
RESEARCH ARTICLE

Fabrication and characterization of magnetically responsive
Fe3O4@TiO2 core-shell adsorbent for enhanced thallium removal

Zhihan Yang1
& Wanlin Wu1

& Ling Yu2
& Xiaoyun Fan1

& Yang Yu1

Received: 17 December 2019 /Accepted: 30 April 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Thallium (Tl) contamination in natural waters can pose a severe risk to human health. In this study, a magnetically responsive
Fe3O4@TiO2 core-shell adsorbent was developed for the effective removal of thallium(I) from water. The isoelectric point of the
adsorbent surface was decreased from 6.0 to 4.8 due to the loading of nano-sized TiO2, leading to an enhanced electrostatic
interaction between the adsorbent and Tl(I) ions in a wider pH range. The Fe3O4@TiO2 magnetic adsorbent exhibited a threefold
higher BET specific surface area compared to pristine Fe3O4 particles. The kinetics study showed that approximately 82% of the
maximumTl(I) loading amount could be achievedwithin 30min at the initial Tl(I) concentration of 8 mg/L and adsorbent dosage
of 0.1 g/L. The adsorption of Tl(I) was significantly increased with increasing solution pH. The experimental data was better
fitted by the Langmuir and Temkin isotherms than the Freundlich isotherm and the maximum adsorption capacity of the magnetic
adsorbent was 101.5 mg/g at pH 7.0. The interference of co-existing cations in the Tl(I) adsorption followed the subsequence:
Cu2+ > Mg2+ > Ca2+ > Na+. The hydroxyl groups bonded on titanium atoms might play a key role in the uptake of Tl(I) ions.
During the adsorption, the Tl(I) ions can be effectively adsorbed on the adsorbent surface via the formation of Ti–O–Tl linkages.
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Introduction

Thallium (Tl) as a toxic heavy metal element can originate from
both natural processes and anthropogenic activities. Long-term
exposure to thallium even under its low concentration can cause
a variety of health problems such as hair loss; abdominal pain;
anorexia; ataxia; paresthesia; pathologic changes in the kidney,

liver, and lung; cancers; and death (Galván-Arzate 1998;Mulkey
and Oehme 1993). The maximum contaminant level (MCL) of
thallium in drinking water is therefore limited to 2 μg/L by the
US Environmental Protection Agency (USEPA).

Technologies such as ion exchange (Li et al. 2017), coagu-
lation oxidation (Zhang et al. 2013), chemical precipitation
(Davies et al. 2016), emulsion liquid membrane (Yang et al.
2017), and adsorption (Liu et al. 2014; Memon et al. 2008;
Zhang et al. 2018) have been applied for the removal of thalli-
um from water. Among them, adsorption process is considered
as one of the most promisingmethods due to its high efficiency,
low cost, feasibility, and availability of numerous adsorbents
including activated carbon (Sabermahani et al. 2017),
multiwalled carbon nanotube (Pu et al. 2013; Rehman et al.
2013), biomass wastes (Khavidaki and Aghaie 2013; Memon
et al. 2008; Peter and Viraraghavan 2008), and metal oxides
(Huangfu et al. 2015; Kajitvichyanukul et al. 2003; Wan et al.
2014; Zhang et al. 2008). The abovementioned adsorbents
mainly suffer from the difficulty in separation from the treated
stream, and centrifuge or filtration with high energy consump-
tion is therefore generally required as the post-treatment ap-
proach (Yin et al. 2017).
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Magnetic adsorbents would be a better choice for the prac-
tical application because of their facile recovery with the as-
sistance of external magnetic field (Lingamdinne et al. 2019;
Ruthiraan et al. 2019). In order to obtain high-performance
magnetic adsorbents, adsorptive materials with the special af-
finity towards target contaminants have been incorporated in-
tomagnetic support materials. The chitosan-coated Fe3O4 par-
ticles exhibited a rapid and efficient adsorption of Pb(II) ions
from water (Rasoulzadeh et al. 2020). The adsorption ability
of Fe3O4 particles was also demonstrated to be greatly im-
proved by doping other metal oxides (Yu et al. 2018).
Although this strategy is simple to handle, the crystal structure
of Fe3O4 particles might be disturbed resulting in a negative
effect on the magnetic separation performance. In comparison,
the magnetic adsorbent with a core-shell structure can over-
come drawbacks of the doping method. Moreover, the active
sites from adsorptive materials will be fully exposed on the
external surface of the magnetic adsorbent in which much
faster adsorption rate can be expected. Up to now, numerous
magnetic adsorbents have been developed for removing toxic
pollutants, e.g., arsenic, lead, copper, mercury, and organic
dyes (Alijani et al. 2015; Koduru et al. 2019; Lingamdinne
et al. 2018). However, few studies on the removal of thallium
using the magnetic adsorbent have been reported in the
literature.

In this study, the Fe3O4@TiO2 core-shell magnetic adsor-
bent was prepared by a simple co-precipitation method. The
characteristics of the adsorbent including the surface morphol-
ogy, particle size distribution, zeta potential, and crystal struc-
ture were studied. A series of batch experiments were
conducted to investigate the adsorption performance of
the adsorbent for the Tl(I) removal. The adsorption
mechanism was also proposed according to the results
of batch experiments and the X-ray photoelectron spec-
troscopy (XPS) analysis.

Materials and methods

Materials

Analytical-grade chemical reagents were used in this study,
including iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O),
iron(II) sulfate heptahydrate (FeSO4·7H2O), titanium
butoxide (C16H36O4Ti), sodium hydroxide (NaOH), nitric ac-
id (HNO3), thallium(I) nitrate (TiNO3), sodium chloride
(NaCl), magnesium chloride hexahydrate (MgCl2·6H2O), cal-
cium chloride dihydrate (CaCl2·2H2O), and copper chloride
dihydrate (CuCl2·2H2O), which were purchased from Sigma-
Aldrich. The Tl(I) stock solution with the concentration of 200
mg/L was prepared by dissolving TiNO3 into deionized (DI)
water. Working solutions were prepared by diluting the Tl(I)
stock solution to predetermined concentrations with DI water.

Preparation of Fe3O4@TiO2 core-shell magnetic
adsorbent

The pristine magnetic particle (Fe3O4) was prepared by co-
precipitation method. In brief, a certain amount of Fe(NO3)3·
9H2O and FeSO4·7H2Owith the molar ratio of 2:1 was freshly
dissolved into deoxygenated DI water and mechanically
stirred under a nitrogen atmosphere at 80 °C. After that,
NaOH solution was added dropwise into the mixture solution.
The formed precipitates were collected, washed by DI water,
and dried in oven at 60 °C.

Fifty milligrams of Fe3O4 powders were uniformly dis-
persed into 35-mL ethanol under ultrasonication. Two-
milliliter titanium butoxide was then added under mechanical
agitation to form a homogenous mixture. After that, 1:5 (V/V)
DI/ethanol solution was added dropwise under stirring within
1 h. The obtained particles were magnetically separated using
a permanent magnet and washed by DI/ethanol for several
times. The samples were dried overnight at 60 °C. The TiO2

particles were synthesized through the same procedure with-
out adding Fe3O4 powders. The obtained white precipitates
were collected using centrifuge, washed by DI/ethanol, and
dried in oven for the later characterization.

Characterization

The surface morphology of TiO2, Fe3O4, and Fe3O4@TiO2

core-shell magnetic adsorbent was observed by a scanning
electron microscopy (SEM, ZEISS EVO18, Germany). The
crystal structure of the adsorbent was measured using X-ray
diffraction (XRD, Bruker D2 Phaser, Germany) with Cu Kα
radiation at 30 kV and 30 mA. The zeta potential and particle
size distribution of TiO2, Fe3O4, and Fe3O4@TiO2 core-shell
magnetic adsorbent were determined using dynamic light
scattering (Zetasize nano ZSE, Malvern, UK). The solution
pH at which the zeta potential equals zero is defined as the
isoelectric point (IEP), which is widely used as an index of the
equilibrium of protonation and deprotonation of functional
groups on the adsorbent surface. At the pH value of IEP, the
adsorbent surface would be neutrally charged. BET specific
surface area and pore size distribution of Fe3O4 and
Fe3O4@TiO2 magnetic adsorbent were determined by the ni-
trogen adsorption isotherm technique using a Quantachrome
Instruments analyzer (USA). The chemical state of surface
elements and composition of oxygen-containing groups on
virgin and Tl-loaded adsorbents were analyzed by XPS
(Kratos XPS system-Axis His-165 Ultra, Shimadzu, Japan).

Batch experiments

All adsorption experiments were conducted at room tempera-
ture (T = 25 ± 1 °C) and solution pH was maintained at the
predetermined value throughout the adsorption process by
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adding HNO3 or NaOH. The Tl(I) concentration in solutions
was measured using an inductively coupled plasma mass
spectrometry (ICP-MS). The loading amount of Tl(I) on the
adsorbent was calculated as below:

qt ¼
C0−Ctð ÞV

m
ð1Þ

qe ¼
C0−Ceð ÞV

m
ð2Þ

where qt and qe are the loading amount of Tl(I) on the
adsorbent at time t and at equilibrium (mg/g), respectively;
C0, Ct, and Ce are the Tl(I) concentration at initial, at time t,
and at equilibrium (mg/L), respectively; V is the volume of
Tl(I) solution (L); m is the mass of the adsorbent (g).

In the experiment of adsorption kinetics, 0.1 g of adsorbent
was added into 1-L Tl(I) solution with the initial Tl(I) concen-
tration of 8 mg/L and solution pH was maintained at 7.0.
Approximately 5-mL samples were taken at different time
intervals and filtered through 0.45-μm cellulose membrane
for the Tl(I) concentration measurement.

In the experiment of pH effect, a series of 100-mL Tl(I)
solutions with the Tl(I) concentration of 8 mg/Lwere prepared
in glass vials. Solution pH was respectively adjusted to the
different values ranging from 3.0 to 10.0. The adsorbent dos-
age was 0.1 g/L. After mechanically shaken for 24 h, samples
were taken and filtered for the concentration measurement.
The concentration of titanium (Ti) and iron (Fe) in solutions
after the adsorption was also determined to evaluate the sta-
bility of the adsorbent under different solution pH.

In the adsorption isotherm experiment, 100-mL Tl(I) solu-
tions with the different initial Tl(I) concentrations ranging
from 5 to 150 mg/L were prepared and the solution pH was
controlled at 7.0. After adding 10 mg of adsorbent into each
vial, the suspension was agitated for 24 h. At the end of the
experiment, samples were taken and filtered for the analysis of
residual Tl(I) concentration.

In order to investigate the influence of co-existing cations
on the Tl(I) uptake, a certain amount of Na+, Mg2+, Ca2+, and
Cu2+ was respectively added into Tl(I) solutions with the ini-
tial Tl(I) concentration of 8 mg/L. Solution pH was controlled

Fig. 2 Particle size distribution (a) and zeta potential (b) of Fe3O4@TiO2 magnetic adsorbent, Fe3O4 and TiO2

Fig. 1 SEM images of TiO2 (a), Fe3O4 (b), and Fe3O4@TiO2 magnetic adsorbent (c)
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at 5.0 during the experiment to avoid the precipitation of cat-
ions. The adsorbent dosage was 0.1 g/L. After reaction for 24
h, samples were taken for the concentration measurement.

The regeneration performance of the adsorbent was evalu-
ated through three-cycle adsorption and desorption experi-
ments. 0.1 g of the virgin adsorbent was added into 1-L Tl(I)
solution with the concentration of 8 mg/L under stirring and
solution pH was controlled at 7.0. The spent adsorbent was
collected using centrifuge after the adsorption and regenerated
by 0.1 M HNO3 solution for 3 h. The regenerated adsorbent
was washed by DI water and then used for the next cycle of
adsorption experiment.

Results and discussion

Characterization of adsorbents

The surface morphology of TiO2, Fe3O4, and Fe3O4@TiO2

magnetic adsorbent was investigated by SEM. Figure 1a
shows that the TiO2 is aggregated by nano-sized spherical
particles after the heat-drying procedure. The pristine Fe3O4

with the rough surface is composed of irregular particles (Fig.
1b). As shown in Fig. 1c, the Fe3O4@TiO2 magnetic adsor-
bent is present at the similar surface morphology with that of
TiO2, indicating that the TiO2 has successfully wrapped onto

Fig. 3 XRD pattern of
Fe3O4@TiO2 magnetic adsorbent

Fig. 4 Cumulative pore volume and pore size distribution of Fe3O4 and Fe3O4@TiO2 magnetic adsorbent
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the surface of Fe3O4 particles during the preparation process.
The increased specific surface area and a loose structure of the
magnetic adsorbent due to the deposition of numerous spher-
ical TiO2 nanoparticles on the external surface of Fe3O4 par-
ticles should be beneficial for the rapid diffusion of Tl(I) to-
wards all active sites on the adsorbent.

As shown in Fig. 2a, the particle size distribution of TiO2,
Fe3O4, and Fe3O4@TiO2 magnetic adsorbent was measured
using a Malvern dynamic light scattering instrument. After
simple mortar grinding, TiO2, Fe3O4, and Fe3O4@TiO2 mag-
netic adsorbent have the mean volume diameter of 531.1,
1023.4, and 1123.6 nm, respectively. It is noted that the par-
ticle size of Fe3O4@TiO2 magnetic adsorbent becomes slight-
ly larger and in a narrower range, which should be attributed
to the loading of TiO2 on the surface of Fe3O4 particles.

Due to protonation or deprotonation of functional groups
(e.g., –OH groups), the surface charge of the adsorbent can be
highly affected by solution pH. It can be seen from Fig. 2b that
values of isoelectric point (IEP) of TiO2, Fe3O4, and
Fe3O4@TiO2 magnetic adsorbent are approximately 4.2, 6.0,
and 4.8, respectively. Similar to other studies (Yin et al. 2007;
Zhao et al. 2016), the IEP value of Fe3O4@TiO2 magnetic

adsorbent turns to be obviously closer to that of TiO2 due to
the loading of TiO2 nanoparticles. The adsorbent with a lower
IEP value would have a negatively charged surface in a wider
pH range, which is beneficial for its practical application in the
removal of Tl(I) (will be further discussed later).

As shown in Fig. 3, several broad characteristic peaks can
be observed in the XRD pattern of Fe3O4@TiO2 magnetic
adsorbent. Among them, the peaks at 30.1°, 35.6°, 57.2°,
and 62.7° are assigned to characteristic peaks of Fe3O4 crystal
particles (Yang et al. 2010), while the peaks at 25.3°, 38.1°,
and 50.7° should be attributed to TiO2 nanoparticles (PDFNo.
46-1238). This further confirms that TiO2 nanoparticles have
been successfully loaded on Fe3O4 particles.

The BET specific surface areas of Fe3O4 and Fe3O4@TiO2

magnetic adsorbent are 85.5 and 247.2 m2/g, respectively. As
seen from Fig. 4, the cumulative pore volumes of Fe3O4 and
Fe3O4@TiO2 magnetic adsorbent are approximately 0.30 and
0.26 cm3/g, respectively. Notably, the pore size distribution of
the Fe3O4@TiO2 magnetic adsorbent is much narrower than
that of Fe3O4 particles. This might be due to the coating of
TiO2 with smaller particle size on the surface of Fe3O4

particles.

Fig. 5 Kinetics of the Tl(I) adsorption on Fe3O4@TiO2 magnetic adsorbent: experimental data and modeling by the pseudo-first-order and pseudo-
second-order models (a) and intraparticle diffusion modeling (b). [Tl(I)]0 = 8 mg/L; adsorbent dosage = 0.1 g/L; pH = 7.0; T = 25 ± 1 °C

Table 1 Kinetics parameters for the Tl(I) adsorption on Fe3O4@TiO2 magnetic adsorbent

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe (mg/g) K1 (h
−1) R2 qe (mg/g) K2 (g·mg−1·h−1) R2 Kid, 1

(mg·g−1·h−1/2)
α1

(mg/g)
R2 Kid, 2

(mg·g−1·h−1/2)
α2

(mg/g)
R2

45.84 7.79 0.94 45.84 0.325 0.99 6.84 32.6 0.95 0.625 42.9 0.88
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Kinetics study

The adsorption kinetics study is of crucial importance to eval-
uate the adsorption performance of the Fe3O4@TiO2magnetic
adsorbent. Figure 5a demonstrates that approximately 82% of
maximum Tl(I) loading amount can rapidly occur in the first
0.5 h, followed by a relatively slow adsorption process and the
equilibrium can be reached within 12 h.

In order to better understand the adsorption kinetics of Tl(I)
on the adsorbent, the pseudo-first-order, pseudo-second-order,

and intraparticle diffusion models were employed for simulat-
ing the experimental data. The mathematical equations of
these theoretical kinetics models are given as follows:

qt ¼ qe 1−e−K1t
� � ð3Þ

qt ¼
q2eK2t

1þ K2qet
ð4Þ

qt ¼ Kidt1=2 þ α ð5Þ

Fig. 7 Adsorption isotherm of
Tl(I) on Fe3O4@TiO2 magnetic
adsorbent at pH 7.0. Adsorbent
dosage = 0.1 g/L; T = 25 ± 1 °C

Fig. 6 Effect of solution pH on
the Tl(I) adsorption by
Fe3O4@TiO2 magnetic
adsorbent. [Tl(I)]0 = 8 mg/L;
adsorbent dosage = 0.1 g/L;
T = 25 ± 1 °C
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where qe and qt (mg/g) are the adsorption amount of Tl(I)
on the adsorbent at equilibrium and time t (h), respectively;K1

(h−1), K2 (g·mg−1·h−1), and Kid (mg·g−1·h−1/2) are the rate con-
stant of the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models, respectively; α (mg/g) refers
to the boundary layer effect.

The constants and correlation coefficients (R2) obtained
from kinetics models are summarized in Table 1. According
to the values of R2, the pseudo-second-order model seems to
be more suitable for fitting the experimental data than the
pseudo-first-order model. The pseudo-second-order model as-
sumes that the rate-limiting step of the adsorption process is
controlled by chemical reactions in which adsorbed ions are
bonded onto the adsorbent surface by strong covalent bonding
(Inglezakis et al. 2019). Therefore, the adsorption of Tl(I) on
the Fe3O4@TiO2 magnetic adsorbent could be a chemisorp-
tion process.

The adsorption process can be divided into three steps in-
cluding the external diffusion from the bulk solution to the
exterior surface of the adsorbent, the diffusion into the interior
pores of the adsorbent (namely intraparticle diffusion), and the
final adsorption on the active sites of the adsorbent. Since the
adsorption of Tl(I) on the adsorbent is governed by a chemi-
sorption process, the third step should be very rapid and the
adsorption rate might be controlled by external or intraparticle
diffusion process. As shown in Fig. 5b, the intraparticle diffu-
sion modeling shows a multilinearity. The first linear stage

with a higher rate constant suggests that the adsorption is
dominated by the intraparticle diffusion, while the second lin-
ear stage refers to the equilibrium process of which rate con-
stant is far lower than the first stage owing to a dramatic
reduction of the Tl(I) concentration in solution. As illustrated
in Table 1, the value of α1 equals to 32.6 mg/g that is attrib-
uted to the effect of boundary layer. It is worthwhile to note
that this portion of the Tl(I) loading amount can be achieved
within 10 min, indicating that over 71% of active sites are
present on the external surface of the adsorbent. The adsorp-
tion rate of Tl(I) would be therefore limited by both the exter-
nal diffusion and intraparticle diffusion.

pH effect

As shown in Fig. 6, the loading amount of Tl(I) on the adsor-
bent increases with an increase in solution pH and the optimal
adsorption is achieved at pH 10.0. This is consistent with the
results reported in other studies that the adsorption of Tl(I) on
titanium-based adsorbents could be highly affected by the
electrostatic interaction between adsorbents and Tl(I) ions
(Zhang et al. 2018). In brief, the dominant species of Tl(I)
ions in the tested pH range of 4.0–10.0 are in the form of
Tl+ ions. The adsorbent surface could be positively charged
at pH below the IEP value (4.8 for Fe3O4@TiO2 magnetic
adsorbent), leading to strong electrostatic repulsion between
Tl+ ions and the adsorbent. As a result, the uptake of Tl(I) is

Table 3 Adsorption capacities of Tl(I) on previously reported adsorbents

Adsorbent Tl(I) conc. range (mg/L) pH Max. adsorption capacity (mg/g) Reference

Treated sawdust 0–1000 7.0 13.18 (Memon et al. 2008)

Multiwalled carbon nanotube 0–0.12 6.0 0.42 (Pu et al. 2013)

FeOOH-loaded MnO2 10–150 7.0 450 (Chen et al. 2017)

Titanium peroxide 5–130 7.0 412 (Zhang et al. 2018)

Titanium dioxide 5–130 7.0 258 (Zhang et al. 2018)

Titanate nanotube 0–60 5.0 709.2 (Liu et al. 2014)

MnO2@pyrite cinder 0–160 12.0 320 (Li et al. 2018)

Titanate nanomaterials 25–600 8.0 710.4 (Wang et al. 2020)

Thiol-functionalized mesoporous silica submicrospheres 10–300 6.0 452.8 (Soltani et al. 2019)

Wire-like MnO2 5–1000 6.0 450 (Li et al. 2019)

Fe3O4@TiO2 5–150 7.0 101.5 This study

Table 2 Langmuir, Freundlich,
and Temkin isotherm parameters
for the Tl(I) adsorption

Langmuir isotherm Freundlich isotherm Temkin isotherm

qmax (mg/g) KL (L/mg) R2 Kf (mg
(1−1/n)L1/n/g) 1/n R2 A (L/g) b (kJ/mol) R2

101.5 0.244 0.99 34.38 0.245 0.96 5.50 0.151 0.99
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retarded. The adsorbent surface charge will turn to be negative
at pH above the IEP value. The enhanced electrostatic attrac-
tion between the adsorbent and Tl(I) would be favorable for
the adsorption process, resulting in the increased uptake of
Tl(I) with increasing solution pH.

Adsorption isotherm

The adsorption isotherm experiment was conducted at pH 7.0
and the results are shown in Fig. 7. In order to better under-
stand the adsorption process, the Langmuir, Freundlich, and
Temkin equations were employed for fitting the experimental

data. The Langmuir, Freundlich, and Temkin equations are
expressed as follows (Karri et al. 2017):

qe ¼
qmaxKLCe

1þ KLCe
ð6Þ

qe ¼ K f Ce
1=n ð7Þ

qe ¼
RT
b

� �
ln ACeð Þ ð8Þ

where qe and Ce are the adsorbed amount of Tl(I) at equi-
librium (mg/g) and the equilibrium concentration of Tl(I) in

Fig. 9 Regeneration performance
of Fe3O4@TiO2 magnetic
adsorbent. [Tl(I)]0 = 8 mg/L; ad-
sorbent dosage = 0.1 g/L;
T = 25 ± 1 °C; pH = 7.0

Fig. 8 Effect of co-existing cat-
ions on the Tl(I) adsorption by
Fe3O4@TiO2 magnetic adsor-
bent. [Tl(I)]0 = 8 mg/L; adsorbent
dosage = 0.1 g/L;
T = 25 ± 1 °C; pH = 5.0
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solution (mg/L), respectively. qmax is the maximum adsorp-
tion capacity (mg/g),KL is the Langmuir coefficient relating to
the adsorption strength (L/mg), Kf is the constant for relative
adsorption capacity (mg(1−1/n)L1/n/g), and n is the affinity con-
stant. A is the Temkin isotherm constant (L/g), b is the con-
stant relating to the heat of adsorption (kJ/mol), R is the uni-
versal gas constant (8.314 × 103 kJ/mol·K), and T is the abso-
lute temperature (K).

The parameters and correlation coefficient (R2) obtained
from isotherm models are listed in Table 2. According to the
value of R2, both the Langmuir and Temkin equations can
work well on the fitting of experimental data. The maximum
adsorption capacity of the adsorbent is calculated as 101.5 mg/
g at pH 7.0, suggesting that the preparedmagnetic adsorbent is
a competitive substitute for the effective removal of Tl(I) from
water compared to other previously reported adsorbents as
illustrated in Table 3. The value of b obtained from the
Temkin model is 0.151 kJ/mol, indicating that the uptake of
Tl(I) on the adsorbent also involves the physisorption process
to some extent (Zhang et al. 2018).

Selectivity and regeneration study

Since the cations such as Na+, Mg2+, Ca2+, and Cu2+ widely
exist in natural waters and industrial wastewaters, their pres-
ence can compete for active sites on the adsorbent with Tl(I)
ions. As shown in Fig. 8, the influence of these co-existing
cations in the removal percentage of Tl(I) follows the order:
Cu2+ > Mg2+ > Ca2+ > Na+. The reduction in the Tl(I) uptake

by approximately 35% is observed when the Cu2+ concentra-
tion is as high as 10 mg/L.

The obviously negative effect on the Tl(I) uptake at the
presence of these co-existing cations might be due to their
similar nature of chemistry with Tl(I) ions (e.g., ionic radius
and electronegativity) (Depci et al. 2012). Therefore, they can
exhibit a strong competition with Tl(I) for active sites on the
adsorbent.

As shown in Fig. 9, the Fe3O4@TiO2 magnetic adsorbent
can be effectively regenerated by 0.1 M HNO3 solution. The
Tl(I) loading amount in cycle 0 refers to that of the virgin
adsorbent. After the first- and third-regeneration cycles, the
Tl(I) loading amount of the adsorbent can be recovered as
40.48 and 28.91 mg/g, respectively.

Mechanism study

As seen in Fig. 10, the main characteristic peaks of Ti, C, and
O can be observed on the XPS wide-scan spectra of both the
virgin and Tl-loaded adsorbents. Only a weak peak assigned
to Fe 2p is detected, indicating that Fe3O4 particles have been
fully coated by TiO2 nanoparticles. A new peak attributed to
Tl 4f appears on the XPS spectrum of the Tl-loaded adsorbent,
which confirms the adsorption of Tl(I) on the adsorbent.

Ti 2p, Tl 4f, and O 1s high-resolution XPS spectra of ad-
sorbents before and after the adsorption are shown in Fig. 11.
The Ti 2p spectrum for titanium element is composed of two
asymmetric peaks, namely Ti 2p3/2 and Ti 2p1/2 (Fig. 11a).
The binding energy of the Ti 2p3/2 peak in the virgin

Fig. 10 XPS wide-scan spectra of
adsorbents before and after the
Tl(I) adsorption
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adsorbent is determined as 458.7 eV, suggesting that the va-
lence state of titanium element is +V. It is clearly seen that the
Ti 2p3/2 peak slightly shifts to a lower binding energy posi-
tion after the adsorption, which might be caused by the bind-
ing of electropositive Tl(I) ions.

As shown in Fig. 11b, the characteristic peak of thallium on
the Tl-loaded adsorbent has two asymmetric component peaks
at 119.1 and 123.5 eV which are assigned to Tl 4f7/2 and Tl
4f5/2, respectively. This indicates that the oxidation state of
adsorbed thallium is not changed and there is no redox reac-
tion occurred on the adsorbent surface (Wan et al. 2014;
Zhang et al. 2018).

The O 1s high-resolution XPS spectra of the virgin and Tl-
loaded adsorbents were further analyzed for better understand-
ing of the adsorption mechanism. As shown in Fig. 11c,
the O 1s spectra can be decomposed into three compo-
nent peaks. The peaks at the binding energies of 529.4,
530.1, and 531.4 eV are attributed to M–O, M–OH, and
adsorbed H2O, respectively. After the Tl(I) adsorption,
the content of M–OH decreases from 75.9 to 68.3%,
while the contents of M–O and adsorbed H2O increase
from 4.7 to 9.1% and 19.4 to 22.6%, respectively. This
suggests that hydroxyl groups bonded on Ti atoms may
play a key role in the adsorption process.

According to the change of relative contents of functional
groups and results from batch experiments, the hydroxyl
groups on the adsorbent surface should greatly participate into
the adsorption process. The electrostatic interaction between
the adsorbent and Tl(I) ions may significantly affect the Tl(I)
uptake. During the adsorption, Tl(I) ions can be rapidly and
effectively adsorbed on the adsorbent surface through the for-
mation of the linkages of Ti–O–Tl.

Conclusions

In this study, the Fe3O4@TiO2 core-shell magnetic adsorbent
was successfully synthesized for the effective removal of Tl(I)
ions from water. SEM images showed that Fe3O4 particles
could be fully wrapped by nano-sized spherical TiO2 particles,
leading to an obvious reduction in the isoelectric point of the
adsorbent and nearly threefold higher BET specific surface
area than pristine Fe3O4 particles. The adsorption of Tl(I) on
the adsorbent was found to be pH-dependent. The maximum
adsorption capacity of the adsorbent at pH 7.0 was determined
as 101.5 mg/g according to the Langmuir isothermmodel. The
existence of co-existing cations could have some negative
effect on the uptake of Tl(I). The Tl(I) ions were adsorbed
on the adsorbent surface through the formation of Ti–O–Tl

Fig. 11 Ti 2p (a), Tl 4f (b), and O 1s (c) high-resolution XPS spectra of
adsorbents before and after the Tl(I) adsorption

R
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linkages and there was no redox reaction occurred during the
adsorption. The preparedmagnetic adsorbent could be consid-
ered as a promising substitute for the effective removal of Tl(I)
from water owing to its high adsorption capacity and facile
recoverability under external magnetic field.
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