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Magnetised zeolite A, zeolite X and Na,K-CHA composites with
superparamagnetic nanoparticles of SiO2-coated Fe3O4 or CoFe2O4 ferrite
spinels were prepared, characterised and tested for ion exchange efficacy.
They were synthesised by following three steps, synthesising Fe3O4 and
CoFe2O4 nanoparticles by a solvothermal method, coating the metal oxide
particles with SiO2 by a sol-gel process, and attaching the MxOy/SiO2 onto the
zeolites during synthesis. The magnetic zeolites were characterised by X-ray
diffraction, X-ray fluorescence spectroscopy, Raman spectroscopy, vibrating
sample magnetometry and both scanning and transmission electron
microscopy. It was confirmed they had superparamagnetic properties due to
successful attachment of the MxOy/SiO2 particles onto the zeolites. Adsorption
capacities of Sr2+ onto the magnetic zeolite A and zeolite X and Cs+ onto the
magnetic Na,K-CHAwere also evaluated. The results show theMxOy/SiO2 did not
block the adsorption sites of the zeolites and the MxOy/SiO2 particles were not
detached from the zeolites during the adsorption experiments.
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1 Introduction

Sr-90 and Cs-137 are common fission products from U-235 nuclear fuels, and they
adversely affect human bodies due to their radioactivity (beta and gamma emitters,
respectively) and long half-lives (28.91 and 30.08 years, respectively) (Browne and Tuli,
2007; Basu and McCutchan, 2020). Generally, the radionuclides are released during fuel
reprocessing into liquid effluents, furthermore, a large amount of the radionuclides have
also been released into cooling water used for the reactor cores damaged by the TEPCO
Fukushima Daichi accident in Japan. For radioactively contaminated water remediation,
chemical coprecipitation and adsorptive separation methods have both been studied, such
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as carbonate coprecipitation of Sr-90 and adsorption of both cations
by monosodium titanate, sodium silicotitanate (commercially
available as IONSIV™ IE-911), hydroxyapatite, bentonite, and
zeolites (Sugihara et al., 1959; Oji et al., 2009; Nishiyama et al.,
2016; Kubota et al., 2013). After the remediation process, the
coprecipitation sludge and spent adsorbents are normally
immobilised in cement, polymers or geopolymers and disposed
of as low or intermediate level radioactive wastes (International
atomic energy agency, 2001; Lichvar et al., 2013). Aluminosilicate
zeolites can effectively remove Sr2+ and Cs+ from aqueous solutions
by cation-exchanging with Na+, examples are zeolites Na-A and Na-
X for Sr2+ and Na,K-chabazite (CHA) for Cs+ (Mimura and Kanno,
1985; Munthali et al., 2015). Commonly, zeolite monoliths, beads, or
pellets are packed in a filtration column for the water remediation,
such as the KURION system used at TEPCO Fukushima Daiichi
(Hijikata et al., 2014), because the zeolite can then be easily replaced,
however, the system has less cation-exchange efficiency than
suspending zeolite particles directly in the water due to the lower
surface contact area and time. Contaminated water sources can
cover a range of pH values, some are low due to acid
decontamination solutions, ground water is typically in the range
of pH 6 to 8.5 and base-stabilized solutions can be over pH 10.
Hence, materials are typically tested over a range of pH values to
assess applicability.

Magnetically modified zeolites (MZ), such as one with attached
metal oxide particles that can be collected by an external magnetic
field, have been proposed to improve the water remediation process
and efficiency. For example, Faghihian et al. have studied a
superparamagnetic zeolite A nanocomposite for Sr2+ and Cs+

removal, the nanocomposite was synthesised by co-precipitation
of nano-sized Fe3O4 on pre-synthesised zeolite A in an aqueous Fe
(Ⅱ)/Fe (Ⅲ) solution (Faghihian et al., 2014). It exhibited a high
magnetisation (up to 19.03 emu/g at about 9 kOe), but Sr2+ and Cs+

capacities of the nanocomposite were decreased as the Fe3O4 to
zeolite A ratio increased. A one-pot synthesis method is another way
to synthesise a MZ, nano-sized Fe3O4 or CoFe2O4 were formed
solvothermally on Na,K-CHA particles from Fe (Ⅲ) and/or Co (Ⅱ)
acetylacetonate and 1-hexanol (Ito et al., 2023). The Cs+ adsorption
isotherms of both Fe3O4/Na,K-CHA and CoFe2O4/Na,K-CHA were
almost the same as pure Na,K-CHA, and they could also be
separated by a neodymium magnet from aqueous solutions, even
though the maximum magnetizations were less than 6.3 emu/g at
50 kOe. In both papers, the authors reported the metal oxide
particles were observed on the surface of the zeolite particles.
Fe3O4 can transform to γ-Fe2O3, α-FeOOH and α-Fe2O3 by
water, humid air, or heating (Meisel, 1998). CoFe2O4 is not
degraded under the same conditions, however, both Fe3O4 and

CoFe2O4 are harmful due to the particle sizes if they are detached
from the zeolite surfaces. Therefore, we have investigated a new type
of MZ where silica-coated Fe3O4 or CoFe2O4 were attached onto
zeolite particles (MxOy/SiO2/zeolite).

A SiO2 coating is commonly used to protect MxOy particles,
this is applied using a synthesis method that creates size controlled
monodisperse SiO2-coated particles by a sol-gel reaction of tetra-
alkyl silicates with an aqueous ethanol and ammonia solution
(Stöber et al., 1968). Ideally, thinner SiO2 layers on MxOy particles
are preferred to avoid a decrease in magnetisation. The SiO2

thickness can be controlled by adjusting several aspects
including the ratio of the tetra-alkyl silicate source and ethanol,
the pH of the reaction medium, the reaction temperature and
time. Dang, et al. investigated how these factors affect the SiO2

thickness on Fe3O4 particles and the particle aggregation (Dang
et al., 2010). The SiO2 layer became thicker as the reaction
temperature and pH of the reaction medium (over pH 10.5)

FIGURE 1
XRD patterns of (A) Fe3O4 and Fe3O4/SiO2 and (B) CoFe2O4 and
CoFe2O4/SiO2 with positions from fitting individual peaks denoted by
vertical lines.

TABLE 1 Initial pH, and Sr and Cs concentrations used for the pH-dependent studies.

MxOy/SiO2/zeolite A, MxOy/SiO2/zeolite X MxOy/SiO2/Na,K-CHA

pH Sr (mg/L) pH Cs (mg/L)

4.06 129 ± 3 4.04 107 ± 2

7.00 131 ± 4 6.89 99 ± 5

9.96 112 ± 3 10.03 96 ± 2
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increased, and the authors assumed there were ideal values of the
pH and the ethanol concentration in the reaction medium to avoid
the particle agglomeration. Agglomerated Fe3O4/SiO2 particles
were formed when both ethanol concentration and pH in the
reaction medium were high as well as when they are low. On the
other hand, the reaction time was longer when the reaction
temperature was decreased, and the Fe3O4 was uncoated
in pH 8 medium.

In this study, the Fe3O4/SiO2 or CoFe2O4/SiO2 particles
attached to zeolite A, zeolite X and Na,K-CHA were

synthesised by three steps: (Browne and Tuli, 2007): synthesis
of nano-sized Fe3O4 or CoFe2O4, (Basu and McCutchan, 2020),
formation of a thin SiO2 coating on the Fe3O4 or CoFe2O4

particles, and (Sugihara et al., 1959) incorporating the Fe3O4/
SiO2 or CoFe2O4/SiO2 particles in the zeolite by mixing them into
the zeolite synthesis process. Then, the morphology,
magnetisation and Cs or Sr exchange characteristics were
evaluated, and the results were compared with the MxOy/
Na,K-CHA to evaluate how the SiO2 coatings affect the
magnetisation and cation exchange abilities.

FIGURE 2
Raman spectra of Fe3O4 (left) and CoFe2O4 (right).

FIGURE 3
TEM images and EDS mapping of CoFe2O4/SiO2 particles.
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FIGURE 4
TEM images and EDS mapping of Fe3O4/SiO2 particles.

FIGURE 5
Magnetisation curves of Fe3O4 and Fe3O4/SiO2 (left), and CoFe2O4 and CoFe2O4/SiO2 (right) at 300 K.
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2 Experimental details

2.1 Materials

For the syntheses of Fe3O4 and CoFe2O4 nanoparticles, iron (Ⅲ)
acetylacetonate [97% Fe (acac)3, Sigma-Aldrich] and/or cobalt (Ⅱ)
acetylacetonate [97% Co (acac)2, Sigma-Aldrich], 1-hexanol (>99%,
Sigma-Aldrich), ethanol (>99.8%, Fisher Chemical) and
dichloromethane (99.8%, DCM, Sigma-Aldrich) were used.

For the Fe3O4/SiO2 and CoFe2O4/SiO2 syntheses, ethanol,
ammonia hydroxide (28% NH3, Fisher Chemical), tetraethyl
orthosilicate (≥99.0%, TEOS, Sigma-Aldrich) and deionized water
(DI water), were used.

For the Fe3O4/SiO2/zeolite A and CoFe2O4/SiO2/zeolite A
syntheses, NaOH (Fisher Chemical), sodium aluminate
(Technical, Fisher Chemical), sodium metasilicate pentahydrate
(Technical, Fisher Chemical) and DI water were used.

For the Fe3O4/SiO2/zeolite X and CoFe2O4/SiO2/zeolite X
syntheses, sodium aluminate, sodium metasilicate pentahydrate
(Technical, Fisher Chemical) and DI water were used.

For the Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-CHA
syntheses, the ammonium form of zeolite Y (Alfa Aesar), 45% KOH
solution (Honywell Fluka), NaCl (Fisher Chemical) and DI
water were used.

For the Cs and Sr adsorption experiments, CsNO3 (99.99%
Sigma-Aldrich), Sr(NO3)2 (99.97%, Alfer Aesar), ultrapure 2%
HNO3 solution, 1,000 mg/L CsNO3 ICP standard (Merck
Millipore), 1,000 mg/L Sr(NO3)2 ICP standard (Merck Millipore),
1,000 mg/L RbNO3 (Merk Millipore), 1,000 mg/L Y(NO3)3 (Merk
Millipore), 2-[4t-(2-hydroxyethl)piperazin-1-yl]ethanesulfonic acid
(>99.5% HEPES, Sigma-Aldrich), N-cyclohexyl-3-
aminopropanesulfonic acid (>99% CAPS, Sigma-Aldrich) and
ultrapure water were used.

2.2 Synthesis of MxOy nanoparticles

The Fe3O4 and CoFe2O4 nanoparticles were prepared by the
same synthesis method described by Ito et al. (Ito et al., 2023). In
a glovebox under argon, a glass liner for a Teflon-lined 45 mL
autoclave was charged with either 2.00 g (5.7 mmol) of Fe (acac)3

and 20 mL of 1-hexanol or 1.70 g (4.8 mmol) of Fe (acac)3, 0.62 g
(2.4 mmol) of Co(acac)2 and 20 mL of 1-hexanol. Additionally,
5 mL of 1-hexanol was filled between the glass liner and the
Teflon liner to prevent an overflow of the reagents. The autoclave
was heated in a conventional oven at 175°C for 5 h for Fe3O4 or at
180°C for 10 h for CoFe2O4. The products were collected by
centrifugation at 11,000 rpm for 10 min, and then washed with
ethanol and DCM each three times. After each washing, they
were collected by centrifugations under the same condition, and
the final washed particles were dried at 60°C. Typical yields were
0.18 g of Fe3O4 and 0.41 g of CoFe2O4.

2.3 Synthesis of MxOy/SiO2 nanoparticles

50 mL of DI water and 200 mL of ethanol were charged in a
500 mL short neck boiling flask. The pH of the solvent was
adjusted to about 10.50 with 28% NH3 solution. It was degassed
by N2 for 10 min, and then 0.25 g of Fe3O4 or CoFe2O4

nanoparticles were dispersed in the solvent using an ultrasonic
bath (40 kHz) for 10 min. Either 2.00 mL of TEOS for Fe3O4/SiO2

or 1.00 mL of TEOS for CoFe2O4/SiO2 was added in the solvent
mixture, and it was ultrasonicated for 2 h. The ultrasonic bath
temperature was controlled to between about 20°C and 30°C. The
products were collected by centrifugation at 11,000 rpm for
10 min, and then were washed with ethanol and collected by
centrifugation under the same conditions three times. The final
washed particles were dried at 60°C. Typical yields were 0.17 g of
Fe3O4/SiO2 and 0.21 g of CoFe2O4/SiO2.

2.4 Synthesis of MxOy/SiO2/zeolite

The zeolite A, zeolite X and Na,K-CHA were synthesised by
following the recipes of Robson (Robson, 2001). Firstly, either zeolite
A or zeolite X seed gel were synthesised.

For the synthesis of the zeolite A seed gel, 0.22 g of NaOH was
dissolved in 2.4 mL of DI water, then the solution was divided into
two. Into one of the solutions 0.25 g of sodium aluminate was
dissolved and into the other 0.47 g of sodium metasilicate
pentahydrate. These solutions were combined slowly, and the
mixture was shaken by a vortex mixier for 1 h.

For the synthesis of the zeolite X seed gel, two solutions were
prepared first, 0.68 g of sodium metasilicate pentahydrate was
dissolved in 1.5 mL of DI water, and 0.22 g sodium aluminate
was dissolved in 1.0 mL of DI water. These solutions were
combined slowly, and the mixture was also shaken by a
vortex mixier for 1 h.

For the syntheses of MxOy/SiO2/zeolite A or MxOy/SiO2/
zeolite X, 0.1 g of either the Fe3O4/SiO2 or the CoFe2O4/SiO2

were mixed with either the zeolite A seed gel or the zeolite X seed
gel, and the mixtures were shaken by the vortex mixer for 1 h.
Then, the mixtures were heated in a rotation oven at 99°C for 5 h
for MxOy/SiO2/zeolite A or 90°C for 24 h for MxOy/SiO2/zeolite
X. The final products were collected by the centrifugation at
4,400 rpm for 5 min, and then washed with DI water and
collected by centrifugation under the same conditions three
times. The final washed particles were dried at 60°C. The

TABLE 2 Derived magnetic properties of Fe3O4, Fe3O4/SiO2, CoFe2O4 and
CoFe2O4/SiO2 at 300 K (Hc is the coercive field, Ms is the saturation
magnetisation, and Mr is the remnant magnetisation).

Hc Ms Mr Mr/Ms

Fe3O4 −0.002 58.916 0.320 0.005

0.008 −58.978 −0.338 0.006

Fe3O4/SiO2 −0.015 34.051 0.130 0.004

0.028 −34.062 −0.132 0.004

CoFe2O4 −0.023 69.600 0.840 0.012

−0.012 69.600 0.330 −0.005

CoFe2O4/SiO2 −0.011 57.601 0.350 0.006

0.042 −57.602 −1.950 0.034
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synthesised MxOy/SiO2/zeolites contained ca. 23%–25% of
MxOy/SiO2.

For the synthesis of MxOy/SiO2/Na,K-CHA, firstly, the
ammonium form of zeolite Y was calcined in a furnace at 550°C

(the ramp rate was 2°C/min) for 2 h to change it to hydrogen form. A
0.36 g portion of zeolite H-Y was dispersed in 3.51 M KOH solution,
and it was shaken by a vortex mixer for 1 h. A 0.1 g portion of either
of the Fe3O4/SiO2 or the CoFe2O4/SiO2 was added and it was shaken

FIGURE 6
XRD patterns of Fe3O4/SiO2/zeolite A (top) and CoFe2O4/SiO2/zeolite A (bottom). The vertical lines are peak positions from individual fits.

Frontiers in Environmental Chemistry frontiersin.org06

Ito et al. 10.3389/fenvc.2024.1445482

https://www.frontiersin.org/journals/environmental-chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fenvc.2024.1445482


by the vortex mixer for 1 h again. The mixture was heated in a
rotation oven at 95°C for 4 days. For the Fe3O4/SiO2/Na,K-CHA or
the CoFe2O4/SiO2/Na,K-CHA, the particles were mixed with 2 M
NaCl solution, shaken at 140 rpm for 15 min, and then heated at

100°C for 15 min, followed by a single wash with DI water. The
process was repeated six times, and the final product was washed
with DI water three times and dried at 60°C. The synthesised MxOy/
SiO2/zeolite contained ca. 26%–29% of MxOy/SiO2.

FIGURE 7
XRD patterns of Fe3O4/SiO2/zeolite X (top) and CoFe2O4/SiO2/zeolite X (bottom). The vertical lines are peak positions from individual fits.
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All dried MxOy/SiO2/zeolite particle samples were dispersed in
DI water in a centrifuge tube and magnetically collected by trapping
against the side of the tube using a neodymium magnet from the
outside. The particles that were not attracted by the magnet were

removed from the tube with the water. The process was repeated
three times, and then the final selected samples were dried at 60°C.
The recovered masses were in the range of 40%–56% of the
initial masses.

FIGURE 8
XRD patterns of Fe3O4/SiO2/Na,K-CHA (top) and CoFe2O4/SiO2/Na,K-CHA (bottom). The vertical lines are peak positions from individual fits.
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TABLE 3 Data from peak fittings of the XRD data shown in Figures 6–8.

Sample 2 theta (°) Intensity form baseline Peak area FWHM (°)

Zeolite A 31.62 5309 754 0.13

38.01 1,179 187 0.15

Fe3O4/SiO2/zeolite A 31.57 1,112 324 0.21

37.96 250 63 0.23

CoFe2O4/SiO2/zeolite A 31.59 3,017 568 0.16

37.98 722 128 0.15

Zeolite X 31.10 4,076 743 0.15

37.36 1,719 337 0.17

Fe3O4/SiO2/zeolite X 31.05 798 324 0.32

37.33 316 132 0.36

CoFe2O4/SiO2/zeolite X 31.10 914 351 0.26

37.36 352 108 0.26

Na.K-CHA 35.11 2,292 2,155 0.68

59.17 411 202 0.39

Fe3O4/SiO2/Na,K-CHA 35.52 764 772 0.83

59.10 134 85 0.80

CoFe2O4/SiO2/Na,K-CHA 35.52 1,312 1,401 0.89

59.17 214 145 0.54

TABLE 4 Elemental compositions (oxygen not detected) of the bare zeolite A, Fe3O4/SiO2/zeolite A, and CoFe2O4/SiO2/zeolite A.

Target element Zeolite A Fe3O4/SiO2/zeolite A CoFe2O4/SiO2/zeolite A

wt% Molar ratio to Al wt% Molar ratio to Al wt% Molar ratio to Al Molar ratio to Co

Na 12.9 0.5 3.9 0.5 7.3 0.6

Al 33.1 1.0 8.8 1.0 13.8 1.0

Si 51.3 1.5 11.6 1.3 15.9 1.1

Fe 75.7 4.2 47.5 1.7 3.2

Co 15.5 0.5 1.0

TABLE 5 Elemental compositions (oxygen not detected) of the bare zeolite X, Fe3O4/SiO2/zeolite X, and CoFe2O4/SiO2/zeolite X.

Target element Zeolite X Fe3O4/SiO2/zeolite X CoFe2O4/SiO2/zeolite X

wt% Molar ratio to Al wt% Molar ratio to Al wt% Molar ratio to Al Molar ratio to Co

Na 15.2 0.6 5.1 0.6 8.0 0.7

Al 30.1 1.0 10.1 1.0 13.2 1.0

Si 52.8 1.7 14.9 1.4 18.7 1.4

Fe 69.9 3.3 38.5 1.4 1.9

Co 21.2 0.7 1.0
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TABLE 6 Elemental compositions (oxygen not detected) of the bare Na,K-CHA, Fe3O4/SiO2/Na,K-CHA, and CoFe2O4/SiO2/Na,K-CHA.

Target element Na,K-CHA Fe3O4/SiO2/Na,K-CHA CoFe2O4/SiO2/Na,K-CHA

wt% Molar ratio to Al wt% Molar ratio to Al wt% Molar ratio to Al Molar ratio to Co

Na 8.2 0.5 2.4 0.7 2.2 0.7

Al 20.7 1.0 4.1 1.0 4.0 1.0

Si 68.6 3.2 11.6 2.7 12.0 2.9

K 1.9 0.1 0.1 0.0 0.0 0.0

Fe 81.8 9.6 62.9 7.6 3.5

Co 18.8 2.1 1.0

FIGURE 9
TEM images and EDS mapping of the sliced CoFe2O4/SiO2/zeolite A.
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FIGURE 10
TEM images of Fe3O4/SiO2/zeolite A (left) and the sliced Fe3O4/SiO2/zeolite A particles. The area enclosed by the blue contour is the cross section of
a single particle sliced by the FIB.

FIGURE 11
SEM images and energy-dispersive X-ray spectra of Fe3O4/SiO2/zeolite A (top) and CoFe2O4/SiO2/zeolite X (bottom).
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2.5 Sr2+ or Cs+ adsorption experiments

2.5.1 Sr or Cs adsorption isotherms
A 10 mg portion of MxOy/SiO2/zeolite A, MxOy/SiO2/zeolite X,

MxOy/SiO2/Na,K-CHA, or the bare zeolite sample was dispersed in a
50 mL centrifuge tube with 10 mL of Sr solution in the range of 20 to

TABLE 7 Derived magnetic properties of MxOy/SiO2/zeolite (Hc is the
coercive field, Ms is the saturation magnetisation, and Mr is the remnant
magnetisation).

Sample Hc Ms Mr Mr/Ms

Fe3O4/SiO2/zeolite A −0.032 9.476 0.110 0.012

0.029 −9.477 0.147 0.016

CoFe2O4/SiO2/zeolite A −0.022 15.500 0.170 0.011

0.023 −15.500 −0.178 0.011

Fe3O4/SiO2/zeolite X 0.019 8.500 −0.060 −0.007

0.022 −8.500 −0.060 0.007

CoFe2O4/SiO2/zeolite X −0.032 10.900 0.200 0.018

0.057 −10.900 −0.333 0.031

Fe3O4/SiO2/Na,K-CHA −0.029 13.700 0.108 0.008

−0.003 −13.700 0.014 −0.001

CoFe2O4/SiO2/Na,K-CHA −0.038 24.700 0.800 0.032

0.029 −24.700 −0.400 0.016

FIGURE 12
Sr adsorption isotherms of zeolite A, Fe3O4/SiO2/zeolite A and
CoFe2O4/SiO2/zeolite A.

FIGURE 13
Sr adsorption isotherms of zeolite X, Fe3O4/SiO2/zeolite X and
CoFe2O4/SiO2/zeolite X.

FIGURE 14
Cs adsorption isotherms of Na,K-CHA, Fe3O4/SiO2/Na,K-CHA
and CoFe2O4/SiO2/Na,K-CHA.

FIGURE 15
Time-dependent Sr adsorption on zeolite A, Fe3O4/SiO2/zeolite
A and CoFe2O4/SiO2/zeolite A.

FIGURE 16
Time-dependent Sr adsorption on zeolite X, Fe3O4/SiO2/zeolite
X and CoFe2O4/SiO2/zeolite X.
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278 mg/L for theMxOy/SiO2/zeolite A and the bare zeolite A or 33 to
176 mg/L for the MxOy/SiO2/zeolite X and the bare zeolite X, or Cs
solution in the range of 18 to 202 mg/L for the MxOy/SiO2/Na,K-
CHA or 30 to 161 mg/L for the bare Na,K-CHA. The Sr or Cs
solutions were prepared from Sr(NO3)2 or CsNO3 and ultrapure
water. No pH adjustments were made. The tubes were shaken at
140 rpm for 24 h at ambient temperature. The exchanged solutions

were filtered through 0.22 μm filters and then a small amount of each
exchanged solution was diluted by ultrapure 2%HNO3 to give a total
volume of 10 mL with a Sr or Cs level below 0.5 mg/L; these were
then used for ICP-MS measurements.

2.5.2 Time-dependent Sr or Cs adsorption
capacities

A 10 mg of portion of MxOy/SiO2/zeolite A, MxOy/SiO2/zeolite
X, MxOy/SiO2/Na,K-CHA, or the bare zeolite A, zeolite X, or Na,K-
CHA was dispersed in a 50 mL centrifuge tube with 30 mL of the Sr
solution (97 mg/L for MxOy/SiO2/zeolite A and the bare zeolite A or
88 mg/L for MxOy/SiO2/zeolite X and the bare zeolite X) or the Cs
solution (89 mg/L for MxOy/SiO2/Na,K-CHA and the bare Na,K-
CHA). The initial pH values of Sr solutions were 7.42 for MxOy/
SiO2/zeolite A and the bare zeolite A and 6.48 for MxOy/SiO2/zeolite
X and the bare zeolite X. The initial pH value of Cs solution was 7.33.
The samples were exchanged by a vortex mixier at 900 rpm, and
aliquots of the exchanged solution were taken out at 10, 30, 60, 120,
and 1,440 min. They were filtered and prepared for the ICP-MS
measurements in the same way as described for the Sr or Cs
adsorption isotherm experiments.

2.5.3 pH-dependent Sr or Cs adsorption capacities
The experimental method was almost the same as the Sr or Cs

adsorption isotherms; however, the pH values of the Sr or Cs
solutions were buffered by the use of either HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) or CAPS
(N-cyclohexyl-3-aminopropanesulfonic acid). Before making the
Sr or Cs solutions, a pH 4 solution was made from 50 mM
HEPES and 1 M HCl, and pH 7 and 10 solutions were made
from 50 CAPS and 1 M to 0.1 M NaOH, as required. Then, the
Sr(NO3)2 or CsNO3 was added to the pH adjusted
solutions (Table 1).

2.6 Characterisation

The MxOy/SiO2/zeolite A, MxOy/SiO2/zeolite X, and MxOy/
SiO2/Na,K-CHA products were analysed by powder x-ray
diffraction (Bruker D2, Co-anode, Kα = 1.79026 Å), and a Bruker
D8 Advance (Cu-anode, Kα = 1.5406 Å) was used for the Cs

FIGURE 17
Time-dependent Cs adsorption onNa,K-CHA, Fe3O4/SiO2/Na,K-
CHA and CoFe2O4/SiO2/Na,K-CHA.

FIGURE 18
pH dependent Sr adsorption on zeolite A, Fe3O4/SiO2/zeolite A
and CoFe2O4/SiO2/zeolite A.

FIGURE 19
pH dependent Sr adsorption on zeolite X, Fe3O4/SiO2/zeolite X
and CoFe2O4/SiO2/zeolite X.

FIGURE 20
pH dependent Cs adsorption on Na,K-CHA, Fe3O4/SiO2/Na,K-
CHA and CoFe2O4/SiO2/Na,K-CHA.
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exchanged MxOy/SiO2/Na,K-CHA analysis. The elemental
compositions of the products were analysed by XRF (Bruker
S8 Tiger, Rh target) as pressed pellets using a wax binder
(SpectroBlend® 44 μm Powder, Chemplex). The ratio of the bare
zeolite to wax was 1:4 to 1:1.6, and the ratio of MxOy/SiO2/zeolite A,
MxOy/SiO2/zeolite X, and MxOy/SiO2/Na,K-CHA samples to wax
was about 1:2.3 to 1:5.9. The Raman spectra of MxOy samples were
obtained by a Renishaw inVia Raman microscope with a 532 nm
green laser excitation (Cobalt Samba 100) with 0.5 mW power for
Fe3O4 and 1.0 mW power for CoFe2O4. The magnetic properties of
the Fe3O4 sample were measured by magnetic property
measurement system (Quantum Design MPMS XL-5) at 27°C,
and the other samples were measured by vibrating sample
magnetometry (VSM, Quantum Design MPMS 3) at 27°C.

Electron microscopy was performed by SEM-EDS (JSM-7800F,
JEOL), and the sample morphology and size distribution were observed
by TEM-EDS (Thermo Fisher Scientific FEI Ralos F200 or JEOL JEM-
2800). For cross section measurements, particles of MxOy/SiO2/zeolite
A, MxOy/SiO2/zeolite X, and MxOy/SiO2/Na,K-CHA were sliced by
Focused Ion Beam System (JEOL JIB-40).

The Sr2+ or Cs+ concentrations in the adsorption experiments
were measured by ICP-MS (Perkin Elmer NexION™ 300). The
RbNO3 or Y(NO3)3 was used as an internal standard for the
measurements.

3 Results and Discussion

3.1 Characterisation of MxOy and MxOy/
SiO2 materials

3.1.1 Structure analysis
The XRD patterns of the pure and silica coated Fe3O4 and

CoFe2O4 nanoparticles were obtained to confirm their identity and
purity (Figure 1). The pattern for Fe3O4 is indexed based on the
ICDD PDF file 04-007-1,060 and that for CoFe2O4 from file 00-003-
0864. The XRD peaks of both Fe3O4/SiO2 and CoFe2O4/SiO2 were
shifted slightly from their pure particles and this may be due to
covalent bonds between the metal oxide nanoparticle surfaces and
the SiO2 layers, the covalent bonds may form while the SiO2 coating
is forming by reacting with -OH groups on the Fe3O4 and CoFe2O4

surfaces (Babu et al., 2013).
For the iron oxide sample, the XRD patterns of Fe3O4 and γ-

Fe2O3 are essentially identical. To confirm the correct spinel has
formed, Raman spectra were also obtained (Figure 2). The iron
sample had a Raman peak at 683 cm-1 that is in good agreement with
the reported A1g phonon mode of Fe3O4 (Pazik et al., 2013). The
CoFe2O4 sample had Raman peaks at 301, 467 and 680 cm-1 that can
be assigned to the Eg. T1g, and A1g phonon modes, respectively
(Chandramohan et al., 2011).

FIGURE 21
SEM images of Fe3O4/SiO2/Na-CHA (right) and Fe3O4/SiO2/Cs,Na-CHA (left).
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TEM was used to measure the Fe3O4 and CoFe2O4 particle sizes,
and the SiO2 thickness on CoFe2O4 was also obtained (Figures 3, 4).
It was observed that the CoFe2O4/SiO2 sample had uniform ca. 2 nm
SiO2 coatings on the 7.5 (±1.5) nm CoFe2O4 particles. However, in
the TEM image of Fe3O4/SiO2, a uniform thickness SiO2 coating was
not observed even though the amount of TEOS (the silica source)
was higher than for the CoFe2O4/SiO2 synthesis. There are regions
that appear to show an amorphous layer on the outside of particles
and Si is detected by TEM-EDS so we interpret this as a less uniform
and thinner (less than 2 nm) coating formed on the 8.0 (±1.8) nm
Fe3O4 particles (the TEM used cannot detect less than about a 1 nm
thickness of a low density SiO2 layer). The difference of SiO2

thickness might be caused by the synthesis temperature, it varied
between about 20°C and 30°C during the ultrasonification process,
and it might effect the solubility and viscosity of the synthesis
medium (Tan et al., 1987).

3.1.2 Magnetic property
The magnetisation loops of both the bare and silica-coated

Fe3O4 and CoFe2O4 nanoparticles at 300 K are shown in
Figure 5. The saturation magnetisation of Fe3O4 (58.9 emu/g)
was 10.7 emu/g lower than that of CoFe2O4 (69.6 emu/g)
(Table 2). For both materials the values are in the expected
range: 5.5 nm particles of Fe3O4 had a reported value of 50 emu/

g at 12 kOe (Li et al., 2010), 8 nm particles 47 emu/g at 60 kOe
(Lemine et al., 2012), and 5.9 to 8.9 nm particles of CoFe2O4 had
50.2 to 58.7 emu/g at 10 kOe (Yáñez-Vilar et al., 2009). The Fe3O4

and CoFe2O4 particles synthesised here have similar or slightly
higher saturation magnetisations than previously reported.

The saturation magnetisation of CoFe2O4 can be changed by the
ratio of Co and Fe. CoFe2O4 has an inverse-spinel structure that the
general formula is B (AB)O4 (A is a divalent ion and B is a trivalent
ion), half of the B ions occupy octahedral sites while other half
occupy tetrahedral sites (Smart and Moore, 2012). The average mole
ratio of Co and Fe was 1.0 to 2.7. In such a structure, the occupancy
of Fe2+ ions in the octahedral sites increased by increasing the
concentration of Fe, and the Co2+ and Fe3+ ions occupy the
tetrahedral sites, as a result, the saturation magnetisation of
CoFe2O4 was higher than Fe3O4 by having a strong surface
anisotropy (Biswal et al., 2013).

After SiO2 coating of the Fe3O4 and CoFe2O4 particles, the
saturation magnetisations in units of emu/g dropped. This has been
previously seen and studied for NiFe2O4 and attributed to both the
mass having a substantial nonmagnetic SiO2 component but more
significantly the silica coating increasing the metal spin canting at
the interface causing larger magnetic anisotropy of the core particle
surface spins (Umut et al., 2021). The decreasing of saturation
magnetisation of CoFe2O4/SiO2 (57.6 emu/g) was less than that

FIGURE 22
SEM images of CoFe2O4/SiO2/Na-CHA (right) and CoFe2O4/SiO2/Cs,Na-CHA (left).

Frontiers in Environmental Chemistry frontiersin.org15

Ito et al. 10.3389/fenvc.2024.1445482

https://www.frontiersin.org/journals/environmental-chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fenvc.2024.1445482


of Fe3O4/SiO2 (34.0 emu/g). This could be due to the relative
distributions of Co2+, Fe2+ and Fe3+ ions in the tetrahedral sites
of the CoFe2O4/SiO2, or aggregation of the CoFe2O4 particles might
have occurred through the SiO2 coating process.

3.2 Characterisation of MxOy/SiO2/
zeolite materials

3.2.1 Structure analysis
The XRD patterns of the pure MxOy, pure zeolite, and composite

MxOy/SiO2/zeolite materials are shown in Figures 6–8. These
confirm in all cases the target zeolite has formed in good purity
with the coated particles, peaks for the zeolite match those for zeolite
A in the ICSD PDF file 00-039-0222, zeolite X in file 00-038-
0237 and zeolite chabazite in file 00-019-1178. All MxOy/SiO2/
zeolite products have broad peaks at ca. 41°, consistent with the
presence of a spinel ferrite phase. There is no evidence of crystalline
SiO2, which is in keeping with a thin amorphous coating on the
spinel oxide particles. All excluding CoFe2O4/SiO2/zeolite A also
have a sharp peak at around 51°, this is likely due to the background
holder as the specimens had to be prepared as thin layers held in
place with vaseline. To confirm whether zeolite frameworks of the
MxOy/SiO2/zeolite had the same crystallinity as the pure zeolite, two

XRD peaks for each of the MxOy/SiO2/zeolite and the pure zeolite at
the same positions were fitted (Table 3). The FWHM values,
excluding CoFe2O4/SiO2/zeolite A, were at least 0.08° larger than
that of the pure zeolite equivalent. The peak broadening is indicative
of reduced crystallinity and could be due to either the formation of
smaller zeolite particles or the presence of framework defects.

From the bulk elemental compositions as derived from XRF
measurements, Tables 4–6, all Si/Al ratios of MxOy/SiO2/zeolites
were close to theoretical Si/Al ratios of zeolite A (1.0), zeolite X (1.2)
and CHA (2.3) (Robson, 2001). Although the silica coating of the
ferrite particles will increase the Si/Al ratios, the change will be
insignificant given the majority of the Si and Al present are in the
zeolite particles and will be much less than the errors associated with
the measurements. The Na/Al and K/Al ratios were lower than
expected but consistent within the expected error limits (ca. relative
10%) for each zeolite type. There may be some Na+ adsorbed onto
the SiO2 layers as SiO−-Na+ (Andriyko et al., 2015), because the
TEM-EDS maps for Na shows there was some signal on the
CoFe2O4/SiO2 nanoparticles (Figure 9) as well as zeolite particles.

The TEM images of Fe3O4/SiO2/zeolite A and its cross-section
(Figure 10) show the Fe3O4/SiO2 nanoparticles are attached to
zeolite surfaces, furthermore the TEM-EDS of CoFe2O4/SiO2/
zeolite A shows most of the CoFe2O4/SiO2 nanoparticles are
aggregated on the outside of the zeolite A. The aggregated

FIGURE 23
Powder XRD patterns of materials before and after the Cs adsorption experiments of Fe3O4/SiO2/Na,K-CHA (top) and CoFe2O4/SiO2/Na,K-CHA
(bottom). The vertical lines are peak positions from individual fits.
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particles formed as single big particles (Figure 9). It could be
assumed that the silicon source for the formation of the zeolite
might be also used to connect the MxOy/SiO2 particles. Therefore, it
could be assumed the Fe3O4/SiO2 and CoFe2O4/SiO2 nanoparticles
are unlikely to be detached from the zeolite surfaces during the
cation-exchange processes. From the SEM-EDS of Fe3O4/SiO2/
zeolite A and CoFe2O4/SiO2/zeolite X, the Si signal was slightly
higher than the Al on the spot of the aggregated Fe3O4/SiO2 and
CoFe2O4/SiO2 (Figure 11).

3.2.2 Magnetic properties
Magnetic properties for all samples are listed in Table 7. The

maximum magnetisations of the Fe3O4/SiO2/zeolite and CoFe2O4/
SiO2/zeolite were 8.5 emu/g and 10.9 emu/g, respectively, these are
higher than the Fe3O4/Na,K-CHA and CoFe2O4/Na,K-CHA materials
that were previously reported at 5.3 emu/g and 6.3 emu/g, respectively
(Ito et al., 2023). The maximum magnetisations of the MxOy/SiO2/
zeolite tended to increase when the ratio ofMxOy/SiO2 andMxOy/SiO2/
zeolite was higher, excluding the CoFe2O4/SiO2/zeolite X. This tendency
agrees with the work of Faghihian et al. (Faghihian et al., 2014). For the
CoFe2O4/SiO2/zeolite X, it could be assumed there might be smaller
aggregatedCoFe2O4/SiO2 particles such as seen in Figure 11. TheMr/Ms

values were all less than 0.1 kOe, Table 7 and Supplementary Figures
S1–S3, this means the MxOy/SiO2 particles in the zeolite materials were
still superparamagnetic. It could be supposed the SiO2 thin layer on the
MxOy particles protect them as single domains.

3.3 Sr2+ and Cs+ adsorption properties

The Sr2+ adsorption isotherms of the bare zeolite A, Fe3O4/SiO2/
zeolite A and CoFe2O4/SiO2/zeolite A are shown in Figure 12. The
shapes of the isotherm curves for Fe3O4/SiO2/zeolite A and
CoFe2O4/SiO2/zeolite A are almost the same. The maximum qe
of bare zeolite A was over 56 mg/g higher than the Fe3O4/SiO2/
zeolite A and CoFe2O4/SiO2/zeolite A. The Fe3O4/SiO2/zeolite X and
CoFe2O4/SiO2/zeolite X had also the similar isotherm curves as the
Fe3O4/SiO2/zeolite A and CoFe2O4/SiO2/zeolite A (Figure 13). The
maximum qe of bare zeolite X was over 25 mg/g higher than them.
The Cs+ adsorption isotherms of the bare Na,K-CHA, Fe3O4/SiO2/
Na,K-CHA and CoFe2O4/SiO2/Na,K-CHA are shown in Figure 14.
The qe of both Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-
CHA were about 15 mg/g different from the bare Na,K-CHA at
3 mg/L. The lower qe values for the composites are expected as the
weight fraction of zeolite within them are on the order of 20%–40%
from the XRF data.

The Time-dependent Sr2+ adsorption behaviours on the bare
zeolite A, Fe3O4/SiO2/zeolite A and CoFe2O4/SiO2/zeolite A are
shown in Figure 15. Most Sr2+ was exchanged in the first 30 min by
the bare zeolite A. Equilibrium is reached about 90 min faster than
both Fe3O4/SiO2/zeolite A and CoFe2O4/SiO2/zeolite A. The bare
zeolite X also adsorbed most Sr2+ within 30 min, and the adsorption
speeds of both Fe3O4/SiO2/zeolite X and CoFe2O4/SiO2/zeolite X
were also 30 to 90 min slower than the bare zeolite X (Figure 16).

FIGURE 24
Before and after magnetic separations of (A) Fe3O4/SiO2/Na,K-CHA, (B) CoFe2O3/SiO2/Na,K-CHA, (C) Fe3O4/SiO2/Cs,Na-CHA and (D) CoFe2O3/
SiO2/Cs,Na-CHA by a neodymium magnet (7.5 kgf).
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This could be due to restricted access of the solution to the surface of
the zeolite particles in the composites. At the end of the Sr
adsorption experiments, similar trends of slight pH increases of
the solutions were observed in Fe3O4/SiO2/zeolite A, CoFe2O4/SiO2/
zeolite A and the bare zeolite A with final values of 8.40 ± 0.11, 8.17 ±
0.08 and 9.43 ± 0.06 respectively, and for Fe3O4/SiO2/zeolite X,
CoFe2O4/SiO2/zeolite X and the bare zeolite X with values of 7.67 ±
0.35, 7.00 ± 0.13 and 9.81 ± 0.01 respectively.

Both Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-CHA
exchanged most Cs+ within 10 min. The adsorption speeds were
20 min faster than the bare Na,K-CHA (Figure 17), however, the
differences of the amount of adsorbed Cs+ difference was about 3 to
4 mg/g, and it might be negligible. The final pH values of the
solutions for Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-
CHA were 7.58 ± 0.16 and 7.09 ± 0.16 respectively and similar
to both MxOy/SiO2/zeolite A andMxOy/SiO2/zeolite X. The solution
from the bare Na,K-CHA exhibited a pH of 6.71 ± 0.01 at the end of
the Cs adsorption experiments.

The pH dependent Sr2+ adsorption on the bare zeolite A, Fe3O4/
SiO2/zeolite A and CoFe2O4/SiO2/zeolite A are shown in Figure 18. All
of them had the highest Sr2+ adsorption capacities at pH 7 to pH 10, and
they were over 95 mg/g. The smallest capacities were at pH 4, and the
amounts of adsorbed Sr 2+ were almost half of the highest capacities, this
is likely due to blocking of binding sites and reduction of local charges in
the 6-ring windows due to protonation which impede Sr2+ binding. The
bare zeolite X, Fe3O4/SiO2/zeolite X and CoFe2O4/SiO2/zeolite X had
very similar Sr2+ adsorption characteristics to their zeolite A
counterparts depending on pH (Figure 19).

The pH dependent Cs+ adsorption on the bare Na,K-CHA,
Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-CHA are shown
in Figure 20. They had the highest Cs+ capacities at pH 4, and it was
over 94 mg/g. The Cs+ capacity of CoFe2O4/SiO2/Na,K-CHA
decreased slightly until about 85 mg/g, as the pH increased.
However, Both Na,K-CHA and Fe3O4/SiO2/Na,K-CHA had the
smallest Cs+ capacities at pH 7. There is much less effect with
pH than is seen for Sr2+ on zeolites A and X. This is not surprising as
the CHA framework has a much higher Si/Al ratio leading to a lower
surface charge so will be less likely to strongly bind protons,
additionally the large Cs+ cations site within cages at a greater
distance from the framework than Sr2+. This pH dependent
behaviour of both Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/
Na,K-CHA are similar to the Fe3O4/Na,K-CHA and CoFe2O4/
Na,K-CHA, which Fe3O4 and CoFe2O4 nanoparticles were
incorporated at the edge of the zeolite particles (Ito et al., 2023).

The SEM images of before and after Cs adsorbedMxOy/SiO2/Na,K-
CHA are show in Figures 21, 22. The CHA particle structures did not
change. From the SEM-EDS results, the Fe3O4/SiO2 and CoFe2O4/SiO2

particles seemed to not detach from the Na,K-CHA particles.
The XRD patterns before and after the Cs adsorption

experiments of Fe3O4/SiO2/Na,K-CHA and CoFe2O4/SiO2/Na,K-
CHA are shown in Figure 23. In both cases the patterns are nearly
identical and indicate no significant degradation of the framework.

Dispersion and magnetic separation tests were performed for the
MxOy/SiO2/Na,K-CHA andMxOy/SiO2/Cs,Na-CHA in deionised water
(Figure 24). The particles started settling within 10 s when agitations
were stopped, and most of the particles were attracted to a neodymium
magnet (7.5 kgf) placed on the outside the vials. Some of the particles
were weakly attracted to themagnet, therefore it was difficult to collect all

particles by themagnet, and the water colours of bothMxOy/SiO2/Na,K-
CHA and MxOy/SiO2/Cs,Na-CHA were not clear after the process.
However, the CoFe2O3/SiO2/Na,K-CHA and CoFe2O3/SiO2/Cs,Na-
CHA particles were more strongly attracted by the magnet than the
Fe3O4/SiO2/Na,K-CHA and Fe3O4/SiO2/Cs,Na-CHA particles because
of their better magnetic characteristics (See Table 7).

4 Conclusions

SiO2 coated Fe3O4 or CoFe2O4 nanoparticles incorporate and
become attached to zeolite A, zeolite X, or Na,K-CHA when added
to the synthesis mixture. The composites exhibit high magnetisation
and superparamagnetic characteristics, even though they had some
micro-sized aggregated Fe3O4/SiO2 and CoFe2O4/SiO2 particles. Most
of the Fe3O4/SiO2 or CoFe2O4/SiO2 nanoparticles were attached on the
zeolite surfaces, but they do not block access and the zeolites retain good
Cs+ or Sr2+ adsorption capacities. Furthermore, the time dependent Cs+

or Sr2+ adsorptions of allMxOy/SiO2/zeolites were almost as quick as the
bare zeolite. Furthermore, it was confirmed the Fe3O4/SiO2/Na-CHA
and CoFe2O4/SiO2/Na-CHA particles were not damaged after the Cs+

adsorption experiments. Although no competitive ion exchange
experiments were done in this work (e.g., Cs exchange in the
presence of K), as there is no significant differences in the ion
exchange behaviour of the magnetised systems compared to the
pure zeolites we expect any reported behaviour of the pure systems
would still be observed.
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