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• Particle size of magnetic adsorbent becomes smaller after hydrothermal reaction.
• qmax of Tl(I) is much higher than most of
previously reported adsorbents.
• Over 83% of ultimate Tl(I) uptake can be
achieved within the ﬁrst 30 min.
• Competitive adsorption is mainly determined by ion electronegativity.
• Tl(I) ions are adsorbed on the adsorbent
via the mechanism of surface
complexation.
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a b s t r a c t
Thallium (Tl) contamination caused by the industrial wastewater leakage has become a serious environmental
problem due to thallium's high toxicity. In this study, a novel titanium iron magnetic nano-sized adsorbent
was synthesized and applied for the effective removal of thallium(I). The physicochemical properties of the adsorbent were investigated by a series of techniques such as scanning electron microscope (SEM), X-ray powder
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). About 83% of equilibrium adsorption capacity
could be accomplished within the initial 30 min. The adsorption of Tl(I) was found to be highly dependent on solution pH. The maximum adsorption capacity of Tl(I) was 111.3 mg/g at pH 7.0. The presence of such co-existing
cations as Na+, Mg2+, Ca2+ and Cu2+ could have a certain inﬂuence on the uptake of Tl(I). The adsorption mechanism was proposed as a surface complexation process of Tl(I) ions by binding to deprotonated sites of hydroxyl
groups on the adsorbent surface. The prepared magnetic adsorbent would be suitable for effectively treating
thallium-containing water due to its promising adsorption ability towards Tl(I) and ease in operation.
© 2019 Published by Elsevier B.V.

1. Introduction
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Thallium (Tl) as a rare and highly toxic heavy metal element has
been detected at the ng/L level in nature environment (Cheam et al.,
1995; Lin and Nriagu, 1999). However, higher concentration of thallium
in water can be caused by anthropogenic activities such as ore
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Fig. 1. SEM image (a) and zeta potential (b) of TFNPs; particle size distribution (c) and XRD patterns (d) of Fe3O4, TiO2 and TFNPs.

2013), cadmium (Feng et al., 2010) and mercury (Pan et al., 2012)
have been extensively studied in the literature. Although some magnetic adsorbents were also reported for the removal of Tl(I) recently
(Li et al., 2018a; Li et al., 2018b), more efforts are still urgently needed
to be devoted to developing effective magnetic adsorbent with rapid adsorption rate and excellent adsorption capacity.
In this study, a new titanium iron nanoparticles (TFNPs) were synthesized by the hydrothermal method for thallium decontamination.
The physicochemical properties of the adsorbent and adsorption mechanism were investigated by a variety of techniques including SEM, XRD
and XPS. The adsorption kinetics, isotherm, inﬂuences of solution pH
and co-existing cations and regeneration study were also examined.
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processing, metal mining, smelting and coal combustion (Campanella
et al., 2017; Peter and Viraraghavan, 2005; Williams-Beam and
Twidwell, 2003). The maximum contaminant level (MCL) of thallium
in drinking water was set as 2 μg/L by the US Environmental Protection
Agency (USEPA) in 1992.
Thallium in water mainly exists in inorganic forms of thallium(I) and
thallium(III). Though Tl(III) is more toxic than Tl(I), Tl(I) is more stable
and soluble than Tl(III) (Mulkey and Oehme, 1993; Ralph and Twiss,
2002; Li et al., 2019). Therefore, the effective removal of Tl(I) from
water has become a challenging issue. Compared to other technologies,
adsorption is considered as the most promising method for the thallium
removal because of its high efﬁciency, cost-effectiveness and ease in operation. Numerous adsorbents have been developed and utilized for the
removal of thallium, including sawdust (Memon et al., 2008), activated
carbon (Rivera-Utrilla et al., 2010), multi-walled carbon nanotubes (Pu
et al., 2013), titanate nanotubes (Liu et al., 2014), nano-Al2O3 (Zhang
et al., 2008) and titanium peroxide (Zhang et al., 2018). Among them,
the highest removal of Tl(I) was reportedly achieved by titanate nanotubes (TNTs) at pH 5.0 through an ion-exchange process between Tl+
and Na+ or H+ in the inter layers of TNTs (Liu et al., 2014). At the neutral
pH, titanium peroxide particles exhibited a Tl(I) adsorption capacity as
high as 412 mg/g (Zhang et al., 2018). Difﬁculty in post-treatment is always the major disadvantage for above-mentioned adsorbents in practice applications. Energy-consumed centrifuge or ﬁltration is required
for separating those spent adsorbents after the treatment. In contrast,
magnetic adsorbents can be simply separated from treated water
under an external magnetic ﬁeld in which the operation energy consumption can be greatly reduced. In order to improve the adsorption
performance, other adsorptive materials with strong and special afﬁnity
towards target pollutants are generally incorporated into typical magnetic materials (e.g., Fe3O4 and Fe2O3) (Chandra et al., 2010; Ning
et al., 2018; Zhang et al., 2010). Development and performance of magnetic adsorbents for other toxic substances such as arsenic (Tang et al.,
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Fig. 2. Magnetism of Fe3O4 and TFNPs.
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2.1. Materials
The chemicals used in adsorbent preparation and adsorption studies
including iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, N98.0%), iron
(II) sulfate heptahydrate (FeSO4·7H2O, N99.0%), titanium butoxide
(C16H36O4Ti, N99.0%), sodium hydroxide (NaOH, N98.0%), nitric acid
(HNO3, 70%), thallium(I) nitrate (TiNO3, N99.9%), sodium chloride
(NaCl, N99.5%), manganese chloride hexahydrate (MgCl2·6H2O,
N99.0%), calcium chloride dihydrate (CaCl2·2H2O, N99.5%) and copper
chloride dihydrate (CuCl2·2H2O, N99.5%) were purchased from SigmaAldrich and were of analytical grade. Tl(I) stock solution was prepared
by dissolving TiNO3 into deionized (DI) water and working solutions
were freshly prepared by diluting Tl(I) stock solution with DI water.
2.2. Preparation of adsorbent
A mixture solution containing Fe(NO3)3·9H2O and FeSO4·7H2O
with the molar ratio of 2:1 was stirred under N2 protection at 80 °C,
and then NaOH solution was slowly dropwise added. The formed
Fe3O4 particles were collected, washed by DI water for several times
and freeze-dried. After that, 50 mg of Fe3O4 powder was added into
30 mL ethanol and homogeneously dispersed by ultrasonication. Then,
30 mL titanium butoxide/ethanol solution was added under
ultrasonication. The mixture solution was transferred into a 100-mL
Teﬂon-line autoclave at 180 °C for 2 days. The produced crystal particles
were washed and dried overnight at 60 °C. In addition, TiO2 was prepared through the same method except adding Fe3O4 powder.
2.3. Characterization of adsorbent
The surface morphology of the adsorbent was observed by SEM
(ZEISS EVO18, Germany). The zeta potential and size distribution of
the particles were determined by dynamic light scattering (Zetasize

Table 1
Constants of adsorption kinetics models.

qe (mg/g)
24 h

52.1

−1

K1 (h

3.779

)

r

0.92

nano ZSE, Malvern, UK). The solution pH at which the zeta potential
equals zero is named as the isoelectric point (IEP), which is widely
used to characterize the equilibrium of protonation and deprotonation
of surface functional groups on the adsorbent. At the pH value of IEP,
the adsorbent surface is considered to be neutrally charged. A BET surface analyzer (Aotusorb-iQ-MP/XR, USA) was used to measure speciﬁc
surface areas of Fe3O4 particles and TFNPs by using the nitrogen adsorption isotherm technique. XRD measurements were performed on a
Bruker D2 Phaser using the Kα line of a Cu source with 2θ scan range
of 20–80° and a step size of 0.02°. Surface element distribution, element
valence states and functional group composition of the adsorbents before and after the adsorption were determined by XPS (Kratos XPS
system-Axis His-165 Ultra, Shimadzu, Japan). The magnetism of Fe3O4
particles and TFNPs was measured using a vibrating sample magnetometer (VSM, Lake Shore 7400, USA). The adsorbent after adsorption was
collected using centrifuge, washed by DI for at least 3 times and dried
in oven overnight for the XPS analysis. The XPS results were collected
in the binding energy form and ﬁtted with linear backgrounds and
mixed functions composed of Gaussian (20%) and Lorentzian (80%) by
using XPSPEARK 41 Software. To eliminate any charging effect, all spectra were corrected according to the binding energy of the C 1 s of graphite carbon at 284.8 eV.
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Fig. 4. Effect of solution pH on Tl(I) adsorption. Experiment conditions: [Tl(I)]0 =
12.5 mg/L; adsorbent dosage = 0.1 g/L; T = 25 ± 1 °C.
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Table 2
Langmuir and Freundlich isotherms parameters for Tl(I) adsorption.
Langmuir isotherm

Tl(I)

Freundlich isotherm

qmax (mg/g)

b (L/mg)

r2

Kf (mg(1–1/n)
L1/n/g)

1/n

r2

111.3

0.110

0.98

21.68

0.401

0.95

2.4. Adsorption experiments
Adsorption kinetics study was carried out at the initial Tl
(I) concentration of 12.5 mg/L and solution pH was controlled at 7.0
throughout the experiment by adding HNO3 or NaOH. The adsorbent
dosage was 0.1 g/L. Samples were taken at predetermined times during
the experiment. After ﬁltered through 0.45 μm syringe ﬁlters, the concentration of thallium in samples was measured using an inductively
coupled plasma mass spectrometry (ICP-MS).
The effect of solution pH on Tl(I) adsorption was conducted by
adjusting 12.5 mg/L Tl(I) solutions to designated pH values in the
range of 4.0–10.0. After adding the adsorbent with the dosage of
0.1 g/L, the suspension was stirred for 24 h at room temperature.
Other procedures (e.g., sampling and concentration measurement)
were the same as those in kinetics study. In order to further understand
the role of Fe3O4 and TiO2 on the removal of Tl(I), the adsorption capacities of Fe3O4 and TiO2 under different solution pH were determined
through the same procedure as mentioned above.
In the adsorption isotherm experiments, a series of working solutions were prepared with different initial Tl(I) concentrations varied
from 5 to 150 mg/L. The adsorbent dosage was 0.1 g/L, and solution
pH was maintained at 7.0 during the experiment. Other experimental
steps were the same as those in kinetics study.
The inﬂuence of typical co-existing cations such as Na+, Mg2+, Ca2+
and Cu2+ on the Tl(I) adsorption was investigated by respectively
adding a certain amount of NaCl, MgCl2·6H2O, CaCl2·2H2O and
CuCl2·2H2O into 12.5 mg/L Tl(I) solutions. The solution pH was adjusted
to 5.0, and the adsorbent dosage was 0.1 g/L. Other experimental operations were the same as aforementioned.
Three-cycle regeneration experiments were conducted to evaluate
the reusability of the adsorbent. The spent adsorbent was collected by
vacuum ﬁltration and then regenerated using 0.1 M HNO3 solution
under stirring for 3 h. The regenerated adsorbent was washed by DI
water and used for the next cycle of adsorption experiment. The adsorbent dosage was 0.1 g/L, and the solution pH was 7.0.
3. Results and discussion
3.1. Properties of adsorbent

after heat-drying process. The isoelectric point (IEP) of TFNPs is determined as 4.8 according to Fig. 1b. As well known, the surface charge of
the adsorbent is of high dependence on solution pH and can play a certain role in the adsorption process (Li et al., 2009). When solution pH is
above IEP, the adsorbent becomes negatively charged due to the deprotonation of functional groups on the adsorbent surface. The strong electrostatic attraction between active sites and cationic thallium would
facilitate the diffusion of Tl(I) towards the adsorbent and the adsorption
reaction. On the contrary, the positively charged adsorbent surface
formed at pH below IEP would be unfavorable for the adsorption of Tl
(I) (Li et al., 2018b). A certain amount of Fe3O4, TiO2 and TFNPs without
drying treatment were homogeneously dispersed into DI water for the
analysis of particle size distribution. As shown in Fig. 1c, the average volume diameter of Fe3O4, TiO2 and TFNPs is 1023.4, 531.1 and 379.6 nm,
respectively. It is worthwhile to note that TFNPs has smaller particle
size than Fe3O4 and TiO2, indicating that the Fe3O4 magnetic particles
can be effectively transformed into smaller ones during the hydrothermal reaction. This might be due to the fact that aggregated Fe3O4 magnetic particles after heat-drying process could be further broken up
under the high temperature and pressure of hydrothermal reaction.
The BET speciﬁc surface areas of Fe3O4 particles and TFNPs are 85.5
and 289.3 m2/g, respectively. The XRD patterns of Fe3O4, TiO2 and
TFNPs are illustrated in Fig. 1d. The characteristic peaks at 30.1°, 35.5°,
43.1°, 57.0° and 62.6° can be assigned to the XRD diffraction of pure
Fe3O4 crystal (Yang et al., 2010; PDF No. 88-0315). In the XRD pattern
of TiO2, the presence of two broad peaks at about 25.3° and 50.6° indicates that the TiO2 particle is poorly crystalized. All the characteristic
peaks of Fe3O4 crystal can be observed in the XRD pattern of TFNPs
but the corresponding peaks become broaden and weaken, suggesting
that no signiﬁcant phase change occurs and the incorporation of titanium oxide may obscure the XRD signals of Fe3O4 particles.
As shown in Fig. 2, the saturation magnetism of Fe3O4 is measured as
64.5 emu/g, while the value of TFNPs is decreased to around 30.8 emu/g
due to the surface modiﬁcation of TiO2. The sufﬁcient magnetism of
TFNPs should be beneﬁcial for their magnetic separation after the adsorption process.
3.2. Adsorption kinetics
The adsorption rate is of crucial importance for the practical application of an adsorbent. As shown in Fig. 3, approximately 83% of ultimate
adsorption capacity (43.0 mg/g) of Tl(I) can be achieved in the ﬁrst
30 min and the adsorption equilibrium is reached within 6 h at the initial Tl(I) concentration of 12.5 mg/L.
The adsorption data was further simulated by the pseudo-ﬁrst-order
and pseudo-second-order models. The mathematical equations are
expressed as below:
ln ðqe −qt Þ ¼ lnqe −K 1 t

From the SEM image as shown in Fig. 1a, the adsorbent with rough
surface morphology is aggregated by numerous nano-sized particles

ð1Þ


t=qt ¼ 1= K 2 q2e þ t=qe

ð2Þ

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

Tl(I) conc. rang (mg/L)

pH

Dosage (g/L)

Max. adsorption capacity (mg/g)

Reference

Treated sawdust
Multiwalled carbon nanotube
Polyacrylamide-zeolite
Polyacrylamide-bentonite
Titanium peroxide
Titanium dioxide
Titanate nanotube
Prussian blue-alginate capsules
MnO2@pyrite cinder
TFNPs

0–1000
0–0.12
2–2000
2–2000
5–130
5–130
0–60
0–400
0–160
0–150

7.0
6.0
5.0
5.0
7.0
7.0
5.0
4.0
12.0
7.0

100
0.1
10
10
0.2
0.2
0.2
1.0
0.5
0.1

13.18
0.42
378.1
73.6
412
258
709.2
103.0
320.1
111.3

(Memon et al., 2008)
(Pu et al., 2013)
(Şenol and Ulusoy, 2010)
(Şenol and Ulusoy, 2010)
(Zhang et al., 2018)
(Zhang et al., 2018)
(Liu et al., 2014)
(Vincent et al., 2014)
(Li et al., 2018b)
This study
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Fig. 6. Effect of co-existing cations on Tl(I) uptake. Experiment conditions: [Tl(I)]0 =
12.5 mg/L; adsorbent dosage = 0.1 g/L; T = 25 ± 1 °C; pH = 5.0.

where qe and qt are the adsorption amount of Tl(I) on the adsorbent at
equilibrium and time t (mg/g), K1 (h−1) and K2 (g·mg−1·h−1) are the
parameters of the pseudo-ﬁrst-order and pseudo-second-order models,
respectively, and t is the time (h).
As illustrated in Table 1, the pseudo-second-order kinetics model
works better to ﬁt the experimental data than the pseudo-ﬁrst-order kinetics model according to the values of r2. This suggests that chemical
adsorption process might be involved in the uptake of Tl(I) on the
adsorbent.
The adsorption process generally includes the external diffusion
(diffusion from bulk solution through solid-liquid interfacial ﬁlm to
the adsorbent's exterior surface), intraparticle diffusion (diffusion into
the adsorbent's interior pores) and adsorption on the active sites
(Srivastava et al., 2013). Since the chemisorption step is very rapid,
the adsorption rate of Tl(I) on the adsorbent might be limited by the external diffusion and/or intraparticle diffusion. Therefore, the
intraparticle diffusion model was employed for simulating the experimental data to ﬁnd out the rate-limiting step. The equation is expressed
as below:
qt ¼ K id t 1=2 þ α

2

3

Regeneration cycle
Fig. 7. Regeneration study of the adsorbent. Experiment conditions: [Tl(I)]0 = 12.5 mg/L;
adsorbent dosage = 0.1 g/L; T = 25 ± 1 °C; pH = 7.0.

from the equation reﬂects that the boundary layer effect has a
more signiﬁcant effect on the adsorption kinetics. Therefore, it can
be concluded that the adsorption rate of Tl(I) on the adsorbent is
mainly limited by the external diffusion and intraparticle diffusion.
Only about 10% of ultimate adsorption capacity is achieved at the
adsorption equilibrium step. The slow-down adsorption rate in
this stage is caused by the great reduction of the Tl
(I) concentration in liquid phase.
3.3. pH effect
The effect of solution pH on the uptake of Tl(I) was studied and
the results are given in Fig. 4. It can be seen that the adsorption capacity of Tl(I) is gradually increased with the increase of solution
pH. The optimal adsorption of Tl(I) is accomplished at pH 10.0. Similar phenomenon was observed in the adsorption of Tl(I) on other
titanium-based adsorbents (e.g., titanate nanotube (Liu et al.,
2014) and titanium peroxide (Zhang et al., 2018)). As shown in
Fig. S2, existing form of Tl(I) in water is monovalent cation (Tl+)
in the tested pH range of 4.0–10.0. Based on the results of zeta potential measurement, the surface charge of the adsorbent will

200

O KL1

Ti LMM
Ti LMM

Fe 2p

Ti 2s

O 1s
Ti 2p

0

Tl 4d

3.58
4.28
4.12
4.19
3.30

C 1s

Hydrated ionic radius (Å)

1.02
0.72
0.99
0.73
1.50

Tl 4f

Ionic radius (Å)

0.93
1.31
1.00
1.90
1.62

Ti 3p
Ti 3s

Electronegativity

Na(I)
Mg(II)
Ca(II)
Cu(II)
Tl(I)

Fe 2p

C 1s

(b) Tl-loaded TFNPs

Table 4
Ionic properties of cations used in this study a.
Metal ion

Ti 2s

Ti 2p

O 1s

(a) Virgin TFNPs

Ti 3p
Ti 3s

where qt (mg/g) is the adsorption amount of Tl(I) on the adsorbent at
time t, Kid (mg·g−1·h−1/2) is the intraparticle diffusion rate constant,
α (mg/g) refers to the boundary layer effect, and t is the time (h).
As shown in Fig. S1, the plot of qt vs t1/2 gives a multilinearity
that indicates the adsorption of Tl(I) involves a multi-step process.
The ﬁrst linear stage within 2 h represents the intraparticle diffusion step and the second one reveals the adsorption equilibrium
step (Ning et al., 2012). It is noted that the value of α in the ﬁrst linear stage is as high as 26.5 mg/g, approximately 50% of the equilibrium adsorption capacity as seen from Table S1. A higher α value

O KL1

ð3Þ

Intensity

Bla
nk

0

5

Na +
1m

Relative removal percentage (%)

J. Tang et al. / Science of the Total Environment 694 (2019) 133625

400

600

800

1000

1200

Binding Energy (eV)

a

Electronegativity, ionic radius and hydrated ionic radius cited from the literature
(Kinraide and Yermiyahu, 2007).

Fig. 8. XPS wide-scan spectra of the adsorbents before and after Tl(I) adsorption.
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become positive at pH b 4.8, leading to the occurrence of electrostatic repulsion between the positively charged adsorbent and Tl+
ions (Li et al., 2018b). The adsorption capacity of Tl(I) on the adsorbent is therefore retarded at pH 4.0. When solution pH is above 4.8,
the adsorbent surface turns to be negatively charged and negative
charge density on the adsorbent surface increases with increasing
solution pH due to the successive deprotonation of functional
groups. The enhanced electrostatic attraction between the adsorbent and Tl(I) at such pH conditions should be beneﬁcial for the adsorption of Tl(I) (Pu et al., 2013; Liu et al., 2014).
The adsorption capacities of Fe3O4 and TiO2 at solution pH ranging
from 4.0 to 10.0 are shown in Fig. S3. The tendency of the adsorption
of Tl(I) on Fe3O4 and TiO2 is similar to that on TFNPs, and the TiO2 performs much better than Fe3O4 on the Tl(I) removal in the whole pH
range. The adsorption capacities of Fe3O4 and TiO2 at pH 7.0 are 13.1
and 65.2 mg/g, respectively. This indicates that both Fe3O4 and TiO2 in
TFNPs might be involved in the adsorption process of Tl(I).

adsorption capacity of the adsorbent in Cycle 0 represents that of the
virgin adsorbent. Approximately 81.8% of initial adsorption capacity
can be recovered after the ﬁrst regeneration cycle. The adsorption capacity is still maintained at about 47.4% of the virgin adsorbent after
three regeneration cycles.

a)
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3.4. Adsorption isotherm

3.5. Effect of co-existing cations
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The adsorption isotherm of Tl(I) on the adsorbent at pH 7.0 with the
ﬁtting by the Langmuir and the Freundlich equations is shown in Fig. 5.
One can see that the adsorbent can effectively remove Tl(I) from water.
According to the parameters listed in Table 2, the Langmuir equation is
more suitable for describing the experimental data than the Freundlich
equation. This suggests that the adsorption of Tl(I) on the adsorbent is
mainly governed by a monolayer adsorption process (Zhao et al.,
2016; Yu et al., 2019). The maximum adsorption capacity calculated
by the Langmuir equation is 111.3 mg/g at pH 7.0. A comparison between TFNPs and previously reported adsorbents for the Tl(I) removal
is illustrated in Table 3. It is demonstrated that TFNPs can works as an
efﬁcient adsorptive material for thallium decontamination with the advantages of rapid adsorption rate and facile magnetic separation
capability.
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As shown in Fig. 7, the reusability of the adsorbent was evaluated by
three-cycle adsorption and regeneration experiments at pH 7.0. The
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Since a variety of cations such as Na+, Mg2+, Ca2+ and Cu2+ may
co-exist in water and compete for the active sites on the adsorbent
with Tl(I), it is important to evaluate the effect of these cations on
the adsorption of Tl(I). As shown in Fig. 6, the negative effect of
the presence of co-existing cations becomes more obvious with increasing their concentrations. However, the presence of Na+, Mg2+
and Ca 2+ is found to have slight inﬂuence in the uptake of Tl(I).
Compared to the blank sample, the adsorption capacity of Tl(I) is
respectively reduced by approximately 12.0%, 13.9% and 14.0%
when the concentrations of Na + , Mg2+ and Ca 2+ are as high as
10 mg/L. Similar to the study reported by Zhang et al. (2018), the
presence of Cu2+ seems to cause a more signiﬁcant depression effect on the uptake of Tl(I). Approximately 43.8% of reduction in
the adsorption capacity of Tl(I) is observed at the copper concentration of 10 mg/L. The speciﬁc afﬁnity of metal ions towards functional groups on the adsorbent (e.g., –OH) is reportedly
dependent on ionic properties including ionic potential, ionic radius, electronegativity and softness parameters (Depci et al., 2012;
Zhang et al., 2018). The relevant ionic properties of cations used
in this study are illustrated in Table 4. The inﬂuence of co-existing
cations on the uptake of Tl(I) seems to be greatly affected by the
electronegativity. The electronegativity of Cu(II) is higher than
other metal cations, leading to stronger competition with Tl(I) for
the active sites.

530

535

Binding Energy (eV)
Fig. 9. High-resolution XPS spectra of the adsorbents before and after adsorption: (a) Tl 4f,
(b) Ti 2p and (c) O 1 s.
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3.7. Adsorption mechanism
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As shown in Fig. 8, the characteristic peaks of titanium and iron including Ti 3p, Ti 3 s, Ti 2p, Ti 2 s, Ti LMM and Fe 2p can be detected in
the wide-scan XPS spectrum of virgin TFNPs. After the adsorption, two
new peaks assigned to Tl 4f and Tl 4d appear on the XPS spectrum of
Tl(I)-loaded TFNPs, indicating that Tl(I) has been effectively adsorbed
on the adsorbent surface.
The thallium element valence after the adsorption was determined
by XPS analysis. As seen from Fig. 9a, the characteristic peak of Tl 4f
with the binding energy of 118.8 eV can be attributed to Tl(I) (Wan
et al., 2014), suggesting that there is no redox reaction of Tl
(I) occurred on the adsorbent surface.
The high-resolution Ti 2p XPS spectra of the adsorbents before and
after adsorption of Tl(I) are given in Fig. 9b. The oxidation state of titanium element on the virgin adsorbent is identiﬁed as +IV according
to its binding energy of 458.5 eV. After the adsorption, the binding energy shifts to a lower position (458.3 eV) probably due to the attachment of positively charged Tl(I) ions. This indicates that the oxidation
state of titanium is not changed during the adsorption and Tl(I) ions
are chemically adsorbed on the active sites that are linked to titanium
atoms. As shown in Fig. S4, the Fe 2p core-level XPS spectrum of virgin
adsorbent can be decomposed into ﬁve component peaks with the
binding energies of 709.7, 717.2, 711.5, 713.9 and 719.7 eV, respectively
assigned to Fe(II)oct., Fe(II)sat., Fe(III)oct., Fe(III)tet. and Fe(III)sat.(Wan
et al., 2014). According to the relative contents listed in Table S2, the
molar ratio of Fe(II)/Fe(III) is close to 0.5 as expected value of Fe3O4 particles. Similar to titanium element, binding energies of aforementioned
peaks also slightly shift to lower levels, indicating the bonding of Tl
(I) ions to iron atoms.
The O 1s core-level XPS spectra of the virgin and Tl(I)-loaded adsorbents in Fig. 9c can be divided into three peaks of metal oxygen bond
(M-O), metal-hydroxyl group (M-OH) and the adsorbed water (H2O).
After the Tl(I) adsorption, the relative content of M-O bond increases
from 31.0% to 34.8%, while the contents of M-OH bond and H2O decrease from 45.4% to 43.6% and 23.6% to 21.6%, respectively.
Based on experimental data and results from XPS analysis, a possible
mechanism for Tl(I) adsorption could be deduced. The hydroxyl groups
bonded to Ti or Fe atoms should be highly involved in the uptake of Tl
(I). The protonation or deprotonation of hydroxyl groups could signiﬁcantly affect the diffusion of Tl(I) towards the active sites. At pH above
4.8, the electrostatic attraction between the adsorbent and Tl(I) ions
would play a certain role in the Tl(I) uptake, and Tl(I) ions are adsorbed
on the adsorbent surface through the formation of inner-surface
complexes.
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4. Conclusions
The titanium iron magnetic adsorbent was aggregated by nanosized particles after heat-drying procedure. The adsorbent exhibited
more favorable uptake of Tl(I) with increasing the solution pH. Both kinetics and isotherm studies demonstrated that the adsorption of Tl
(I) was govern by a chemisorption process and the maximum adsorption capacity at pH 7.0 could reach 111.3 mg/g, much higher than
most of adsorbents previously reported. The inﬂuence of other coexisting cations on the Tl(I) adsorption was mainly determined by
their electronegativity. The presence of Cu2+ showed the most signiﬁcant interference on the uptake of Tl(I). Mechanism study indicated
that the hydroxyl groups on the adsorbent surface played a key role in
the adsorption process. During the adsorption, the Tl(I) ions could effectively and rapidly bonded with deprotonated hydroxyl groups and
adsorbed on the adsorbent surface through the mechanism of surface
complexation. Due to its excellent adsorption performance and ease in
operation, the synthesized magnetic adsorbent could be considered as
a better material for the thallium decontamination.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133625.
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