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Removal of trivalent species of As and Sb from wastewater is crucial due to their more toxic and mobile properties. In
this study, a novel magnetic core-shell microsphere Fe3O4@TA@UiO-66 was developed via in-situ crystal growth of
UiO-66 around the magnetic Fe3O4 modified by Tannic Acid (TA). Characterization of the microsphere by transmission electron microscopy (TEM) and X-ray diffraction spectroscopy (XRD) confirmed that UiO-66 was adhered on
the surface of Fe3O4 functionalized by TA. Adsorption experiments showed that the magnetic Fe3O4@TA@UiO-66
had high adsorption capacity for As(III) and Sb(III) and could be rapidly separated from aqueous media within two
minutes after treatment. The adsorption kinetics and adsorption isotherms were described well by the pesudo-second
order model and Langmuir model, respectively. In addition, the composite exhibited excellent removal performance
for As(III) and Sb(III) in a broad solution chemistry environment, including pH and co-existing anions. Based on X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) measurement, we proposed
that the removal mechanism was mainly controlled through a synergistic interaction of surface complexation and
hydrogen bonding. This study indicates the potential of the magnetic microsphere to be used as an effective material
for the removal of As(III) and Sb(III) from water.
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1. Introduction

2. Experimental section

Arsenic (As) and antimony (Sb) contamination in aqueous media
has attracted worldwide attention, whether as a result of geogenic
processes or their increasing industrial consumption during production
of ceramics, flame retardants and alloys [1,2]. Both As and Sb are
classified as toxic metalloids and are detrimental for human health and
well-being [3,4]. The maximum contamination levels (MCLs) specified
by the world health organization (WHO) for As and Sb in drinking
water are 10.0 μg/L and 5.0 μg/L, respectively [5]. In aqueous solution,
As(III) is stable as a neutral form of As(OH)3 in the pH range of 0 to 9,
and the dominant Sb(III) species is uncharged pyramidal antimonous
acid Sb(OH)3 in a wide pH range from 2 to 11 under anoxic conditions
[6]. While As(V) and Sb(V) species are mostly present as oxyanions
under oxic conditions. Generally, the trivalent species are considered
more toxic and soluble than the pentavalent species. Hence, the removal of As(III) and Sb(III) from aqueous solutions should be a priority
due to their greater mobility and toxicity.
Various types of adsorbents have been employed as means of heavy
metal ions removal from aqueous media, including natural organic
compounds [7], metal oxides [8–11], clays [12], potassium ferrate
[13], nano titania composites [14–16], and metal-organic frameworks
(MOFs) [17–21]. Among these materials, MOFs have attracted particular attention and have vast potential applications in adsorption, separation, sensors and catalysis due to their large surface area, abundant
porosity, and easy tenability of structures [22–24]. For example, Audu
et al. succeed to tailor the structure of a UiO derivative for the coordination of As(V) at the node and bind neutral As(III) with the linkers
at the same time [23]. UiO-66 based MOFs is a kind of Zr-MOF and are
gaining attention in water treatment due to its hydrophilicity and small
aperture sizes [25]. UiO-67, for example, has successfully removed pArsanilic Acid [26], selenium [27], and arsenic [28] from water, mainly
depending on π–π stacking interaction, electrostatic interaction, and
surface coordination. Thus the adsorption by UiO derivatives could be a
most promising methodology for the removal of toxic elements such as
As and Sb. Nonetheless, the MOF particles are usually applied in the
form of powers, which often require complicated separation procedures
from aqueous media and cause material loss during separation, which
partly impeded the development of MOFs for water treatment.
The problems arising from difficult separation could be overcome by
using magnetic nanoparticles. They still have large surface area and are
easily separated using a magnetic procedure [29]. Thus, the configuration of a magnetic-core and MOFs-shell synergistically combines the
advantages of magnetic particles and MOFs, which could be a promising material for the remediation of heavy metals. For example, a
magnetic nanocomposite Fe3O4@ZIF-8 was designed for efficient adsorption of UO22+ [30]. However, a MOF-containing magnetic composite material is still rare for the simultaneous capture of As and Sb.
As part of this study, a magnetic core-shell nanocomposite was
designed and prepared, where Fe3O4 and UiO-66 were connected by
polyphenol tannic acid (TA) as a modifier and bridge. TA, a low-cost
and environmental friendly polyphenol, has already gained great interest as a hydrophilic surface modification due to its nontoxic, colourless, easily accessible and biodegradable properties [31]. Thus the
self-prepared Fe3O4 was firstly modified and functionalized by TA [32].
Then a nanocomposite was prepared via in-situ crystal growth of UiO66 around the surface of Fe3O4@TA, where abundant hydroxyl groups
coordinated with zirconium ions and further reacted with organic ligands [33]. The addition of TA may prevent the aggregation the magnetic core, improve the dispersion stability, and provide additional
adsorption sites benefiting the removal of As(III) and Sb(III) [34]. More
importantly, the composite was easily separated from solutions in a
magnetic field. Following successful generation of the microsphere, the
As(III) and Sb(III) adsorption capacity and mechanisms were evaluated
and studied.

2.1. Materials
All chemicals used in this study were of analytical grade. Tannic
acid (TA) and Zirconium chloride (ZrCl4) were purchased from
Shanghai Aladdin Chemistry Co. Ferrous chloride tetrahydrate
(FeCl2·4H2O), sodium hydroxide (NaOH), ammonia (NH3·H2O) and PPhthalic acid (C8H6O4) were purchased from Sinopharm Co. Ltd. Stock
1000 mg/L Sb(III) solution was prepared by dissolving potassium antimonyl tartrate trihydrate (C8H4K2O12Sb2·3H2O, Sigma-Aldrich) in
deionized water. Another stock solution of As(III) was prepared by
dissolving NaAsO2 (Sigma-Aldrich) in deionized water. The working
solutions were freshly prepared each time by diluting the stock solutions to required concentrations.
2.2. Synthesis of Fe3O4@TA@UiO-66 nanosphere
The Fe3O4 nanoparticles were firstly synthesized by a co-precipitation method. A 0.3 M solution of FeCl2·4H2O was heated the to 90 °C
under N2 protection, then NaOH solution (17 wt%) was added dropwise
under constant stirring until a milky suspension of Fe(OH)2 was began
to form. Then the nitrogen gas was replaced by regular air and as a
result of atmospheric oxygen the suspension began to oxidize. During
that process, the milky Fe(OH)2 suspension turned first to dark green
and finally to black. In the subsequent step, the black precipitates were
separated from the solution using a permanent magnet and washed
repeatedly with deionized water and ethanol. Finally, the obtained
powder was dried at 80℃ in vacuum for further use.
Secondly, Fe3O4@TA was obtained by reacting 100 mg of ammoniated self-prepared Fe3O4 with 100 mg TA in 30 mL deionized water
under constant stirring at room temperature for 24 h. The products
were collected using a permanent magnet then washed and dried. At
last, the freshly precipitated Fe3O4@TA (0.1 g), ZrCl4 (1 mmol, 0.233 g)
and terephthalic acid (1 mmol, 0.166 g) were dissolved in 50 mL DMF
under ultrasonic vibration for 30 min and then mechanically stirred at
room temperature for 4 h. Then the final mixture was transferred to a
Teflon-lined stainless steel vessel, heated to 140 °C for 18 h. After
cooling to room temperature, the precipitated were recovered using a
permanent magnet, washed with DMF and ethanol and then dried for
further characterization and evaluation.
2.3. Batch experiments
The adsorption performance of Fe3O4@TA@UiO-66 were performed in sealed polyethylene tubes at room temperature in a batch
mode. Specifically, adsorption isotherm studies were conducted at initial concentrations ranging from 1 to 40 mg/L, with a constant adsorbent dosage of 0.2 g/L. To obtain information on adsorption kinetics,
a dosage of 0.2 g/L of adsorbent was added to a 50 mL solution containing 10 mg/L As(III) and Sb(III) solutions, respectively. The suspensions were shaken for 5 min to 24 h. The effect of solution chemistry
on the removal performance of As(III) and Sb(III) were also studied,
including pH, co-existing anions and ionic strength. Specifically, the
effect of pH was investigated in a broad pH range from 3 to11, and the
pH values were adjusted by adding either HCl or NaOH solutions. Coexisting anions, including CO32−, SO42−, SiO32− and PO43− with
concentrations of 10 mg/L, were mixed with 10 mg/L As(III) and Sb(III)
solution, respectively. The mixtures were horizontally shaken in a
shaking water bath at room temperature. After equilibrium, the solids
were magnetically separated from the aqueous solutions. The concentrations of supernatants were determined by inductively coupled
plasma optical emission spectrometer (ICP-OES, Avio 200). All the experiment were performed in triplicates and the average results were
reported.
2
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2.4. Characterization

66 was preserved. In addition, the microstructure of the synthesized
microsphere was analyzed by FT-IR spectrum (Fig. 2b). The bands at
1390 and 1580 cm−1 were ascribed to the asymmetric and symmetric
stretching vibrations of OeCeO in terephthalic linkers [35]. And the
band at approximately 540 cm−1 is related to the ZreO bond, which
was further confirmed by the XPS analysis (Fig. 5a). These results indicate the successfully crystal growth of UiO-66 on the surface of
Fe3O4@TA.
The specific surface area of Fe3O4@TA@UiO-66 microsphere determined by N2 adsorption-desorption isotherms was 130.3 m2/g
(Fig. 2c). And the UiO-66 shell layer has a structure with abundant of
nanopores, where the inset shows the pore size distribution determined
by the BJH analysis based on the desorption data. It showed that the
average pore diameter was about 4 nm, and total pore volume was
0.18 cm3/g. Compared to pristine UiO-66, such a decrease in surface
area and pore volume of Fe3O4@TA@UiO-66 could be ascribed to the
encapsulation of Fe3O4 nanoparticles into UiO-66 MOF nanoparticles
[22]. Thus, the as-prepared Fe3O4@TA@UiO-66 with its magnetic
property as well as its large surface area and porous structure may
prove to be an ideal adsorbent for remediation of As(III) and Sb(III) and
potentially other metals.

The morphologies of the composite particles were studied using a
transmission electron microscopy (TEM, JEM-1200EX electron microscope, JEOL, Japan). The structures and interactions of the samples
before and after adsorption were monitored using a Fourier transform
infrared spectrometer (FTIR) and X-ray photoelectron spectroscopy
(XPS). X-ray powder diffraction (PXRD) patterns were collected with a
PANalytical X’Pert Pro diffractometer using Cu-Kα radiation and
scanning from 5° to 80° 2 θ to determine the crystal structure of samples. The zeta potential of the precipitates in distilled water was determined by a zetasizer instrument at ambient temperature. The pore
size distribution and surface area were determined with the BrunauerEmmett-Teller (BET) N2 adsorption/desorption method.
3. Results and discussion
3.1. Synthesis and characterization
The schematic of the in situ crystal growth of UiO-66 MOF particles
around magnetic Fe3O4@TA is presented in Fig. 1 as well as the TEM
images of the corresponding products. As shown in Fig. 1a, the magnetic Fe3O4 was modified by TA, where the TA support was beneficial
for impeding the spontaneous aggregation and enhancing the dispersibility of Fe3O4 through self-assembly of the active phenol hydroxyl
groups. The UiO-66 MOF nanoparticles were in situ formed around the
magnetic Fe3O4@TA. The size of the Fe3O4@TA@UiO-66 nanocomposite was approximately in the range of 200 ± 10 nm. The TEM image
shows that the morphology of the microsphere was spheric and possessed a distinct core-shell structure, where a UiO-66 shell wrapped
around the intermediate product of Fe3O4@TA with a thickness about
13 nm (Fig. 2b). The shell of the spheric composite consists of a cubic
framework of Zr6O4(OH)4 cluster (Fig. S1).
The structure of the products was determined by the XRD analysis.
The XRD patterns of the Fe3O4@TA@UiO-66 particles exhibited typical
characteristic peaks, which corresponded well to the simulated UiO-66
crystal structure (Fig. 2a). After modifying the Fe3O4 core with hydroxyl groups and coating with TA, the diffraction peaks of UiO-66
could still be identified, suggesting that the framework structure of UiO-

3.2. Sorption kinetics of As(III) and Sb(III)
Kinetics adsorption experiment were carried out to investigate adsorption rate at the initial concentration of 10 mg/L as shown in Fig. 2a
and b, and almost more than 80% of As(III) and Sb(III) was adsorbed in
less than 2 h and reached equilibrium within 24 h. And a slight slower
Sb(III) adsorption could be ascribed to partial oxidation of Sb(III) in the
presence of dissolved oxygen. All the experimental kinetics data followed the pseudo-second-order model well, and the kinetics parameters
were calculated and shown in Table S2. It indicates that the chemical
sorption controlled the sorption rate of As(III) and Sb(III), and the
available active sites determined the adsorption capacity [36]. Remarkably, after the adsorption reach equilibrium, the adsorbent can be
completely separated from aqueous solutions in two minutes, as shown
in the inset of Fig. 3a and b. It suggest that the magnetic core-shell
microsphere has a potential application on the removal of As(III) and Sb
(III) from water based on UiO-66 MOFs.

Fig. 1. Schematic showing the synthesis of magnetic microsphere. (a) TEM images of the surface modified of Fe3O4 by tannic acid (TA). (b) UiO-66 MOF particles in
situ formed around the magnetic Fe3O4@TA.
3
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Fig. 2. (a) PXRD patterns of simulated UiO-66, Fe3O4, Fe3O4@TA, and Fe3O4@TA@UiO-66; (b) FTIR spectrum of synthesized Fe3O4@TA@UiO-66; (c) N2 adsorptiondesorption measurement of Fe3O4@TA@UiO-66; (d) Zeta potentials of Fe3O4@TA@UiO-66 as a function of pH values.

3.3. Batch equilibrium adsorption isotherm

negatively charged, suggesting that the adsorption of the two species is
not related and controlled by electrostatic attraction.
The removal performance of As(III) and Sb(III) in the presence of
common anions such as CO32−, SO42−, SiO32− and PO43− were also
studied, respectively. As shown in Fig. 3e, none of the four oxyanions
had a distinct influence on the uptake of As(III) and Sb(III) by
Fe3O4@TA@UiO-66 at experimental conditions, which are similar to
previous studies [40]. The results suggest that the driving force for the
both species is chemical sorption. In addition, the removal of As(III) and
Sb(III) were hardly be affected by the ionic strength with an increasing
concentration of NaCl (Fig. 3f), suggesting that the two species are
bound on the surface sites via the formation of inner-sphere complexes
[41]. Overall, the magnetic composite of Fe3O4@TA@UiO-66 exhibited
pH independence and good anti-interference ability, and it could be as a
promising adsorbent to treat wastewaters.

Adsorption isotherms of Fe3O4@TA@UiO-66 toward As(III) and Sb
(III) are shown in Fig. 3c. The Langmuir and Freundlich models were
used to fit the adsorption isotherm data. Langmuir model was preferred
for adsorption of As(III) and Sb(III) with the correlation coefficient
R2 > 0.99 (Table S2), suggesting that the adsorption procedure for
both As(III) and Sb(III) is monolayer. The maximum adsorption capacity of As(III) was higher than Sb(III) calculated from Langmuir model.
This observation could be explained that As(III) with a smaller atomic
radius is preferred to be located in the aperture of the nanopores of UiO66 than Sb(III), where both of them are tetrahedral linked with three
hydroxyl radicals. In addition, the active hydroxyl group attached to
Fe3O4 could facilitate the formation of inner-sphere complexation between Fe and As(III) [37]. Although some of pure UiO-66 MOFs exhibited higher capacity for Sb(III) than the as-prepared composite of
Fe3O4@TA@UiO-66 [38], overall, it still showed comparable uptake
performance towards for both As(III) and Sb(III) species. Especially it
exhibited excellent removal capacity for As(III) (97.8 mg/g), and its
unique magnetism endow it to have an outstanding real application.

3.5. Removal mechanism
To get insight into the synergistic effect of the three components on
the adsorption mechanism, the surface chemical environment of
Fe3O4@TA@UiO-66 before and adsorption were studied by XPS and
FTIR measurements, respectively. As shown in Fig. 4a, the peaks corresponding to Zr 3s, Zr 3p, and Zr 3d are observed, indicating the
successful situ crystal growth of UiO-66 around the modified magnetic
Fe3O4. And the appearance of As3d and Sb3d confirmed the adsorption
of As and Sb species.
The detail information of Zr 3d peak is shown in Fig. 4b. The peaks
located at approximately 182.8 and 185 eV correspond to ZreO bonds
[38], which were shifted after the adsorption of As(III) and Sb(III). And
the other two peaks at the binding energy of 183.4 and 185.7 eV correspond to the metallic ZreZr bonds, which were also shifted somewhat
in order to keep the framework of the unit cell of UiO-66 MOFs.
However, the intensity of ZreZr peak was almost unchanged before and
after adsorption. Thus it suggests that only ZreO bonds play an important role for the adsorption of As(III) and Sb(III). The FTIR data
further confirmed that the adsorption of As(III) and Sb(III) facilitated by

3.4. Effect of solution chemistry
The effect of pH on the removal of As(III) and Sb(III) was studied in
order to access the role of electrostatic attraction. As shown in Fig. 3d,
the adsorption behavior of As(III) and Sb(III) displayed a similar trend
and their adsorption behavior was more or less pH independent. The
possible reason may be related to the species distribution of As(III) and
Sb(III), where both of the them are stable as a neural form of H3AsO3
and H3SbO3 in a wide pH range from 2 to 9 under anoxic conditions
[39]. Zeta potential measurements were performed to access the function of electrostatic attraction (Fig. 2d), where the point of zero charge
(pHpzc) for Fe3O4@TA@UiO-66 was at approximately 3. Especially for
Sb(III), the maximum adsorption capacity almost occurred at the pHpzc.
And for As(III), the adsorption capacity occurred at the pHpzc was similar to that adsorbed if the surface charge of the adsorbate is
4
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Fig. 3. Adsorption performance of As(III) and Sb(III) in singular system on Fe3O4@TA@UiO-66. Adsorption kinetic data and pseudo-first order fit (a) and pseudosecond order fit (b), where the dosage of adsorbent was 0.2 g/L and solution pH was 7. (c) Equilibrium data with the initial concentration range from 0.5 to
40 mg L−1 at room temperature, and Langmuir and Freundlich fit for the adsorption data; Effect of pH values (d) and common anions (e) and ionic strength (f) on the
removal performance of As(III) and Sb(III).

the complexation of ZreOeAs or ZreOeSb. This is documented in the
FTIR spectrum (Fig. 5), through the appearance of the characteristic
peaks around 745 and 550 cm−1, which correspond to the stretching
vibration of OH and CH, and ZreO, respectively [42]. After As(III) and
Sb(III) adsorption, the band at 550 cm−1 shifted marginally and became less intense.
Notably, after Sb(III) removal, two typical peaks of Sb 3d3/2 and
Sb3d5/2 located at approximately 540.1 and 531.8 eV in the Sb 3d
spectrum were observed (Fig. 4c). The appearance of Sb3d5/2 confirmed
that Sb(III) was indeed adsorbed on the surface of Fe3O4@TA@UiO-66.
At the same time, the presence of another peak corresponding to Sb3d3/
2 indicated the existence of Sb(V), suggesting that partial of adsorbed Sb
(III) was converted to Sb(V), and the formed Sb(V) was still bound on
the surface sites. It was reported that Sb(III) was oxidized more easily at
a lower Eh than As(III) [43]. And we examined the kinetics of the
speciation change during the adsorption process of Sb(III) on the ironbased materials in our previous studies [44]. Only trace amount of Sb
(V) (less than 0.05 mg/L) was observed in solutions under non-acidic
conditions. Moreover, the oxidation of Sb(III) could be retarded by
tannic acid as a weak reductant. Thus the adsorption of the formed Sb

(V) could be negligible comparing to the studied concentration range of
Sb(III).
The deconvolution of O1s peak showed four types of oxygen bonds,
and the peak at approximately 532 eV was assigned to eOH group [45],
which was shifted significantly to high binding energy especially after
As(III) adsorption, indicating a stronger electron attracting property of
eOH group. It suggests that hydrogen bonding interaction could be
involved between the phenol hydroxyl groups and the adsorbed species,
which plays a synergistic effect on the adsorption of adsorbed species.
Furthermore, the change of the FeeO bond confirmed the involvement
of inner-sphere complexation for the adsorption of As(III) and Sb(III). It
was also identified that the inner-sphere complexation was formed
between a magnetic surface and As species [36]. And the hydroxyl
group on the surface of iron may be beneficial for the formation of
inner-sphere complexation. The above results suggest that the addition
of TA not only facilitate the connection of UiO-66 MOFs with the
magnetic Fe3O4 core, but also enhanced the adsorption capacity of the
adsorbed species due to hydrogen bonding and inner-sphere complexation.
Based on the aforementioned analyses, results and discussion, the
5
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Fig. 4. XPS characterization of Fe3O4@TA@UiO-66 before and after As(III) and Sb(III) adsorption. (a) XPS survey spectrum. (b). Zr 3d and (c) O 1s +Sb 3d.

complexation involving ZreO and FeeO bonds. And the abundant hydroxyl groups originating from TA could facilitate the uptake of As(III)
and Sb(III) through the formation of hydrogen bonds. Notably, partial
of the adsorbed Sb(III) was converted to Sb(V), which were still attached on the surface sites. Following adsorption the adsorbent can be
separated from the aqueous solution rapidly within two minutes using a
magnet. This suggest that the modified Fe3O4 by polyphenol not only
promotes the application of UiO-66 in water treatment but also synergistically enhance the removal capacity.
4. Conclusion
In this work, a magnetic core-shell microsphere, was synthesized for
the first time via in-stiu crystal growth of UiO-66 around a core of
Fe3O4@TA. And the removal of As(III) and Sb(III) from solutions by
Fe3O4@TA@UiO-66 was studied in detail. The surface modification by
polyphenol TA not only improved the dispersibility of Fe3O4 nanoparticles, but also enhanced the adsorption performance via the formation of hydrogen bonds. And the abundant surface hydroxyl groups
could facilitate the inner-sphere complexation between iron and adsorbed species. The removal mechanism between UiO-66 shell and the
adsorbates was mainly manipulated by the formed ZreOeAs and
ZreOeSb bonds. Based on the adsorption performance, it was concluded that Fe3O4@TA@UiO-66 is a promising adsorbent to treat
contaminated water containing As and Sb. More importantly, the
magnetic microsphere could be easily separated from the aqueous
media after water treatment within two minutes. This study is also

Fig. 5. FTIR spectrum of Fe3O4@TA@UiO-66 (black) and As(III) containing
Fe3O4@TA@UiO-66 (red) and Sb(III) containing Fe3O4@TA@UiO-66 (blue).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

likely removal mechanism of As(III) and Sb(III) by Fe3O4@TA@UiO-66
is illustrated in Fig. 6, which could be controlled by the synergistic
effect of surface complexation and hydrogen bonding. Noteworthy,
here the removal mechanism for As(III) and Sb(III) was mainly discussed depending on their dominant existing forms of As(OH)3 and Sb
(OH)3 in a wide pH range. Specifically, the non-charged species of As
(III) and Sb(III) were adsorbed onto the surface sites via surface

Fig. 6. Core-shell structure of Fe3O4@TA@UiO-66 and adsorption mechanism towards As(III) and Sb(III).
6
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inspired to design other magnetic nanocomposite about UiO-66 analogues for the removal of contaminants from water.
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