cu®*,
Ni?*, and Cr’* was investigated through batch experiments to
determine individual equilibrium times. Batch kinetic experi-
ments were carried out by mixing the optimal dosage
Fe;0,@CaSiO; with 50 mL of simulated heavy metal solu-
tions at an initial concentration of 50 mg/L (original pH, Cu**
and Ni**; pH=15.0-5.5, Cr’*) and shaking at a rate of 200 1/
min at 293 K for predetermined time intervals (5, 15, 30, 50,
75, 110, 160, 240, 360, 480, or 600 min). Afterward, the
supernatant solution was separated from the adsorbent using
an external magnetic magnet, and the heavy metal concentra-
tion remaining in the solution was analyzed as above.
Adsorption kinetics data at 303, 313, and 323 K were deter-
mined using the same method. Adsorption rate curves were
obtained by plotting the amount of heavy metal ion adsorbed
per unit mass of Fe;0,@CaSiO; at a certain time (g, Eq. 3)
against ¢. The adsorption kinetic data were fitted by the
pseudo-first-order and pseudo-second-order kinetic models
to obtain the adsorption kinetic parameters and evaluate the
kinetic characteristics and mechanism of the adsorbent
(Adsorption kinetic models, Supplementary Material).

g =T o)
where g, (mmol/g) is the adsorbed amount of heavy metal ions
at a certain time; ¢y and ¢, (mmol/L) are the concentrations of
heavy metal ions initially and at time #, respectively; m (g) is
the mass of Fe;0,@CaSiOs; and v (L) is the volume of the
test solution.

Recyclability of Fe;0,@CaSiO3

The recyclability efficiency of an adsorption material is an
important consideration. The recyclability study of the mag-
netic Fe;0,@CaSiO; composite was carried out following
consecutive adsorption cycles. In each cycle, 150 mL of
50 mg/L Cu**, Ni**, or Cr’* solution was initially adsorbed
by Fe;0,@CaSiOs (30 mg for Cu®* and Ni**; 45 mg for Cr’™)
for 10 h at room temperature. Then, the composite was with-
drawn from the test solution by applying an external magnetic
field, regenerated in 100 mL of 0.1 mol/L triethylenetetramine
for 6 h, washed thrice with deionized water, and then vacuum
dried at 50 °C. The recycled Fe;0,@CaSiO; was reused as
the adsorbent for Cu**, Ni**, or Cr’* adsorption for another
four cycles under the same experimental conditions.
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Characterizations

Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD) analysis, Fourier
transform infrared spectroscopy (FTIR), energy-dispersive X-
ray spectrometry (EDX), Brunauer—Emmett—Teller (BET)
surface analysis, thermogravimetry—differential thermal anal-
ysis (TG-DTA), and vibrating sample magnetometry (VSM)
were employed to characterize the structures and properties of
the as-prepared samples. An atomic absorption spectrometer
was used to determine the concentrations of heavy metal ions
in the solutions. X-ray photoelectric spectrometry (XPS) was
used to investigate the surface state of Fe;0,4@CaSiO; before
and after adsorption to investigate the interaction between the
heavy metal ions and the adsorbent (Analysis details,
Supplementary Material). A Zetasizer Nano ZS90 was applied
to determine the pH value at the point of zero charge (pHpzc)
of Fes0,@CaSiO3 (Determination of pHpzc of
Fe;0,@CaSiO3, Supplementary Material).

Results and discussion
Characterization of Fe;0, and Fe;0,@CaSiO; samples
SEM and TEM morphology

The surface morphology and particle size of Fe;O4 and
Fe;0,@CaSiO; were characterized via SEM and TEM, as
shown in Fig. 1.

As clearly shown in Fig. 1a, ¢, the Fe;0,4 nanoparticles are
nearly spherical with a uniform particle size distribution of
approximately 500 nm. Bare Fe;O4 nanoparticles are nearly
monodisperse. As shown in Fig. 1c, the bare Fe;0,4 nanopar-
ticles are not hollow. Similarly, their surface is rough, as
shown in Fig. 1a. We assume that the bare Fe;O4 nanoparti-
cles are composed of a large number of reunited smaller Fe;04
nanoparticles. In the final products, PCS coats the Fe;0,4 mi-
crospheres with a diameter of approximately 500 nm to form
Fe;0,@CaSiO; with a core—shell architecture, as shown in
Fig. 1b. The slit-like channels with a considerably larger pore
size of Fe;0,@CaSiO3 composites are consisted of slices
with various shapes and uneven surfaces. The rugged dark
Fe;0,4 microspheres fill the PCS with gray yarn-like flakes,
have a twisted or crinkled foil-shaped morphology, and are
essentially free from aggregation. As shown in Fig. 1d, no
evident dividing line exists between the magnetic Fe;0,4 nano-
particle core and the PCS shell, thereby indicating that the
slice structure and intermediate channels are distributed exten-
sively and tightly around the Fe;O4 microsphere. Therefore,
part of the Fe;0,4 nanoparticles or their surface functional
groups is inserted into the structure of the outer CaSiOj; layer
to form a stable and firm core—shell structure. Consequently,
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Fig. 1 SEM and TEM images of
the synthesized samples. a SEM
of the Fe;0,4 nanoparticles. b
SEM of the Fe;0,@CaSiO3
magnetic composite. ¢ TEM of
the Fe;0,4 nanoparticles. d TEM
of the Fe30,4@CaSiO; magnetic
composite

well-structured Fe;0,@CaSiO; materials are obtained. This
feature ensures that the channels and uneven surface provide
abundant locations for adsorption of heavy metal ions. The
composite presents excellent magnetic properties to enable
casy separation of the supernatant from the adsorbent by ap-
plication of an external magnetic field after adsorbing heavy
metal ions.

XRD patterns and FTIR spectra

The XRD patterns of the as-prepared samples are shown in
Fig. 2.

All of the diffraction peaks in curve (a) match those of the
face-centered cubic Fe;0,4 phase well (JCPDS No. 79-0417).
The characteristic diffraction peaks located at 26 of 18.26°,
30.10°, 35.30°, 37.12°, 43.13°, 53.42°, 56.84°, 62.53°, and
74.12° respectively correspond to the (111), (220), (311),
(222), (400), (422), (511), (440), and (533) planes of Fe;04
nanoparticles (Shen et al. 2016), thereby indicating that the
prepared Fe;04 exhibits a cubic spinel structure. The strong
diffraction peak present at 20 = 35.30° signifies the high crys-
tallinity of Fe304. The XRD pattern of Fe;0,@CaSiO; is
similar to that of pure Fe;0, except that the intensities of some
diffraction peaks are weakened in the former. The diffraction
peak at 20 = 27°-32° broadens with an evident peak at 29.50°,
an extremely weak peak appears at 20 =22.50°, and a weak
peak is found at 26 =43.03°. These results indicate that the
PCS coating has nearly no effect on the crystalline properties
of Fe304 and confirm the high stability of Fe30,. Compared

with those in the standard JCPDS card, peaks at 260 of 22.50°,
29.50°, and 43.03° in diffraction curve (b) of Fe;0,@CaSiO;
respectively correspond to the (021), (002), and (6-1-1) planes
of calcium silicate hydrates, thereby indicating that
Fe;0,@CaSiO; contains CaSi,Os (PDF 51-0092, (002), and
(6-1-1)) and Ca,SiO4-H,O (PDF#29-0373, (021)) phases. The
XRD pattern of Fe;0,@CaSiO; exhibits an amorphous struc-
ture and low crystallinity, similar to the previously reported
mesoporous CaSiO; (Xia and Chang 2008), which has only

GI1)

(220)
(511)
(440)

Intensity (a.u.)
(111)
(021)
(002)
(222)
E(6-1-
(422)
533)
= ®

P f " N it (e
PDF|19-0629 } | o

T T T T T T T T T
20 30 40 50 60 70 80
20 (°)
Flg. 2 XRD patterns OfFC304 (a), Fe304@CaSiO3 (b), Fe304@CaSiO3
loaded with Cu®* (¢), Fe;0,@CaSiO; loaded with Ni** (d), and
Fe;0,@CaSiOs loaded with Cr** (e)
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one broad reflection at 260 =29.50°. The results reflect the
amorphous nature of the CaSiO; shell coating on the
Fe;0,@CaSiO; magnetic composites. The intensity of peaks
assigned to Fe;O4 may be weakened by the amorphous
CaSiO; coating, which reduces the diffraction intensity of
the core. No other crystalline peak for other phases is detected,
which means the Fe;0,@CaSiO; composite is composed of
highly crystalline Fe;0,4 and amorphous CaSiOs.

FTIR measurements were performed to confirm the com-
position and structure of the Fe;O4 and Fe;0,@CaSiO3 sam-
ples, as shown in Fig. 3. Figure 3a shows absorption band at
3404.64 cm™' can be assigned to the stretching vibrations of —
OH on the surface of Fe;04 and adsorbed water, and that at
1621.69 cm ' can be assigned to the bending vibrations of —
OH on the surface of Fe;0,, as well as the deforming vibra-
tions of adsorbed water (Shi et al. 2013). These finds indicate
the presence of hydroxy groups, which are crucial for the PCS
coating. Absorption bands at 2972.81, 2924.56, and
1384.61 cm™ ' can be assigned to the asymmetric and symmet-
ric stretching and bending vibrations of residual -CH,— from
the additives used for synthesis. Fe30,4 microspheres show
typical bands at approximately 630 and 581 cm ', which
can be ascribed to Fe—O vibrations from the magnetite phase
(Hu et al. 2011). Compared with those in Fig. 3a, the bands at
approximately 3446.57, 1649.06, and 1385.91 cm ™' are the
identical main infrared adsorption peaks between Fe;O4 and
Fe;0,@CaSiO3. The additional peaks at 1000.95, 777.29,
and 453.76 cm ' belong to amorphous CaSiOs and can be
ascribed to the asymmetric and symmetric stretching and
bending vibrations of Si—O-Si, respectively (Guan and Zhao
2016; Mostafa et al. 2009). These results reveal the successful

S
v )
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£ W T
g o
- 3 ® 4 8% g8 e
° oo F LT S \l\-
= 8 g - — ) 8
F & Aq AR
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&\ /
" 1 L 1 " 1 L 1 L 1 " 1 L KI
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 FTIR spectra of Fe;04 (a), Fe30,@CaSiOj; (b), Fe;0,@CaSiO;
loaded with Cu®* (¢), Fe;0,@CaSiO; loaded with Ni** (d), and
Fe;0,@CaSiOs loaded with Cr** (e)
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preparation of Fe;0,@CaSiOs;, and are confirmed by EDX
spectral and TG-DTA analyses.

EDX spectrum for the Fe;0,@CaSiO; magnetic composite

The EDX characterization results in Fig. 4 demonstrate that
the magnetic composite contains four elements. Evident ad-
sorption peaks of Fe, Ca, Si, and O with mass percentages of
33.67%, 37.66%, 16.90%, and 11.78%, respectively, are de-
tected on the surface of Fe;0,@CaSiO;. Consistent with the
FTIR analysis, these results indicate that amorphous CaSiO3
was successfully coated onto Fe;0,.

BET, TGA, and VSM analyses

The N, adsorption—desorption isotherm and corresponding
pore size distribution of Fe;0,@CaSiO; are shown in
Fig. 5, and the physical characteristic parameters of
Fe;0,@CaSiO;, CaSiOs, and Fe;O,4 are then presented in
Table 1.

Apparently, the Fe;0,@CaSiO; composite exhibits a typ-
ical type-V gas sorption isotherm with an H3-type hysteresis
loop, similar to that of mesoporous CaSiO; (Liu et al. 2017a).
The pore size distribution of Fe;0,@CaSiO; is relatively nar-
row and ranges from 10 to 25 nm. Therefore, the
Fe;0,@CaSiO; composite materials are mesoporous. The re-
sults presented in Table 1 show that the specific surface area of
Fe;0,@CaSiO; decreased by 37.76 m*/g and that its pore size
was decreased by 2 nm compared with those of CaSiO; pre-
pared under the same conditions. The pore volume of
Fe;0,@CaSiO; also decreased by 0.04 cm®/g, which could
be attributed to the nonporous Fe;04 nanoparticles accounting
for a larger proportion of Fe;0,@CaSiOs;. Consequently, the
specific surface area and pore size of Fe;0,@CaSiO;
decreased.

8000
Element Weight %
0K 11.78
6000 + SiK 16.90
Ca CaK 37.66
_ FeK 33.67
2 Si Total 100
5 4000+
o
O
2000 1
Fe
o ICa |
C Fe
0 4 I I 1 I 1 I 1 I
o 1 2 3 4 5 6 7 8 9 10 11 12

Energy (keV)
Fig. 4 EDX analysis of Fe;0,@CaSiO;
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Fig. 5 Nitrogen adsorption—desorption isotherm and pore size distribu-
tion curve of Fe;0,@CaSiO;

The thermogravimetric curves of the synthesized materials
are shown in Fig. 6. The TGA of the Fe;04 microspheres
illustrates its favorable thermal stability. The total weight loss
of Fe;0,@CaSiO; is approximately 15%, which may be at-
tributed to the release of adsorbed water and impurities be-
tween 25 and 250 °C and the condensation—dehydration of Si—
OH on the pore walls of CaSiO; above 550 °C (Liu et al.
2017a). That is, the amorphous CaSiO; was successfully coat-
ed onto Fe;0,.

The magnetic properties of Fe;04 and Fe;0,@CaSiO;
were characterized using a vibrating sample magnetometer
at 300 K. As shown in Fig. 7, the measured magnetization
saturation (Ms) of pure Fe;O4 microspheres and
Fe;0,@CaSiO; magnetic composite are 86.5 and 57.1 emu/
g, respectively. Compared with that of Fe;0,, the Ms of the
Fe;0,@CaSiO; composite is lower by 29.4 emu/g, which
may be attributed to the CaSiO3 deposited on the surfaces of
the Fe;04 microspheres; the CaSiOs increases the size of the
composite and reduces the proportion of magnetic Fe;O4 in
the Fe;0,@CaSiO; composites. The Fe;0,@CaSiO; com-
posites can still be attracted intensively by external magnetic
fields. Furthermore, the magnified magnetic hysteresis curve
of the Fe;04 microspheres exhibits no evident remanence or
coercivity (Hc <50) at 300 K, thereby indicating that the mi-
crospheres possess a superparamagnetism, which results from
the small nanocrystals in the Fe;O,4 cores. Every Fe;Oy4

S
5 80t
g ——Fe,0,

75 —v—Fe,0,@CaSiO,

70 |

65 |-

60 I I 1 L 1 n 1 L 1 n 1 1 1 " 1

100 200 300 400 500 600 700 800
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Fig. 6 TGA curves of Fe30,4 and Fe;0,@CaSiO;

microsphere is a dense assembly of single-domain nanoparti-
cles. The polyethylene glycol stabilizer may also screen dipo-
lar interactions between nanocrystals and decrease their coer-
civity. A similar result was reported in a previous study (Ge
et al. 2007). Thus, the Fe;0,@CaSiO; composite exhibits
strong magnetization and, thus, may be suitable for magnetic
separation and recovery.

Adsorption performance of the magnetic
Fe;0,@CaSiO; composite

Effect of adsorption conditions on adsorption efficiency

Figure 8 shows the effects of adsorbent dosage, ¢, and initial
pH on the adsorption of Cu®*, Ni**, and Cr’* by
Fe;0,@CaSiOs.

In Fig. 8a, the R, of Fe30,@CaSiO; for these heavy metal
ions initially increased steeply with increasing adsorbent dos-
age. At a dosage of 200 mg/L, the R, of Cu”* and Ni** tended
to be stable and increased minimally even with continued
increases in adsorbent dosage. The optimum
Fe;0,@CaSiO; dosage for Cu?* and Ni** adsorption was
200 mg/L, and the R, reached 98.03% and 98.01%, respec-
tively. By contrast, the R, of Cr** remained nearly unchanged
after the Fe;0,@CaSiO; dosage reaching 300 mg/L, and the
R, reached to be 99.23%.

Table 1 Physical characteristic parameters of Fe;0,4,@CaSiO3, CaSiOs, and Fe;04

Sample BET surface area (mz/g) Average pore size (nm) Pore volume (cm?/ 2)
Fe;0,@CaSiO; 41.56 16 0.25

CaSiO; 79.32 18 0.29

Fe;04 7.94 3.84 0.020
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Fig. 7 Magnetic hysteresis curves of Fe;04 and Fe;0,@CaSiO;
obtained via VSM at 300 K

The variation in the R, of the magnetic composite for the
heavy metal ions over time (Fe;0,@CaSiO; dosages of
200 mg/L for Cu** and Ni** and 300 mg/L for Cr’*) is illus-
trated in Fig. 8b. When ¢ reached 100 min, the R, tended to
stabilize and increase slowly with increasing z. These results
show that the adsorption of Cu®*, Ni**, and Cr’* by
Fe;0,@CaSiO; rapidly reaches adsorption equilibrium. To
ensure adequate adsorption, subsequent experiments were
conducted using =10 h.

The R, of the composite for Cu®*, Ni**, and Cr’* versus the
initial pH (Fe;04@CaSiO; dosages of 200 mg/L for Cu** and
Ni** and 300 mg/L for Cr**; ¢ = 10 h) are plotted in Fig. 8c.
The R, of the heavy metals increased remarkably with increas-
ing pH when pH < 5.0 and then tended to stabilize with min-
imal changes at pH > 5.0. When pH reached 5.0, the R, of

0 100 200 300 400 500 600 700 800 900 100 200

Fe;0,@CaSiO; for Cu®*, Ni**, and Cr’* were 95.10%,
90.99%, and 98.48%, respectively. However, when the origi-
nal solution pH was applied (5.54 for Cu®*, 5.83 for Ni**, 3.70
for Cr’*), high R, for Cu** and Ni** were obtained (98.03%
and 91.24%, respectively) but the R, for Cr’* only reached
82.85%. Thus, the pH of the Cr** solution must be adjusted to
exceed 5.0, but the pH of solutions containing the two other
heavy metal ions does not require adjustment.

The low R, of the composite at low pH value may be
attributed to the degree of protonation of Fe;0,@CaSiOs,
which leads to different charges on the surface of the adsor-
bent (Doula 2009). Fig. S1 (Supplementary Material) shows
that the zeta potential of Fe;0,@CaSiOs is positive and de-
creases rapidly with increasing pH from 2.05 to 4.23, and
reaches zero at pH of approximately 4.50, i.e., pHpzc =
4.50. After that, it decreases continuously to be negative with
increasing pH despite some fluctuation. When pH < pHpyc,
the absorbent surface can be protonated to gain partial positive
charges that tend to repel positive ions (Doula 2009), thereby
diminishing its adsorption capacity and ability to form com-
plexes with heavy metal ions. Structural damage resulting
from partial solubilization of Fe;0,@CaSiO; at low pH can
also considerably weaken the ability of the adsorbent to re-
move heavy metal ions from solution.

Adsorption isotherms for different heavy metal ions

The adsorption isotherms of Fe;O,@CaSiO; for Cu’*,
Ni®*, and Cr’* are presented in Fig. 9A—C. The pH of the
simulated Cu®* and Ni** solutions was not adjusted, but
that of Cr’* was adjusted within the range of 5.0-5.5
(Table S1, Supplementary Material). The equilibrium data
in Fig. 9A—C were fitted to the Langmuir, Freundlich, and
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0
110 T T T T T T T T T T T T
0oL a }_+/i§+__%_{__% ] st b ’i /i__/;—%_ % ] 104 c §/§"§§ ]
38 L —e—cCu A 84 - # —e—Cu” 1 L —e—Cu* i
77 4 70 - I) b 2T ]
66 L 1 L I L I I B 56 | I I - L I ! 1 L 1 L
96 - $/§_i_%_§—+—% 1% /ﬁ—’i—‘ﬁ_ — 1 /ﬁ__i_—g-—i—i
St ——N? 1 —=Nf =3 —=—Ni
S ~ 64 4= 60 -
“nt i f{ /
48 + i 40 - -
60 L L : . 4 L L L 112 L L L 1 1 1 1
- - [ ] 100 |- -
102 §/}—§—}—§—H 96 §/§/§“ ¢ E § § ol ; /§’ SRas ]
85 / —e—Cr ] 80 ——cr 4 / —e—cCr’
68 - - f 60 - -
51 _ | ' | ' | ' | - i T . . . . . . | 1 40 | ) | ) | | e

0 100 200 300 400 500 600 700 800 0 100 200

Dosage (mg/L)

300

¢ (min)

400 500 600

pH

Fig. 8 Effects of a Fe;0,@CaSiO; dosage, b contact time, and ¢ initial pH value on the adsorption efficiencies for Cu*, Ni**, and Cr**
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Redlich—Peterson models, and the isotherm constants and
nonlinear regression coefficients obtained from the

experimental data are summarized in Table S2 of the
Supplementary Material.

Table 2 Comparison of the adsorption capacity of Fe;0,@CaSiO; for heavy metal ions with other reported adsorbents

Adsorbent Adsorption capacity (mg/g) References

Ccu Ni2* Pt
Chitosan immobilized on bentonite 14.92 - - Futalan et al. 2011
Ligand-based facial conjugate materials 174.76 - - Awual et al. 2016
Hyperbranched polyurethane resins - 217.50 - Kalaivani et al. 2016
Electrospun AOPAN/RC blend nanofiber membrane 270.71 - - Feng et al. 2018
Alginate-based attapulgite foams 119.0 - - Wang et al. 2018
Mesoporous calcium silicate (293 K) 391.82 - 272.26 Liu et al. 2017a
Ligand immobilized facial composite adsorbent 176.27 - - Awual 2015
KOH-activated carbon from banana peel 143 27.4 - Thuan et al. 2017
Modified magnetic mesoporous silica MCM-48 125.80 - - Mehrali et al. 2014
Magnetic Fe;04-FeB nanocomposites - - 38.90 Shen et al. 2016
Porous vermiculite expanded by microwave preparation 0.4572 - 0.0009 Lee 2012
Magnetic polymer beads 51.70 49.60 - Lin et al. 2012
Magnetic porous Fe;04-MnO, 111.90 55.63 - Zhao et al. 2016
Dithiocarbamate carbon nanotubes 101.52 - - Lietal. 2015
Graphene oxide membranes 76.89 - - Tan et al. 2016a, b
Magnetic chitosan/anaerobic granular sludge composite 83.65 - - Liu et al. 2017b
Fe;0,@CaSiO; (293 K) 427.10 391.59 371.39 This work
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Table 3  Thermodynamic parameters of Fe;0,@CaSiO3 adsorption for Cu?*, Ni**, and Cr’* ions
Metal ion R AH (kJ/mol) AS (J/mol K) AG (kJ/mol)

293 K 303 K 313K 323 K
Cu** 0.9611 13.1249 111.7806 —19.6436 —20.7614 —21.8792 —22.9970
Ni?* 0.9875 15.2027 117.5393 —19.2539 —20.4293 —21.6047 —22.7801
crr 0.9972 8.8891 97.6285 —19.7307 —20.7070 —21.6833 —22.6595

As clearly shown in Fig. 9A-C, the ¢, of Fe;0,@CaSiO;
for Cu®*, Ni**, and Cr’* first increased sharply with increasing
heavy metal concentration when the initial concentration of
the simulated solution was less than 150 mg/L (fifth experi-
mental point) at the same temperature, and then increased
slowly. The adsorption isotherms of Fe;0,@CaSiO5 for
Cu”*, Ni**, and Cr’* increased with increasing temperature,
thereby indicating that increasing temperatures are beneficial
to the adsorption of these heavy metal ions and that the ad-
sorption process is an endothermic reaction that could be
mainly classified as chemical adsorption.

Table S2 shows that, among the correlation coefficients (Rz)
obtained from the tested models, those from the Redlich—
Peterson model were the highest, followed by those of the
Freundlich and Langmuir models. This result implies that the
Redlich—Peterson model is the best model to fit the experimen-
tal data; this model can describe physical and chemical adsorp-
tion phenomena on uneven adsorbent surfaces better than the
two other models can (Liu et al. 2017a). The CaSiOj; coating on
the surface of the magnetic Fe;0,@CaSiO3 microspheres
plays a dominant role in the adsorption process and enables
heavy metal ion adsorption based on chemical and physical
mechanisms (Qi et al. 2015; Zhao et al. 2014; Liu et al.
2017a). Therefore, chemical and physical adsorption occur in
the system. According to the regression curves obtained from
the Redlich—Peterson model, the maximum adsorption capaci-
ties of Fe;0,@CaSiOs for Cu®*, Ni**, and Cr’* are 427.10,
391.59, and 371.39 mg/g, respectively, at an initial concentra-
tion of 225 mg/L and temperature of 293 K. The adsorption
capacities of Fe;O,@CaSiO; for the heavy metal ions are

4.5

considerably higher than those of other adsorbents reported in
the literature (Table 2), thereby demonstrating its excellent ad-
sorption property. The high adsorption capacity of the proposed
composite may be due to its abundant pore structure (Fig. 1),
high specific surface area (Fig. 5; 41.56 m?/g, Table 1), and
abundant —OH and —O- active groups (Fig. 3). The adsorption
capacities of Fe;0,@CaSiO; for the heavy metals revealed the
order Cu®* > Ni**>Cr*.

The relationships between the logarithmic function In K4 of
the distribution coefficient Ky (described by Eq. (S4) in the
Supplementary Material) and the reciprocal of temperature
(1/T) are plotted in Fig. 9a—c, and the corresponding thermo-
dynamic parameters (AS, AH, and AG) calculated according to
Egs. (S5) and (S6) in the Supplementary Material are listed in
Table 3. The AH for the adsorption process of Fe;0,@CaSiO;
is positive and small, which demonstrates that the process is
endothermic in nature and that the adsorption is not too strong.
The positive values of AS reflect the affinity of
Fe;0,@CaSiO; for Cu®*, Ni**, and Cr**, which is probably
the result of the release of solvent molecules from the solvent
layer of the adsorbent and heavy metal ions (Liu et al. 2017a).
Thus, the adsorption of the three heavy metal ions by
Fe;0,@CaSiO; can be deduced to be driven by entropy.
The AG in all cases is less than zero and increases with in-
creasing temperature, which suggests the spontaneous nature
of the process and that the degree of spontaneity increases
with increasing temperature. Therefore, based on the thermo-
dynamic parameters, the adsorption of Cu”*, Ni**, and Cr’**
by Fe;0,@CaSiO3 is a spontaneous endothermic process
with an entropy increase.
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40F,

4.0 -

a o

w
wn

w

n

) . ) @
g 30 ° 303K g g
E Ik 4 313K £ 30 * 303K &
S v 323K & A 313K s
2.5 Pseudo Second Order Model 25l v 323K —— Pseudo Second Order Model
- - - - Pseudo First Order Model - Pseudo Second Order Model 22 - - - - Pseudo First Order Model
- - - - Pseudo First Order Model
2.0 2.0 20
1 1 1 1 1 1 L 1 1 1 1 1 1 18 ! 1 1 1 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
£ (min) ¢ (min) 1 (min)

Fig. 10 Change in the adsorption amount (¢,) with contact time (¢) at different temperatures. a Cu**. b Ni**. ¢ Cr

@ Springer



Environ Sci Pollut Res (2019) 26:8721-8736

8731

120

7 2+
i 77 Cu
90 — o
PR
L RS
PR
80 KKK 7
195089 Z
N 558 R 7
K5 K] V7 7
K3 KR 7
B RS KR e 7 Z
© R R R v G
N r RS K300 K501 K5 K]
S 0088 RS RS KRS BKS
6% KXY £ £, St
~ 60 HZks% oS BSes o b
RS KRS R §] R3]
S RXXS K] KX kX! RXXK]
L KOS BIRKS 50588 KRS RS
RS KRS otoses oo R
RS BRRKS 20388 RS KK
KO £ KR (XS £S5
B B ot Sote% RS RS
KK B KR KXY £
L RS RRRK] otoses BT RS
RS oSt £ BXS S0%eS
KK KRS S0%eS KRS £
40 + R £RXS S0t B S0%eS
RO KXY B KXY £
PO PXXS 1990089 1000049 £
+ o%e%S RS R R] RS
RS KRS £ PIRKS So%es
KK KX 0% KXY £S5
30 H KRS KRS KRS BXXX] RS
RXXS K] KX KRS KX
KOS KRR £ BORKS £S5
RS KRS R RK] RS
L RS B 30%0S BRKS S0%eS
KK BXS 0% (XS K5
RS KRRK] B BT RS
20 RRXS K] KX KXX] KR
o KOS KRS S0%8S KRS K5
RS KRRK] R B! RS
K3 K] KX K% KR
r KL KK 105050 K360} KX
K3 KRS KX KXXX] 05039
L B KRS 12958 KRS K5
KR RS R BRXS S0%eS
RIS R3] ote%es RRRK] kS
KOS KRS 19958 KRS K5
3 KR P £ SO $0%8S
s Do 5 G 58
0 7R ZREA LK 5,599 ZRK

_.
)
w
~

Fig. 11 Different cycles on the removal percentage of different heavy
metal ions by the Fe;0,@CaSiO; composite

Adsorption kinetics

The influence of ¢ on the adsorption amount (g,) of
Fe;0,@CaSiO; for Cu*, Ni**, and Cr’* at different tem-
peratures is presented in Fig. 10. Two types of kinetic
models are used to investigate the adsorption processes
of Fe;0,@CaSiO3, namely, the pseudo-first-order and
the pseudo-second-order models. The kinetic fitting pa-
rameters are provided in Table S3 of the Supplementary
Material.

As clearly shown in Fig. 10, the adsorption of
Fe;04@CaSiO; for Cu?*, Ni**, and Cr’* increased signifi-
cantly as # increased, and ¢, generally increased rapidly within
the first 15 min after addition of Fe;0,@CaSiO3. The nega-
tively charged surface (Fig. S1, Supplementary Material) and
high specific surface area (41.56 m?/g, Table 1) of
Fe;0,@CaSiO3 result in an extremely rapid sorption rate,
followed by a gradual increase from 15 to 100 min, likely
because of the abundance of vacant hydroxyl sites (shown in
Fig. 3) and ion exchange with Ca®* on the surface of
Fe;0,@CaSiO; (Table S4, Supplementary Material; Qi
et al. 2015; Zhao et al. 2014). Adsorption equilibrium for
every heavy metal ion tested was attained within ca.
150 min. After this period, the uptake of heavy metal ions
remained nearly unchanged with increasing, which indicates
that the adsorption had reached equilibrium. The adsorption
kinetics of Cu®*, Ni**, and Cr’* also increased with increasing
temperature. This result confirms the endothermic nature of
the adsorption process and can be attributed to an increase in
the number of activated molecules (heavy metal ions and
binding sites of the adsorbent), the increased mobility of
heavy metal ions, and their tendency to be adsorbed from
the bulk solution to the surface of Fe;0,@CaSiO; as the tem-
perature increases.

Figure 10 and Table S3 of the Supplementary Material com-
pare the R” of the pseudo-first-order and pseudo-second-order
models. The R* values of the pseudo-second-order model are
obviously higher than those of the pseudo-first-order model,
thus suggesting that the adsorption of Cu®*, Ni**, and Cr’* by
Fe;0,@CaSiO3 was better and can be best described by the
pseudo-second-order kinetic model, which is based on the
chemical adsorption equilibrium (Wu et al. 2016). This finding
practically implies that chemisorption plays a dominant role
and may be the rate-limiting step in the adsorption process.
During adsorption, heavy metal ions join the Fe;0,@CaSiOs
surface by forming a chemical bond through the sharing or
exchange of electrons, i.e., surface complexation (Qi et al.
2015; Liu et al. 2018b). This supposition can be confirmed by
the XPS spectrum analysis (Fig. 12). Moreover, the fitted g, of
the pseudo-second-order model were in good agreement with
the experimental values (g.q). Overall, the adsorption capacities
of the magnetic composite for heavy metals followed the order
Cu?* > Ni** > Cr'* at 293 K (in mmol/g).

Regeneration of the Fe;0,@CaSiO; composite

Figure 11 shows the recyclability of the Fe;0,@CaSiO; com-
posite in 0.1 mg/L triethylenetetramine.

Figure 11 shows that the decreasing percentages of R, grad-
ually decreased as the number of reuse cycles increased and
that the R, of the composite slightly decreased from the fourth
cycle to the fifth cycle. Moreover, the decreasing percentages
of Cu®*, Ni**, and Cr’* clearly decreased by 25.56%, 27.22%,
and 40.13%, respectively. Although the loss of adsorption
capacity of Fe;0,@CaSiO; was evident, tricthylenetetramine
was an effective eluent for the Fe;0,@CaSiOs-adsorbed
heavy metal ions. Results indicated that the adsorbent un-
dergoes a certain irreversible change after adsorbing Cu**,
Ni**, and Cr** due to ion exchange with Ca** in CaSiOs
and the loss of the active hydroxyl sites on the surface of
Fe;0,@CaSiO; during repeated adsorption/desorption (Liu
et al. 2017a). Although the removal percentage of each metal
ion may decline over the course of recycling, particularly after
the first cycle, a relatively high adsorption capacity was still
maintained after washing with the eluent. Thus, the magnetic
Fe;0,@CaSiO; composite presents good stability and regen-
eration performance, rendering it a promising material in the
field of heavy metal ion removal.

Magnetic separation-redispersion process
of Fe;0,@CaSiOs-adsorbed Cu?*, Ni**, and Cr**

The magnetic separation—redispersion processes of
Fe;0,@CaSiO;-adsorbed Cu®*, Ni**, and Cr** are shown in
Fig. S2 of the Supplementary Material. The initial concentra-
tions of Cu®*, Ni**, and Cr’* were 900 mg/L, and the colors of
the corresponding solutions are blue, aqua, and light greenish
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blue, respectively. As shown in Fig. S2, the initial transparent
solution became black suspensions after addition of the com-
posite (Fig. S2(b)). After shaking for 10 h at 293 K, the black-
colored suspension transformed into a colorless transparent
solution and the black particles rapidly aggregated to the side
of the glass vial from their homogeneous dispersion within
60 s upon placement of an external magnet beside the vial
(Fig. S2(c)). The particles could be redispersed by slight shak-
ing or sonication once the external magnetic field was re-
moved, thereby resulting in a black suspension (Fig. S2(b)).
This result can be attributed to the superparamagnetism of the
Fe;0,@CaSiO; composite, which prevents magnetic parti-
cles from self-aggregating and enables them to be redispersed
rapidly after the removal of the magnetic field (Li et al. 2011).
This simple experiment shows that the Fe;0,@CaSiO3 com-
posite has excellent adsorption, magnetic, and redispersibility
properties, all of which are important for their practical ma-
nipulation and make them especially suitable for continuous
automation processes.

@ Springer

Adsorption and separation mechanisms

To explore the mechanism of adsorption, XRD and FTIR
measurements were performed to investigate changes in
Fe;0,@CaSiO; after adsorption, as shown in Fig. 2c—¢ and
Fig. 3c—e, respectively. After adsorption of the heavy metal
ions, no new diffraction peaks were observed in the diffraction
curves (Fig. 2c—e), although the peaks at 26 of 35.30°, 43.13°,
56.84°, and 62.53°, which are assigned to Fe;O4, became
weaker, and peaks at 26 of 29.50° and 43.03°, which are
assigned to CaSiOs, basically disappeared. This phenomenon
indicates that no new crystalline phase is formed after adsorp-
tion. The weakening or disappearance of the above diffraction
peaks may be attributed to the coating of a layer of amorphous
substances on the surface of Fe;0,@CaSiO; after adsorption,
which reduces its diffraction intensity. Figure 3c—e shows that,
after adsorption, besides the characteristic peak at
1000.95 cm ™', which is assigned to the asymmetric vibrations
of Si—O-Si, becoming weaker and blue-shifting to
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Fig. 13 Adsorption—separation process of Fe;0,@CaSiO; toward heavy metal ions

approximately 1050 cm™' and the peaks at 777.29 and
453.76 cm ', which is assigned to the symmetric stretching
and bending vibrations of Si—O-Si, disappearing, the charac-
teristic peaks at approximately 3400 and 1640 cm ' assigned
to the stretching and bending vibrations of —OH became
slightly weaker. These changes imply that the adsorbed heavy
metal ions interact with the surface —OH and silicates of
Fe;0,@CaSiO;. However, these results are unable to provide
direct evidence of the interaction between the adsorbed heavy
metal ions and Fe;0,4@CaSiO;. Thus, XPS was employed to
analyze the surface composition and valence states of ele-
ments, as shown in Fig. 12.

As shown in Fig. 12a, Si, Ca, O, Fe, and C are observed on
the curves of all samples. The presence of C is attributed to
adventitious C-based contaminants. Heavy metal ions
adsorbed onto Fe;04@CaSiO; show the corresponding
peaks. The characteristic peak of Ca 2p in the
Fe;0,@CaSiO; composite is considerably lower after adsorp-
tion than that in the original Fe;0,@CaSiO; composite, there-
by indicating the loss of Ca during the adsorption process,
which is in good agreement with the determination results of
released Ca®* (Table S4, Supplementary Material). As shown
in Fig. 12b, the O 1 s spectrum of Fe;0,@CaSiO3-Cu com-
prises four peaks with differentiated binding energies of
530.31,531.12,531.81, and 532.81 eV, which can be assigned
to Si-O—Cu, Si—-O—Cu, Si—O-Si, and Si—O-H, respectively.
This finding indicates that oxygen atoms can interact with
Cu(Il) by sharing lone electrons (Shao et al. 2018; Chi et al.
2012; Akhavan et al. 2011; Deroubaix and Marcus 1992). As

shown in Fig. 12c, the XPS spectrum of the O 1 s region of the
Fe;0,@CaSiO3-Ni can be fitted to four peaks with differen-
tiated binding energies of 531.10, 531.92, 532.50, and
533.31 eV, which are attributed to Si—O-Ni, Si—O-Si, Si-O-
Si, and Si—O—H, respectively (Guo et al. 2017; Yu et al. 2019;
Long et al. 2016; Liu et al. 2018a). As shown in Fig. 12d, the
O 1 s spectrum of Fe;0,@CaSiO;-Cr includes four peaks
with differentiated binding energies of 531.09, 531.77,
532.23, and 532.90 eV, which are assigned to Si-O-Cr, Si—
0-Si, Si—0-Si, and Si—O-H, respectively (Zhao et al. 2015b;
Lietal. 2017b). In general, these results imply that —O— and —
OH groups in Fe;0,@CaSiOs coordinate with Cu®*, Ni**,
and Cr’* during adsorption, i.e., surface complexation, there-
by verifying the aforementioned analysis. Thus, chemical ad-
sorption resulting from the surface complexation reaction of
active groups of -O—and —OH plays a key role in heavy metal
adsorption onto the magnetic composite.

To verify the existence of ion exchange, the Ca** amount
released during adsorption was determined, as shown in
Table S4 of the Supplementary Material. Results show that
the adsorption process is accompanied by the release of
Ca®*. However, the amount of Ca®* released is considerably
lower than the amount of heavy metal adsorbed. The ratio of
released Ca”* to the total adsorbed amount of heavy metal is
less than 20% for Cu®* and Ni** and less than 25% for Cr**.
Thus, ion exchange occurs in the adsorption process, but it is
not the predominant mechanism.

The preliminary adsorption and separation mechanism of
Fe;0,@CaSiO; toward heavy metal ions can be summarized
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as follows: (1) The CaSiO; coating layer plays a lead role in
the adsorption process. Therefore, the adsorption mechanisms
of porous CaSiO; (Qi et al. 2015; Zhao et al. 2014; Liu et al.
2018b), including chemical adsorption resulting from the sur-
face complexation reaction of active groups of -O— and -OH
shown in the infrared spectra (Fig. 3), ion exchange resulting
between Ca** on the surface and edge of Fe;0,@CaSiO; and
heavy metal ions, and physical adsorption resulting from a net
force field originating from the polar surface and edge and
high specific surface energy, can suitably describe the adsorp-
tion mechanisms of Fe;0,@CaSiOs. (2) The adsorption ther-
modynamic and kinetic data indicate that chemical adsorption
plays a dominant role in the adsorption process. Given the
heterogeneous equilibrium of ions of the insoluble CaSiO3, a
certain amount of Ca®* exists near the interface of
Fe;0,@CaSiO; and water. Heavy metal ions of a matched
scale can react with silicate to form M"" silicates with a low
solubility, which can be exchanged inevitably with Ca** and
easily undergo an irreversible transformation after adsorption
of heavy metal ions (Tits et al. 2006; Liu et al. 2017a), leading
to approximately 20% of the adsorbed heavy metal ions not
being eluted out (Fig. 11). (3) The Fe;0,@CaSiO; composite
exhibits excellent superparamagnetism (Ms=57.1 emu/g,
Fig. 7) because its core (Fe;04 microspheres) possesses a
superparamagnetic nature with a Ms = 86.5 emu/g. Thus, the
composite can easily be separated from the solution by apply-
ing an external magnetic field.

Based on the above discussion, the adsorption—separation
process (Fig. 13) of the magnetic composite is proposed as
follows: (1) Heavy metal ions rapidly diffuse from the bulk
solution toward the surface of Fe;0,@CaSiO; and simulta-
neously release hydrated molecules. These ions are then
adsorbed and fixed on Fe;0,@CaSiO; through chemical ad-
sorption, ion exchange, and physical adsorption. (2) In the
presence of an external magnet, Fe;0,@CaSiO; composites
bearing adsorbed heavy metal ion rapidly aggregated toward
the magnet within 1 min from their homogeneous dispersion,
thereby yielding a transparent solution and realizing the sepa-
ration of heavy metal ions from the solution. (3) Heavy metal
ions adsorbed onto the composite can be redispersed by slight
shaking once the external magnetic field is removed.

Conclusions

(1) A two-component material with a Fe;0, magnetite core
and layered porous CaSiO; was synthesized in this re-
search. Results showed that the magnetic
Fe;0,@CaSiO3 composite had a 2D core—shell architec-
ture with a cotton-like morphology, specific surface area
of 41.56 m*/g, average pore size of 16 nm, and pore vol-
ume of 0.25 cm*/g. The measured Ms of the composite
was 57.1 emu/g, which was decreased by 29.4 emu/g
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compared with that of pure Fe;O4 microspheres. As such,
the composite can be easily separated from aqueous solu-
tions by application of an external magnetic field.

(2) The equilibrium data of Cu**, Ni**, and Cr’* adsorption
by Fe;0,@CaSiO; fitted the Freundlich and Redlich—
Peterson models well but were more suited to the latter
than the former. According to the curve fitted by the
Redlich—Peterson model, the maximum adsorption ca-
pacities of Fe;0,4@CaSiO; for Cu®*, Ni**, and Cr’* were
427.10, 391.59, and 371.39 mg/g, respectively, at an ini-
tial concentration of 225 mg/L and temperature o293 K.
These values are higher than those reported in the litera-
ture and follow the order Cu®* > Ni**>Cr’*. The ad-
sorption of heavy metal ions by Fe;0,@CaSiO; was a
spontaneous endothermic process with an entropy in-
crease and mainly results from complexation between
the heavy metal ions and the hydroxyl groups on the
surface of the PCS. The adsorption mechanisms included
physical adsorption, chemical adsorption (particularly
surface complexing adsorption), and ion exchange.
Among these processes, chemical adsorption was the
dominant mechanism.

(3) The adsorption of Fe;04@CaSiO; for Cu®*, Ni**, and
Cr’* was rapid and reached equilibrium within 150 min.
The kinetic data fitted the pseudo-second-order model
well. The synthesized magnetic Fe;0,@CaSiO3 com-
posite showed outstanding adsorption and regeneration
performance, as well as excellent magnetic field separa-
tion characteristics. These results demonstrate that the
proposed Fe;0,@CaSiO; composite is a promising ad-
sorbent with considerable application potential in heavy
metal ion removal. The findings also indicate that the
composite is especially suitable for continuous automa-
tion processes.
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