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antimonate (SbĲV)) from environmental water using
titanate nanotubes and nanoparticles†
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Increasing attention has been focused on antimony (Sb) pollution and remediation in aquatic ecosystems,

where efficient removal technologies for Sb compounds, particularly SbĲIII) and SbĲV), from environmental

water are urgently needed. Thus, herein, a mesoporous material, titanate nanotubes (3 nm, TiO2 NTs) with

a large surface area was synthesized and used to remove both SbĲIII) and SbĲV) from various natural waters.

Furthermore, it was characterized via adsorption isotherm and kinetic experiments, and its mechanisms

were investigated using various techniques, including Fourier transform infrared spectroscopy (FTIR), X-ray

photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and density functional theory (DFT) models. The

results show that the maximum amounts of SbĲIII) and SbĲV) adsorbed on the TiO2 NTs (250.0 mg g−1 and

56.3 mg g−1) were due to electrostatic interactions and complexation, which were 20- and 7-fold greater

than that on TiO2 NPs of 12.0 mg g−1 and 8.6 mg g−1, respectively. The removal efficiencies for the TiO2

NMs using tap water, natural surface water and wastewater were satisfactory, which were nearly 100% for

SbĲIII) and 100%, 98% and 56%, respectively, for SbĲV) with 5 mg/50 mL TiO2 and spiked with Sb (200 μg

L−1). The TiO2 NTs showed excellent reusability with 0.5 mol L−1 sodium hydroxide as a desorbing agent.

The FTIR and XPS results suggested that the hydroxyl groups play a significant role in the adsorption pro-

cesses. Based on DFT calculations, it was found that SbĲIII) preferred to form O–Ti bonds, SbĲV) formed O–Ti

bonds on the {101} facet of the anatase TiO2 NPs, and SbĲV) preferred to adsorb on the {001} facet. How-

ever, for SbĲIII), there was no preference between the {101} and {001} facets. This study demonstrates that

TiO2 NTs are promising, easily synthesizable and environmentally friendly adsorbents for both SbĲIII) and

SbĲV), and can be potentially applied in wastewater treatment.

1. Introduction

Antimony (Sb) is considered a ubiquitous contaminant of
global concern. Water contaminated with Sb is hazardous to

both humans and wildlife. Exposures to compounds
containing Sb often results in adverse health effects on
humans, including damage to the liver and kidneys, dizzi-
ness, headaches, vomiting and Adams–Stokes syndrome.1

Furthermore, prolonged exposure to Sb damages DNA in
hamster cells and human hematopoietic cells.2,3 Since Sb
and its compounds have been classified as priority pollutants
by the United States Environmental Protection Agency
(USEPA) and the European Environment Agency, which have
defined the maximum concentration of Sb as 6 μg L−1 in
drinking water,4 there has been increased attention for the
removal of Sb during general wastewater treatment.
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Environmental significance

A mesoporous material, titanate nanotubes (TiO2 NTs), with large surface areas (175.06 m2 g−1) and pore size diameters (3 nm) was synthesized and used
to remove SbĲIII) and SbĲV) from environmental water. The interfacial properties of TiO2 NMs-Sb were characterized via FTIR, XPS and EDX spectroscopy.
The application of the TiO2 NMs was demonstrated using tap water, natural surface water and wastewater treatment plant effluent samples spiked with Sb.
Moreover, the adsorption of SbĲIII) and SbĲV) on TiO2 NMs was systemically studied, and DFT was used to simulate the adsorption of SbĲIII) and SbĲV) on the
surfaces of TiO2 {101} nanoparticles.
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China has the world's largest reserves of Sb, and is the
largest producer of Sb. Among the major antimony resource
countries, China is way ahead in output with an average an-
nual output of about 100 000 tons. In 2017, China's antimony
output accounted for 73 percent of the global production. In
China, the maximum admissible concentration of Sb in
drinking water is 5 μg L−1, and the recommended concentra-
tion in Japan is less than 2 μg L−1. For China, the concentra-
tion of Sb is mostly less than 1.00 μg L−1 in unpolluted water.
However, its concentration can be substantially elevated to as
much as 100 μg L−1 in the vicinity of anthropogenic sources.5

Moreover, some accidents can also cause serious Sb pollu-
tion, such as an emergency contamination issue caused by
leakage from a tailings pond that resulted in contamination
of the Jialing River in 2015. Therefore, to protect the health
of humans and the ecosystem, safe and efficient methods for
the removal of Sb compounds from environmental waters, es-
pecially drinking water are urgently needed.

The mobilization, fate and risks posed by Sb depend on
its oxidation state,6 which varies in natural aquatic environ-
ments, including trivalent (SbĲIII)) and pentavalent (SbĲV)).
SbĲV) predominately exists as SbĲOH)6

− under oxic conditions,
which forms oxides (Sb2O5) that are more soluble than the ox-
ides of SbĲIII) (Sb2O3).

7 A significant proportion of SbĲIII) oc-
curs as SbĲOH)3, which is more stable under anoxic condi-
tions. This is in contrast with the predictions of
thermodynamic equilibrium models based on theoretical
physical–chemical properties and discrepancies are often at-
tributed to biological activity and kinetic effects. The toxicity
of SbĲIII) is 10-fold greater than that of SbĲV).8 Therefore, re-
searches have focused on efficiently reducing the risks of Sb
compounds in aquatic environments. A variety of technolo-
gies have been developed to remove Sb and its compounds or
accelerate the conversion of SbĲIII) into SbĲV), which is less
toxic. These techniques primarily include adsorption, coagu-
lation/precipitation and ion-exchange.9–12 Coagulation/precip-
itation and ion-exchange usually require the addition of coag-
ulants and several adjustments in pH, and the process can
generate large quantities of secondary pollutants that is haz-
ardous to the environment.13 Adsorption is one of the most
promising technologies widely applied due to its simplicity,
safety and efficiency.14

A range of factors can affect the adsorption of Sb in solu-
tion, including pH, temperature, ionic strength and organic
matter.15 Several studies have investigated the use of various
adsorbents for the removal of SbĲIII) and SbĲV), including
graphene,16 carbon nanofibers decorated with zirconium ox-
ide (ZrO2),

4 nanoscale zero-valent iron,17 α-FeOOH,18 α-MnO2

(ref. 19) and bio-adsorbents.20 However, the adsorption
amounts by these adsorbents are relatively small and there
are other limitations, such as long equilibrium times, re-
quirement of additional chemicals and complex regeneration
process. Some of the novel adsorbents, such as Zr-MOFs21

and reduced graphene oxides/Mn3O4,
22 have a large adsorp-

tion amount due to their large specific surface areas and/or
porous structures, which show that metal nano-materials

have great potential in Sb removal. Therefore, developing
novel adsorbents with greater adsorption capacity and chemi-
cal stability is an urgent need for the remediation of Sb-
contaminated sites.15,23,24

Among the materials used to remove inorganic contami-
nants, TiO2 nano-materials (TiO2 NMs) have drawn consider-
able attention for removing multiple metals including Cu2+,
Hg2+, Cd2+, Pb2+, As3+ and As5+, each of which has
advantages.25–30 However, the simultaneous removal of both
SbĲIII) and SbĲV) using TiO2 NMs has been rarely reported.
The adsorption of Sb by nano TiO2 and cross-linked chitosan
has been studied,31 while the adsorption of radioactive Sb by
titania was also reported.32 The adsorption capacities of
nano-materials depend on their surface areas, structures,
density of active sites and functional groups.33,34 Compared
with particles, nanotubes have greater surface areas and
more mesopores and functional groups, and it has been
reported that nanotubes have greater adsorption capacity and
efficiency compared to particles of the same materials in the
bulk form.35–37 However, due to the lower availability of TiO2

nanotubes (TiO2 NTs), there are few reports on the use of
TiO2 NTs for the simultaneous removal of both SbĲIII) and
SbĲV). Compared with other nanomaterial adsorbents for the
removal of Sb, TiO2 NTs are relatively easily synthesized and
are considered environmentally friendly, which make them
suitable for large-scale industrial production and wide-spread
application. Furthermore, the sorption of Sb on TiO2 NMs
has rarely been investigated, and there are limited reports on
the use of density functional theory (DFT) to illustrate the
interaction mechanism of SbĲOH)6

− and SbĲOH)3 on the sur-
faces of TiO2 NMs.

In the present study, TiO2 NTs, prepared by hydrothermal
synthesis, were used to simultaneously remove the two oxida-
tion states of Sb. The effects of pH on the efficiency of the re-
moval of Sb were determined, and adsorption isotherm and
kinetics experiments were performed. Adsorption isotherm
experiments and dynamic modeling were performed to un-
derstand the adsorption behaviors of the samples. Two mate-
rials, TiO2 NMs (TiO2 NPs and TiO2 NTs), were used to simul-
taneously remove trivalent and pentavalent Sb in three
natural water samples. Furthermore, the possible adsorption
mechanisms were investigated via X-ray diffraction (XRD),
Fourier transform IR (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS) and DFT calculations.

2. Materials and methods
2.1 Reagents and materials

All chemicals and reagents used in this study were of analyti-
cal grade or greater purity. The water (ultrapure water, 18.2
MΩ cm) used in all experiments was prepared using a Milli-Q
SP reagent water system (Millipore, Bedford, MA).
C8H4K2O12Sb2·xH2O and KSbĲOH)6 were purchased from
Sigma-Aldrich, which were dissolved in deionized (DI) water
to prepare SbĲIII) and SbĲV) stock solutions, respectively. TiO2

NPs were purchased from J&K Scientific Ltd. (25–50 nm,
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average surface area 19.6 m2 g−1). For the natural water exper-
iments, tap water was collected from the Beijing District, sur-
face water from the Olympic Park in Beijing and domestic
treatment plant effluent from the South Dagang Sewage
Treatment Plant.

2.2 Preparation of protonated TiO2 NTs

TiO2 NTs were prepared via the alkaline hydrothermal
method.36 The surface area and pore diameters of the TiO2

NTs were controlled by varying the reaction temperature and
contact time of the TiO2 NPs with 10 M NaOH solution. First,
3 g of anatase-phase TiO2 NPs powder was dispersed in 100
mL of 10 M NaOH solution and vigorously stirred for 24 h.
Subsequently, the mixture was autoclaved at 150 °C for 24 h.
The obtained white product was washed with DI water until
the supernatant pH became neutral, and then soaked in 0.5
M hydrochloric solution for 5 h. Interlayer sodium ions were
anticipated to be exchanged for protons during the soaking
of the nanotubes in acidic solution. Then, the protonated
TiO2 NTs were again washed to pH 7 with deionized water.
Finally, the products were dried at 90 °C.

2.3 Characterization of TiO2 NMs before and after adsorption

Transmission electron microscopy (TEM) images were
recorded on an H7500 transmission electron microscope
(Hitachi, Japan) operating at 120 kV. The specific surface
areas (BET) of the samples were investigated using an F-Sorb
3400 automatic surface area Gold APP Instrument. Zeta po-
tentials were determined using a Nano-ZS90 Zetasizer
(Malvern, United Kingdom). The morphologies of the adsor-
bents were examined using a scanning electron microscope
(LEO 1530 field-emission SEM) and energy dispersive X-ray
spectroscopy (EDX), with dedicated software. X-ray diffraction
(XRD) analysis (PAN'Alytical X'Pert Alpha 1, using Cu K-α1, λ
= 1.5406 Å) was performed to analyze the crystal structure of
the TiO2 NPs and TiO2 NTs.

2.4 Batch experiments

All batch tests were performed in 100 mL glass bottles by
adding 5 mg (dry mass) of TiO2 NP or TiO2 NT adsorbent to
50 mL of Sb solution. The ionic strength was controlled to
0.02 M with 1 M NaCl solution. The mixture was sealed and
shaken at 220 rpm for 6 h. After shaking the sample, the
supernatant was filtered through 0.45 μm pore-size cellulose
acetate membrane filters and the residual concentrations of
SbĲIII) and SbĲV) in the filtrate were simultaneously quantified
via HPLC-HG-atomic fluorescence spectrophotometry.

2.4.1 Effects of pH. To evaluate the effects of pH on the
adsorption of both SbĲIII) and SbĲV), experiments were
performed where the initial concentrations of SbĲIII) and SbĲV)
were constant at 1 mg L−1, and the pH of the aqueous solu-
tion was varied between 2.0 and 10.0. The solution pH was
adjusted using 0.1 mol L−1 HCl or 0.1 mol L−1 NaOH.

2.4.2 Adsorption isotherms and thermodynamics. Batch
experiments of SbĲIII) and SbĲV) sorption on adsorbents were

performed by adding 5 mg of adsorbent to 50 mL of SbĲIII) or
SbĲV) solution at three temperatures (15 °C, 25 °C and 35 °C).
Adsorption isotherms were developed for initial concentra-
tions of SbĲIII) and SbĲV) in the range of 0.5–40.0 mg L−1 and
0.01–10.0 mg L−1 at the optimal pH (pH = 2.2 ± 0.1), respec-
tively. The dosage of adsorbents for all the experiments was
0.1 g L−1. To determine the factors that cause the conversion
of SbĲIII) to SbĲV), the SbĲIII) adsorbed on the TiO2 NP and
TiO2 NT surfaces was studied at different pH under sunlight
or in the dark. The amount of SbĲIII) was 1 mg L−1, and stud-
ies were conducted with or without TiO2 NPs and TiO2 NTs.

2.4.3 Desorption studies. Desorption thermodynamic
properties are important for describing the adsorption prop-
erties of sorbents. Desorption experiments were performed
using 0.5 mol L−1 NaOH as the desorbing agent. After the ad-
sorption process described above, the Sb-loaded TiO2 NMs
were withdrawn and added to NaOH and equilibrated for 12
h at 15 °C, 20 °C, 25 °C, 30 °C or 35 °C. After desorption, the
supernatant was filtered through 0.45 μm pore-size cellulose
acetate membrane filters and the residual concentrations of
SbĲIII) and SbĲV) in filtrate were quantified via HPLC-HG-
atomic fluorescence spectrophotometry.

2.4.4 Adsorption kinetics experiments. For the kinetic
studies, a mixture consisting of TiO2 NPs or TiO2 NTs and
SbĲIII) and SbĲV) solution with an initial concentration of 1 mg
L−1 was shaken in the dark for 6 h. Samples were withdrawn
at specific intervals and the same methods described above
were used to quantify the residual concentration in the
filtrates.

2.4.5 Adsorption experiments in natural water. To test per-
formance of the TiO2 NMs for the removal of Sb from natural
water, which has a more complex composition than deion-
ized water, three types of environmental water samples, in-
cluding tap water, surface water and domestic treatment
plant effluent, were investigated. The experiments were
conducted in batch mode by adding 5 mg/50 mL TiO2 NPs
and TiO2 NTs to the samples. Samples of natural water were
spiked with 200 μg L−1 SbĲIII) or SbĲV) prior to adsorption. The
container was a 100 mL polycarbonate bottle and the final
volume was 50 mL. Total concentration of organic carbon
(TOC) and degree of humification were determined using a
Multi N/C 3100 (Germany) spectrometer via UV465/665 visible
absorbance (Agilent 8453, the UV absorbance of a given sam-
ple determined at 465 nm and 665 nm).

2.4.6 Reusability experiments. Reusability is an important
factor for an effective adsorbent. Thus, to investigate the
adsorption–desorption reliability of the TiO2 NPs and TiO2

NTs, reusability experiments were carried out using 0.5 mol
L−1 NaOH solution as the desorbing agent. After the ad-
sorption process described above, the SbĲIII) or SbĲV)-loaded
TiO2 NMs were withdrawn, then added to the desorption
solution and equilibrated for 6 h. Subsequently, they were
washed thoroughly with deionized water, dried under vac-
uum at 65 °C, and then, the recovered adsorbent was used
in the subsequent four-cycle adsorption–desorption
experiments.
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2.5 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the TiO2 NPs and TiO2 NTs were recorded
using a Nicolet Magna-IR 750 FTIR spectrometer (Nicolet
Magna-IR 750, Nicolet) with KBr powder as the background
in the wavelength range of 400 cm−1 to 4000 cm−1 at a resolu-
tion of 4 cm−1 and averaged over 200 scans.

2.6 X-ray photoelectron spectroscopy (XPS)

To detect SbĲIII) and SbĲV) adsorbed on the surfaces of the ad-
sorbents after the reaction, the samples were freeze-dried and
characterized via XPS using a PHI Quantera SXM spectrometer
equipped with a monochromatic AlKα X-ray source (1486.6 eV,
600 W and 15 kV). A charge neutralizer filament was used dur-
ing the measurements to compensate for charging of the sam-
ples. High-resolution XPS was performed using a 0.1 eV step
size and pass energy of 23.5 eV (the depth of the samples ana-
lyzed ranged from 8 nm to 10 nm). XPS data processing and
peak fitting were performed using a nonlinear least-squares
fitting program (XPS peak software 4.1).

2.7 Theoretical interatomic sorption analysis by density
functional theory (DFT) calculations

Density functional theory (DFT) calculations are a reliable
predictive approach to study the quantum properties of mate-
rials and provide guidance for the construction of new types
of nanostructures. DFT calculations of the optimized struc-
tures and molecular adsorption on the TiO2 {001}, {100} and
{101} facets were performed within the generalized gradient
approximation (GGA) described by the Perdew–Burke–
Ernzerhof (PBE) exchange–correlation function. The
electronic-ion interactions of elements were described by pro-
jector augment wave (PAW) with the QUANTUM ESPRESSO
code. A cutoff energy of 500 eV was applied. The experimen-
tal lattice and structure including slab were optimized by en-
ergy minimization. The self-consistent convergence to the tol-
erance was set to 1 × 10−6 eV Å−1, and the force maximum of
total energy convergence was set to 0.02 eV Å−1 on atoms. A
(4 × 2) supercell of anatase TiO2 tetragonal crystal system
with lattice parameters (a = 3.78 Å and c = 9.51 Å) was
established. To obtain the total binding energy for each sys-
tem, the atomic positions were fully relaxed with the volume
of the supercell fixed. Three slab models cut from different
facets of TiO2 with 4 layers and vacuum layer of 10 Å were
constructed on the {001}, {100} and {101} facets. The
Monkhorst–Pack scheme with 2 × 2 × 2 k-points in the
Brillouin zone was selected for structure optimization. After
the TiO2 facet optimized, SbĲIII) and SbĲV) were added sepa-
rately to the surface for relaxing the adsorption results.

3. Results and discussion
3.1 Characterization of TiO2 NPs and TiO2 NTs before and
after adsorption

3.1.1 Electron microscopy and specific surface area (BET)
analyses. The TEM images of the TiO2 NPs and TiO2 NTs be-

fore and after the adsorption of SbĲIII) or SbĲV) are shown in
Fig. 1. From the TEM images, it can be seen that the diame-
ters of the TiO2 NPs are in the range of 25–50 nm, and aver-
age surface area is 19.36 m2 g−1. Moreover, the TiO2 NTs
maintained perfect, hollow and well-defined uniformly tubu-
lar morphologies, where the outer and inner diameters of the
as-prepared TiO2 NTs were 8 nm to 9 nm and 5 nm to 6 nm,
respectively. In addition, the surface area of the TiO2 NTs
(175.06 m2 g−1) is bigger than that of the TiO2 NPs, which
resulted in a greater adsorption capacity of Sb on TiO2 NTs.
After Sb was adsorbed on the surfaces of the TiO2 NTs and
TiO2 NPs, their morphology changed. Crystalline SbĲV) can be
observed in the TEM and SEM images (Fig. 1). This is mainly
due to the large amount of Sb adsorbed on the surfaces of
the material, which was then crystallized during drying
(Fig. 2). The TEM and SEM images also demonstrated that
SbĲIII) and SbĲV) were strongly adsorbed on surfaces of the
TiO2 NTs and TiO2 NPs and formed crystalline structures. En-
ergy dispersive spectrometry (EDX) was used to investigate
the specific elemental contents before and after SbĲIII) and
SbĲV) were adsorbed on the TiO2 NPs and TiO2 NTs (Fig. S1†).
The main elements present in the TiO2 NPs and TiO2 NTs
(Fig. S1a†) prior to adsorption were carbon, oxygen and tita-
nium, with no Sb. After adsorption, Sb appeared in the ele-
mental analysis (Fig. S1b†), which indicates that was Sb
adsorbed on the surfaces of the TiO2 NPs and TiO2 NTs.

3.1.2 The point of zero charge (PZC) of TiO2 NMs. The
point of zero charge (PZC) of the materials was determined
using their zeta potential in solution at various pH (Fig. S2†).
The PZC is influenced by the protonation and deprotonation
of surface hydroxyl groups.38 Since there were more
deprotonated hydroxyl groups on the surface of the TiO2 NTs
during the synthetic process, the PZC of the TiO2 NPs (pH =
6.6) was higher than that of the TiO2 NTs (pH = 3.5).36

3.1.3 XRD spectra. From the XRD spectra, significant dif-
ferences were observed between the crystal structures of the
TiO2 NTs and that of the TiO2 NPs (Fig. 3). Anatase is the
dominant phase in the TiO2 NPs, while it absent in the spec-
trum of the TiO2 NTs. The peak at 2θ ≈ 10° for the TiO2 NTs
indicates that interlayers exist.39,40 As shown in the spectrum
of Sb adsorbed on TiO2 NTs, the intensity of the peak at 2θ ≈
10° significantly decreased, which indicates that the adsorp-
tion of SbĲIII) and SbĲV) broke the interlayer structure of the
TiO2 NTs.30 Peaks at 2θ ≈ 15°, 29°, and 32°, which mainly
represent the adsorption of SbĲV), appear in the spectra of
TiO2 NPs/SbĲV) and TiO2 NTs/SbĲV).41 In addition, the disap-
pearance of the characteristic peak of sodium titanate (2θ ≈
28°) indicated that the content of sodium titanate
decreased.42

3.2 Batch experiments

3.2.1 Effect of pH on the adsorption of SbĲIII) and SbĲV). In
aqueous environments, pH is an important factor affecting
adsorption,8,43 which strongly influences the surface charges
of TiO2 NMs and physicochemical properties of Sb. Thus, the
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influence of pH on adsorption was explored by varying the
pH from 2.0 to 10.0. The TiO2 NTs exhibited significantly
greater adsorption capacity for both SbĲIII) and SbĲV) than the
TiO2 NPs (Fig. 4). The efficiency of the adsorption of SbĲIII) on
both the TiO2 NTs and TiO2 NPs was not significantly
influenced by the variation in pH from 2.0 to 10.0 (Fig. 4a).
The efficiency of adsorption of SbĲIII) on the TiO2 NTs was
99%, which was significantly higher than that of the TiO2

NPs (41%). Similar results of pH-independent SbĲIII) adsorp-
tion were reported previously for goethite and amorphous Fe
hydroxides as sorbents.7,44 When the pH was 2.0, the effi-
ciency of the removal of SbĲV) on the TiO2 NTs and TiO2 NPs
reached the maxima of 95% and 22%, respectively (Fig. 4b).
The amount of Sb adsorbed was low at the initial pH of 2.0–

5.0, and even lower at pH 5.0–10.0. When the pH was higher
than 4.0, the removal efficiency of SbĲV) was low and inversely
proportional to pH. The changes in the zeta potentials of the
TiO2 NPs and TiO2 NTs before and after SbĲIII) and SbĲV) ad-
sorption are shown (Fig. S2†).

In natural water, SbĲIII) and SbĲV) generally exist as com-
plexes. The predominant species of aqueous SbĲIII) and SbĲV)
species are SbĲOH)3 and SbĲOH)6

− in the pH range of 2.0–
11.0, respectively.8 At pH ranging from 2.0–4.0, the surfaces
of the TiO2 NPs and TiO2 NTs were more positively charged,
thus SbĲOH)6

− could adsorb on their surfaces through electro-
static interactions and complexation. At higher pH, the sur-
face charges of the TiO2 NPs and TiO2 NTs shifted from posi-
tive to negative, and the electrostatic adsorption force was

Fig. 1 TEM images of TiO2 NPs (a), TiO2 NTs (b), TiO2 NPs/SbĲIII) (c), TiO2 NTs/SbĲV) (d), TiO2 NPs/SbĲIII) (e) and TiO2 NTs/SbĲV) (f).
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weakened under this circumstance. A previous study indi-
cated the formation of negatively charged inner-sphere SbĲIII/
V) complexes on TiO2.

15 Therefore, the adsorption capacities
of SbĲIII) on the TiO2 NPs and TiO2 NTs fluctuated slightly
over a wide pH range, and thus slightly influenced by pH.
Moreover, the adsorption efficiency of SbĲV) on the TiO2 NMs
exhibited an evident decrease, was may be due to the hinder-
ing effect of electrostatic repulsion, but SbĲV) could also
adsorbed on TiO2 NMs through complexation.

SbĲIII) may be converted to SbĲV) during adsorption on sur-
faces of the TiO2 NPs and TiO2 NTs (Fig. 5). SbĲV) was deter-
mined in aqueous media after adsorption even though it had
not been added initially. The concentrations of SbĲV) were di-
rectly proportional to pH, and its concentrations in the filtrate
after adsorption on the TiO2 NPs were significantly higher
than that for the TiO2 NTs. The maximum concentration in
the filtrate after the adsorption of SbĲV) was 112 μg L−1. The
concentrations of SbĲV) in the filtrate after adsorption on the
TiO2 NP sample were significantly higher than after adsorption

on the TiO2 NTs, especially in alkaline solution, and there was
no transformation of SbĲIII) into SbĲV) in the absence of TiO2

NPs or TiO2 NTs both in the dark and under sunlight (Fig. 5).
These results indicate that the conversion of SbĲIII) to SbĲV)

was caused by the TiO2 NMs. The limited results from previ-
ous studies indicate that this is due to the redox reactions of
SbĲIII) adsorbed on other metallic oxides in aqueous me-
dia.7,18,45,46 The potential mechanism for the conversion may
be oxidation by hydroxyl radicals on the surfaces of the TiO2

NMs. In the pH range of 2.0–10.0, SbĲIII) exists as SbĲOH)3,
which can react with the hydroxyl radicals on the surfaces of
the TiO2 NMs, forming a stable surface complex and
resulting in the oxidation of SbĲIII).7 It is presumed that the
adsorption of SbĲIII) on the surfaces of the TiO2 NMs in aque-
ous solution involves two processes: direct adsorption and ox-
idation of SbĲIII) to SbĲV). The potential mechanism can be de-
scribed by eqn (1). Studies on the adsorption of antimony on
goethite in the presence of humic acid assumed that the oxi-
dation of trivalent antimony during the adsorption process

Fig. 2 SEM images of TiO2 NPs (a), TiO2 NTs (b), TiO2 NPs/SbĲIII) (c), TiO2 NTs/SbĲV) (d), TiO2 NPs/SbĲIII) (e) and TiO2 NTs/SbĲV) (f).
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results in the formation of a complex with the adsorbent,
and then hydroxyl radicals and other groups promote the oxi-
dation of trivalent antimony to pentavalent antimony, which
is then released back into solution.7 However, because a por-
tion of converted SbĲV) could also be adsorbed on the sur-
faces of the TiO2 NMs, which could have been removed via
the filter membrane, its direct quantification is not possible.
The concentration of SbĲV) on the filters not only depends on
the conversion efficiency, but also on the adsorption capacity
of the TiO2 NMs. Thus, overall, the results suggest that TiO2

NTs can accelerate the oxidation of SbĲIII), which is beneficial
to reduce the toxic potency and environmental risks of SbĲIII).

Ti O Sb OH Ti O Sb OHIV IVOH          
 

2
3

5
(1)

3.2.2 Adsorption isotherms of SbĲIII) and SbĲV). The ad-
sorption isotherms of SbĲIII) and SbĲV) on the TiO2 NMs are

shown in Fig. 6. Both the Langmuir (eqn (2)) and Freundlich
(eqn (3)) isotherms fit the data well.

q q k C
k Ce

m L e

L e


1

(2)

qe = kFCe
1/n (3)

where, qe is the amount (mg g−1) of adsorbed Sb at equilibrium
and Ce is the equilibrium Sb concentration (mg L−1) in solution.
qm (mg g−1) represents the maximum adsorption amount and
kL (L g−1) is the Langmuir equilibrium constant. In eqn (3), kF
(mg1−(1/n) L1/n g−1) and n are the Freundlich parameters.

The related parameters of both models are shown in
Table 1. Based on the correlation coefficients, the Langmuir

Fig. 3 XRD patterns of TiO2NPs and TiO2 NTs before after the adsorption of SbĲIII) and SbĲV).

Fig. 4 Effects of pH on SbĲIII) adsorption on TiO2 NPs and TiO2 NTs (a) and effect of pH on SbĲV) adsorption on TiO2 NPs and TiO2 NTs (b).
Conditions: amount of TiO2 NPs and TiO2 NTs: 5 mg, concentration of SbĲIII) and SbĲV): 1 mg L−1 and solution volume: 50 mL.
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isotherm model shows a better fit with the experimental data
in comparison to the Freundlich model (Fig. 6) except for
SbĲV) adsorbed on the TiO2 NTs at 15 °C (288.15 K). This re-
sult suggests that the adsorption site energy is constant and
there is maximum monolayer surface coverage.22 At 25 °C

(298.15 K), there is a distinct separation between the maxi-
mum adsorption amounts of SbĲIII) and SbĲV) on the TiO2 NP
and TiO2 NT surfaces. Specifically, the maximum adsorption
amounts were 12.0 mg SbĲIII) g−1 on the TiO2 NPs, 8.6 mg
SbĲV) g−1 on the TiO2 NPs, 250.0 mg SbĲIII) g−1 on the TiO2

NTs and 56.3 mg SbĲV) g−1 on the TiO2 NTs. From these re-
sults, the adsorption amount of Sb on the TiO2 NTs was
greater than that on the TiO2 NPs, which was partially due to
the BET of the TiO2 NTs (175.06 m2 g−1), which was 9.2-fold
larger than that of the TiO2 NPs of 19.36 m2 g−1. Further-
more, the maximum adsorption amount of SbĲIII) on the TiO2

NTs was greater than that of other adsorbents, such as car-
bon nanofibers coated with zirconium oxide,4 α-FeOOH,18 Zr-
MOFs,21 α-MnO2 nanofibers19 and synthetic manganite (Ta-
ble S1†).4,15,16,43

The Dubinin–Radushkevich (D–R) isotherm model was
used to determine the nature of the adsorption process,
which fitted the equilibrium data well (Fig. S3 and Table
S2†). The mean free energy of SbĲIII) and SbĲV) adsorption on
the TiO2 NPs was 8.07 kJ mol−1 and 8.90 kJ mol−1 and on the
TiO2 NTs 9.48 kJ mol−1 and 8.11 kJ mol−1, respectively, which
indicated that the adsorption of both SbĲIII) and SbĲV) is a
chemical process in nature.

The increase in adsorption amount with an increase in
temperature indicates that the adsorption process is

Fig. 5 Residual concentration of SbĲV) converted from SbĲIII) after
adsorption. Conditions: amount of TiO2 NPs and TiO2 NTs: 10 mg,
initial concentration of SbĲIII): 1 mg L−1 and solution volume: 50 mL.

Fig. 6 Adsorption isotherms of SbĲIII) adsorbed on TiO2 NPs (a), SbĲV) on TiO2 NPs (b), SbĲIII) on TiO2 NTs (c), and SbĲV) on TiO2 NTs (d). Initial SbĲIII)
and SbĲV) concentration was 0.01–50 mg L−1, adsorbent dose was 5 mg, solution volume was 50 mL and pH was 2.2 ± 0.1.
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endothermic. The thermodynamic parameters were also cal-
culated using eqn (4) and (5).

log
. .

q
C

S
R

H
R T

e

e









 














0 0

2 303 2 303
1

(4)

ΔG0 = ΔH0 − TΔS0 (5)

where ΔG0 is the Gibbs free energy change; R is the ideal gas
constant (8.314 J mol−1 K−1); T is the absolute temperature
(K); ΔH0 is the enthalpy change; ΔS0 is the entropy change.
Based on eqn (4), the ΔH0 and ΔS0 parameters can be calcu-
lated from the slope and intercept of the plot of logĲqe/Ce)
versus 1/T, respectively (Fig. S4 and Table S3†).

For SbĲIII) adsorption on the TiO2 NTs, ΔH0 was calculated
to be 3.62 kJ mol−1, which indicates that the adsorption pro-
cess of SbĲIII) on the TiO2 NTs is an endothermic reaction be-
tween 15 °C and 35 °C. The ΔS0 value of 14.18 J mol−1 K−1 is
due to the increase in the degrees of freedom of the adsorbed
species. The same tendency was observed for the adsorption
of SbĲIII) and SbĲV) on the TiO2 NPs and TiO2 NTs. The de-
sorption thermodynamic properties are important for de-
scribing the adsorption properties of sorbents. Thus, desorp-
tion experiments were carried out using 0.5 mol L−1 NaOH as
the desorbing agent at 15 °C, 20 °C, 25 °C, 30 °C and 35 °C
(Fig. S5†). The desorption efficiency of both SbĲIII) and SbĲV)
on the TiO2 NPs and TiO2 NTs increased with temperature.
When the temperature reached 35 °C, the desorption efficien-
cies of SbĲIII) and SbĲV) on the TiO2 NTs were close to 100%
and that on the TiO2 NPs close to 70%. At the same tempera-

ture, the desorption efficiency of the TiO2 NTs was signifi-
cantly greater than that of TiO2 NPs. Also, the desorption effi-
ciency of SbĲIII) was greater than that of SbĲV) on both the
TiO2 NPs and TiO2 NTs.

The mechanism of adsorption of SbĲV) on the TiO2 NMs may
include electrostatic binding and complexation, and for SbĲIII),
it is mainly bound by the formation of complexes between
SbĲOH)3 and the hydroxyl functional groups on the surfaces of
the TiO2 NMs (eqn (6) and (7)), as also shown by the FTIR
results. SbĲIII) is commonly classified as a borderline metal,
which can form complexes with ligands containing oxygen- and
sulfur-containing groups.47 Therefore, SbĲIII) possibly forms
complexes with the hydroxyl functional groups on surfaces of
adsorbents, while the adsorption of SbĲV) is the result of electro-
static interactions and complexation.7,45,48 Previous studies on
SbĲV) adsorption on goethite indicated that SbĲV) combines with
goethite to form an outer-sphere (FeOH2

+–SbĲOH)6
−) and an

inner-sphere surface complex (Fe–OSbĲOH)6
−).7 The KL of SbĲIII)

adsorbed on the TiO2 NTs was the highest (Table 1), which indi-
cated that the adsorption capacity of the TiO2 NTs is stronger
for SbĲIII). This may be due to the fact that the TiO2 NTs have
larger specific surface areas (175.06 m2 g−1) than TiO2 NPs
(19.36 m2 g−1), and thus more adsorption sites. For the forma-
tion of inner surface complexes, SbĲV) would occupy more active
sites than SbĲIII), thus the adsorption amount of SbĲIII) is higher
than that of SbĲV) on the same adsorbent.7

Ti–OH + Sb(OH)3 → Ti–O–Sb(OH)2 + H2O (6)

2Ti–OH + Sb(OH)3 → 2Ti–O–Sb(OH) + 2H2O (7)

3.2.3 Adsorption kinetics of SbĲIII) and SbĲV). In practical
applications, the rate of adsorption is important when

Table 1 Langmuir and Freundlich parameters for SbĲIII) and SbĲV) adsorption on the TiO2 NPs and TiO2 NTs

Langmuir model

T (K) SbĲIII) + TiO2 NPs SbĲV) + TiO2 NPs SbĲIII) + TiO2 NTs SbĲV) + TiO2 NTs

288.15 qm (mg g−1) 10.9 6.3 209.9 50.5
kL (L mg−1) 0.97 0.56 1.10 0.756
R2 0.98 0.97 0.97 0.98

298.15 qm (mg g−1) 12.0 8.6 250.0 56.3
kL (L mg−1) 0.86 0.70 0.90 0.324
R2 0.97 0.98 0.98 0.97

308.15 qm (mg g−1) 14.7 10.8 331.6 65.3
kL (L mg−1) 0.65 0.21 1.42 0.098
R2 0.98 0.99 0.98 0.98

Freundlich model

SbĲIII) + TiO2 NPs SbĲV) + TiO2 NPs SbĲIII) + TiO2 NTs SbĲV) + TiO2 NTs

288.15 n 1.64 3.23 2.85 2.61
kF 5.42 3.67 82.65 25.05
R2 0.97 0.96 0.95 0.99

298.15 n 1.69 2.78 3.39 3.15
kF 6.61 4.65 122.41 37.08
R2 0.96 0.98 0.97 0.97

308.15 n 1.92 3.70 3.47 4.19
kF 8.82 7.58 144.55 52.6
R2 0.96 0.96 0.97 0.98
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designing treatments.4 Adsorption kinetic parameters are
critical for designing adsorption units and optimizing opera-
tion conditions. The liner plot of the adsorption kinetics is
shown in Fig. 7. The kinetics adsorption data was analyzed
using the pseudo-first-order (Fig. S6†) and pseudo-second-
order models (eqn (8) and (9), respectively).

Pseudo-second-order isotherm:
e e

t
q k q q

t
t

 
1 1

2
2 (8)

where k2 is the rate constant of adsorption (in g mg−1 min−1), qt
is the amount of Sb adsorbed by the adsorbent at any time (mg
g−1), and qe is the equilibrium adsorption amount (mg g−1). The
initial sorption rate ho (mg g−1 min−1) can be defined as eqn (9).

ho = k2qe
2(t → 0) (9)

Both k2 and ho were determined experimentally by plotting
t/qt against t. All the parameters are listed in Table 2.

The pseudo-second-order kinetic model provides a better cor-
relation with the experimental kinetic data than the pseudo-
first-order kinetic model, which indicates that chemical interac-
tion was the rate-controlling step for the adsorption of Sb on
the TiO2 NMs.4 The pseudo-second-order kinetic model is based
on the assumption that the rate-limiting step may be chemi-

sorption involving exchanging or sharing electrons between the
adsorbent and adsorbate.25,30 The initial rate of adsorption of
Sb on the TiO2 NTs was significantly greater than that of TiO2

NPs, which was partially due to the larger surface areas of the
TiO2 NTs, providing more active sites for the adsorption of
Sb.36,37 Furthermore, the initial rate of adsorption of SbĲIII) on
the TiO2 NMs was greater than that of SbĲV). This may be due
to the fact that the latter occupies more active sites by the for-
mation of complexes during adsorption.

3.3 FTIR spectra

The surface chemistry of adsorption was studied using FTIR,
which provided information about the mechanisms of ad-
sorption. In the spectra of the TiO2 NMs (Fig. 8), the peak at
489 cm−1 is characteristic of the stretching vibrations of the
Ti–O octahedron.49 Peaks at 1629 cm−1 and 3373 cm−1 can be
attributed to the stretching vibrations of –COOH or –OH,
which indicate the existence of hydroxyl and carboxy groups
on the surfaces of the TiO2 NTs, respectively. The peak at 920
cm−1 indicates the presence of Na–O. In the spectra of TiO2

NPs/SbĲIII) and TiO2 NPs/SbĲV), the intensity of the peak at
3373 cm−1 significantly increased, particularly when SbĲV) was
bound to TiO2 NPs. A peak at 1629 cm−1 appeared in the
spectra of TiO2 NPs/SbĲIII) and TiO2 NPs/SbĲV), which is as-
cribed to the stretching vibration of CO. This peak did not

Fig. 7 Pseudo-second-order kinetic curves of SbĲIII) adsorbed on TiO2 NPs (a), SbĲV) on TiO2 NPs (b), SbĲIII) on TiO2 NTs (c), and SbĲV) on TiO2 NTs
(d). Initial SbĲIII) and SbĲV) concentration was 10 μg L−1–10 mg L−1, adsorbent dose was 5 mg, solution volume was 50 mL and pH was 2.2 ± 0.1.
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appear in the spectrum of TiO2 NPs. The changes in the peak
at 1075 cm−1 corresponding to the vibration of –OH indicated
that –OH combined with Sb.50 The above results indicate that
the successful adsorption of Sb on the surfaces of the TiO2

NPs occurred through chemical reactions.
In the spectra of the TiO2 NTs, TiO2 NTs/SbĲIII) and TiO2

NTs/SbĲV), there are significant differences in the peak at
1629 cm−1, which increased and decreased when SbĲIII) and
SbĲV) were adsorbed on the TiO2 NTs, respectively. This may
be due to the electrostatic and complexation effects between
Sb and the TiO2 NTs. SbĲIII) adsorbed on the surfaces of the
TiO2 NTs also formed complexes. It seems that both hydroxyl
and carboxyl groups are involved in the adsorption of both
SbĲIII) and SbĲV);51 thus, the intensity of the peak at 1629 cm−1

significantly increased. The peak at 887 cm−1 corresponds to
the cyclic ether, which also appears in the spectra of the TiO2

NTs/SbĲIII) and TiO2 NPs/SbĲIII) due to the presence of tartaric
acid in the solution of the SbĲIII) standard used.

3.4 XPS

XPS was used to characterize the mechanisms of Sb adsorbed
on the TiO2 NPs and TiO2 NTs surfaces. The XPS spectra of

TiO2 NPs, TiO2 NTs, TiO2 NPs/SbĲIII), TiO2 NPs/SbĲV), TiO2

NTs/SbĲIII), and TiO2 NTs/SbĲV) are shown in Fig. 9. The spec-
trum of the TiO2 NTs presents a peak at a binding energy of
1070.0 eV for Na, which demonstrates that there were Na
atoms on the surfaces of the TiO2 NTs. This is because the
TiO2 NTs used in this study were synthesized via an alkaline
hydrothermal method. Although the TiO2 NTs were
pretreated to remove sodium, there was still some residual
Na on their surfaces. However, there was no obvious peak for
Na in the spectra of TiO2 NTs/SbĲIII) and TiO2 NTs/SbĲV).
There are two possible explanations for, which are Na was re-
placed by Sb adsorbed on the TiO2 NTs52 or crystals of Sb
may be around the TiO2 NTs, and thus Na was not observed
in the spectra of TiO2 NTs/ SbĲIII) and TiO2 NTs/SbĲV). Com-
pared to the spectrum of the TiO2 NPs, a peak for Ti–C ap-
pears in the spectrum of TiO2 NTs, which indicates that C
was mixed with the TiO2 NTs during their formation. There
are three peaks in the spectrum of the TiO2 NMs after Sb was
adsorbed. The energetic positions of Pm at 1033.5 eV, Te at
818.7 eV and Mn at 768.0 eV may be due to impurities in the
Sb standard.

Survey scans of oxide (O1s) and carbon (C1s) of titanium
(Ti) were conducted to identify changes in the states of the el-
ements on the surfaces of the adsorbents. The Ti region did
not shift after the adsorption of SbĲIII) and SbĲV), but its inten-
sity was significantly lower (Fig. S7†), which indicated that
SbĲIII) and SbĲV) were successfully adsorbed on the surfaces of
the TiO2 NPs and TiO2 NTs. This binding resulted in crystal-
line structures that interfered with the detection of Ti. After
SbĲIII) and SbĲV) were adsorbed on the surfaces of the TiO2

NMs, the energetic position and shape of the C1s and O1s
peaks were also different (Fig. S8 and S9,† respectively),

Table 2 Pseudo-second-order model kinetic constants for SbĲIII) and
SbĲV) adsorption on the TiO2 NPs and TiO2 NTs

Adsorbent and
adsorbate

k2
(g mg min−1)

h0
(mg g min−1)

qe
(mg g−1) R2

SbĲIII) on TiO2 NPs 1.29 × 10−2 0.67 7.19 0.998
SbĲV) on TiO2 NPs 0.65 × 10−2 0.09 3.75 0.989
SbĲIII) on TiO2 NTs 0.18 × 10−2 4.37 49.02 0.996
SbĲV) on TiO2 NTs 1.19 × 10−2 1.16 9.85 0.998

Fig. 8 FTIR spectra of SbĲIII) and SbĲV) adsorbed on TiO2 NPs and TiO2 NTs.
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which indicated that SbĲIII) and SbĲV) were successfully
adsorbed onto the surfaces of the TiO2 NPs and TiO2 NTs,
and that the process of adsorption on the TiO2 NMs was due
to chemical binding.

3.5 Performance of TiO2 NPs and TiO2 NTs in natural water

The adsorption of Sb on the surfaces of TiO2 NMs in natural
water may be more complicated than adsorption in DI water
due to the influence of the more complex matrix and various
metal ions, organic matter and microbes. Thus, the basic pa-
rameters and results of the adsorption on the surfaces of
TiO2 NMs using three types of natural water were examined
(Table S4†). After 6 h contact with the TiO2 NPs and TiO2

NTs, the adsorption amounts of SbĲIII) and SbĲV) on the TiO2

NTs in natural water was higher than that on the TiO2 NPs,
and the adsorption of SbĲIII) was higher than SbĲV). The re-
moval efficiency of 200 μg SbĲIII) L−1 by the TiO2 NTs in the
three natural water samples was nearly 100%. Furthermore,
the removal efficiency of SbĲV) was inversely proportional to
the concentration of TOC and degree of humification. The re-
moval efficiency decreased in the order: tap water (100%) >
surface water (99%) > treatment plant effluent (57%). The
lower removal efficiencies of Sb in natural water may be due
to the effects of anions, such as sulfate and phosphate, in so-
lution, and the presence of dissolved organic matter.45,60,61

These results demonstrate that the TiO2 NTs were an effective
adsorbent for the removal of trace amounts of Sb not only in
DI water, but also in more relevant natural water and
wastewater.

The presence of co-existing ions in solution will inevitably
impact the adsorption/desorption behavior of adsorbents.
Some researchers reported that most univalent and bivalent

ions have no effect on the adsorption of Sb; however, PO4
3−

can decrease the removal rate of Sb.15,53–55 This is mainly
because PO4

3− can also be adsorbed on metal oxides at pH
values above the point of zero charge.56–59 Meanwhile, arse-
nic (As) also has competitive adsorption with antimony on
the surfaces of titanium dioxide, which is attributed to the
stronger Lewis base property of SbĲIII) than AsĲIII), exhibiting a
stronger binding affinity with the Lewis acid Ti5c atoms on
the surfaces of TiO2.

7 However, the adsorption of SbĲV) was
slightly less than AsĲV) due to the larger octahedral SbĲOH)6

−

structure than AsO4
3−, which has less steric hindrance than

the former.15

3.6 Reusability studies

Reusability was an important factor for an effective adsor-
bent. Thus, to test the reusability of the TiO2 NPs and TiO2

NTs, a desorption study was carried out using NaOH. In our
experiments, the adsorbed SbĲIII) and SbĲV) were eluted with
0.5 mol L−1 NaOH since NaOH is known as a very strong che-
lating agent for many heavy metals. Meanwhile, the surface
hydroxyl groups of the TiO2 NMs became deprotonated and
negatively charged at high pH,36 resulting in efficient desorp-
tion of the antimony species, and subsequently SbĲIII) and
SbĲV) were released into the eluent. The adsorption–desorp-
tion cycle was repeated four times using the same sample ad-
sorbent. As the spent adsorbent was recovered, the acquired
TiO2 NPs and TiO2 NTs were reused for the adsorption of
SbĲIII) and SbĲV), respectively. The results are shown in
Fig. 10, where in contrast with the TiO2 NPs, the TiO2 NTs
showed excellent reusability. For four consecutive cycles of
adsorption–desorption, the removal percentage of TiO2 NTs to
SbĲIII) and SbĲV) still reached 85%, and the adsorption

Fig. 9 XPS spectra of TiO2 NPs, TiO2 NTs, TiO2 NPs/SbĲIII), TiO2 NPs/SbĲV), TiO2 NTs/SbĲIII), and TiO2 NTs/SbĲV).
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efficiency did not decline significantly. These results demon-
strate that the TiO2 NTs can be used repeatedly without sig-
nificant loss in their adsorption ability.

3.7 DFT calculations

DFT calculations are useful to study the mechanisms of ad-
sorption. In this study, DFT calculations were used to simu-
late the adsorption of SbĲIII) or SbĲV) onto the {101}, {001} and
{100} facets of TiO2 nanoparticles. Based on both empirical
results and theoretical calculations, the {101} facet built from
anatase-TiO2 is the most stable.62,63 The bonding distance
between SbĲIII) and the TiO2 substrate was 2.438 Å, which in-
dicated that SbĲIII) was successfully adsorbed onto the facet of
TiO2 (Fig. 10a). The pattern of adsorption changed when
simulating SbĲIII) with two titanium atoms on the {101} facet
of TiO2. The bond lengths of Sb–O and O–Ti were 3.337 Å
and 2.439 Å, respectively (Fig. 10b), which indicated that the
SbĲIII) tended to be adsorbed on the {101} facet of TiO2, which
formed ionic bonding between O–Ti atoms. The system en-
ergy and bond energy were also calculated to investigate the
system stability and preferred adsorption pattern.

For SbĲV) adsorbed onto the TiO2 {101} facet, the bonding
distances of O–Ti (two O atoms of SbĲV) were adsorbed on the
same Ti atom) were 2.356 Å and 2.437 Å (Fig. 11c). The H
atoms have weak hydrogen bonds with the O atoms in TiO2

{101} facet as well. Deeper interactions between the O–Ti
atoms were also indicated (Fig. 11d). The O–Ti bond length
of the SbĲV) molecule absorbed on three different Ti atoms
was 2.129 Å, 2.233 Å and 2.171 Å, respectively, which are
shorter than that for the two O atoms of the SbĲV) molecule
absorbed on the same one Ti atom. The SbĲV) atom was lo-
cated on the top of the Ti atom, which hindered SbĲV) adsorp-
tion on the {101} facet of TiO2 to form a more stable struc-
ture (Fig. 11c). The length of the Sb–O bond is 2.671 Å, which
formed an ionic bond that is more stable (Fig. 11d). The
other two slab models including {001} and {100} simulated
by first-principles study based on density functional theory
(DFT) are presented in Fig. S10.†

The Ead value decides the adsorption stability. The adsorp-
tion energy (Ead) of the Sb molecule was calculated using eqn
(10) and shown in Table 3.

Ead = Esurface + ESb − ESb/surface (10)

where, Esurface is the energy of the surface; ESb is the energy
of an isolated SbĲIII) or SbĲV) molecules; ESb/surface is the total
energy of the same molecule adsorbed on the surface. Note
that a positive value of Ead demonstrates stable adsorption.

As shown in Table 3, the adsorption energies (Ead) of
SbĲIII)–1O + one titanium atom (SbĲIII), which has one O atom
adsorbed onto TiO2 {101}) and SbĲIII)–2O + two titanium
atoms (SbĲIII), which has two O atoms adsorbed on TiO2

{101}) onto TiO2 {101} are equal (1.32 eV). The adsorption en-
ergy (Ead) of SbĲV)–2O + one titanium atom (SbĲV), which has
two O atoms adsorbed onto TiO2 {101}) (1.72 eV) is higher
than that of SbĲV)–3O + three titanium atoms (SbĲV), which
has three O atoms adsorbed onto TiO2 {101}) (1.09 eV) be-
cause the three O atoms of SbĲV) tend to form bridges with
the Ti atoms in TiO2 {101}, forming a semi-stable state sys-
tem. The Ead of SbĲV) is much higher than that of SbĲIII)
because SbĲV) is negatively charged and has a larger molecu-
lar volume than SbĲIII), which hinders the adsorption bonding
mode and interactions of the electrons in the 2p orbital of O.

From Table 4, the calculated Ead of SbĲIII) and SbĲV)
adsorbed on the {001} facet is 1.13 eV and 3.33 eV, respec-
tively. The adsorbed geometry phase demonstrated that the O
atom of SbĲOH)3 tends to locate on the top position of the Ti
atom. For adsorption on the {001} facet, SbĲV) preferred to lo-
cate on the plane because Ti bonds with two O atoms to keep
equivalent charge density distributions. The Ead of SbĲIII) and
SbĲV) adsorbed on the {100} facet is 0.58 eV and 0.07 eV, re-
spectively, which are lower than that for the {101} facet.

SbĲV) prefers to adsorb on the {001} facet to form a more
stable structure; however, there is no significant difference
between SbĲIII) adsorption on the {101} and {001} facets. Sta-
ble adsorption structures are derived from the orbital

Fig. 10 Adsorption–desorption cycle of TiO2 NPs (a) and TiO2 NTs (b). Conditions: amount of TiO2 NPs and TiO2 NTs: 5 mg, concentration of SbĲIII)
and SbĲV): 1 mg L−1 and solution volume: 50 mL.
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interactions of each atom, and Sb and Ti are metals, which
easily act as donors to bond with O atoms. However, the
above observations are inconsistent with that in other stud-
ies.15 This is mainly because the calculation parameters
adopted are different in the present study. To eliminate the
finite effect in the DFT calculations, which may underesti-
mate the energy upon boundary conditions due to
wavefunction overlap, highly accurate parameters were
adopted in this study to fix the shortcomings of the forma-
tion energy calculations.64,65 In addition, these calculations
provide a clue to distinguish the difference between Sb-based
molecules adsorbed on the {001}, {100} and {101} facets.

4. Conclusions

Compared to TiO2 nanoparticles, the titanate nanotubes pre-
pared via alkaline hydrothermal treatment exhibited greater
surface areas and open tube ends, with a lower isoelectric
point. The TiO2 NTs exhibited fast uptake and significant ad-
sorption capacity for SbĲIII), where SbĲIII) and SbĲV) were
strongly adsorbed on the surfaces of the TiO2 NTs and TiO2

NPs and formed crystalline structures that were stable and
durable. Solution pH influenced the adsorption of SbĲV) on
the TiO2 NMs. Electrostatic interactions and complexation
were predominant in the adsorption of SbĲV) and SbĲIII) on
the TiO2 NMs, respectively. The TiO2 NTs provided abundant
active sites due to their large surface areas, which made it
possible to adsorb Sb more rapidly. SbĲIII) may have been
converted into SbĲV) during adsorption on the surfaces of the
TiO2 NPs and TiO2 NTs, especially at higher pH, and the re-
sidual concentration of SbĲV) on the TiO2 NPs sample was sig-
nificantly greater than that on the TiO2 NTs. In contrast with
the TiO2 NPs, the TiO2 NTs showed excellent reusability with
0.5 mol L−1 of NaOH solution as the desorbing agent. The
FTIR and XPS results indicated that the adsorption of SbĲIII)
and SbĲV) had broken the interlayer structure of the TiO2

NTs, and both hydroxyl and carboxyl groups were involved in
the adsorption. The DFT models suggested that the adsorp-
tion originates from complicated crystal structures, which in-
cluded a six-member (SbĲV)) ring or four-member (SbĲIII)) ring
on the TiO2 {101} facet. The TiO2 NTs have superior adsorp-
tion performance for Sb species, especially SbĲIII), and rate of

Fig. 11 Optimized TiO2 {101} plane slab models for SbĲIII) absorption (top). Simulated adsorption of one oxygen atom (a) and two oxygen atoms (b)
on TiO2 {101}. Antimony atoms are brown, oxygen atoms are red, titanium atoms are light blue, and hydrogen atoms are light pink. Optimized TiO2

{101} plane slab model for SbĲV) absorption (bottom). Simulated adsorption of one oxygen atom (c) and three oxygen atoms (d) on TiO2 {101}.

Table 3 Adsorption energy of SbĲIII) and SbĲV) adsorbed on the TiO2 {101}
facet

SbĲIII)–1O +
one titanium
atom

SbĲIII)–2O +
two titanium
atoms

SbĲV)–2O +
one titanium
atom

SbĲV)–3O +
three titanium
atoms

Ead (eV) 1.23 1.23 1.72 1.09

Table 4 The adsorption energy (Ead) of SbĲIII) and SbĲV) adsorbed on the
TiO2 {001}, {100} and {101} facets

SbĲIII) SbĲV)

{001} 1.13 eV 3.33 eV
{100} 0.58 eV 0.07 eV
{101} 1.23 eV 1.72 eV
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their removal is not limited by solution pH. Moreover, in the
natural aquatic environment sample, the concentration of Sb
was well below the maximum contaminant level for drinking
water with a TiO2 NTs dosage of 0.1 g L−1, and titanium diox-
ide is a safe and non-toxic material, which provides the possi-
bility for the removal of trace Sb in engineering practical
treatment of sewage and drinking water.
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19

20 Fig.S1 EDX spectras of TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 NPs/ Sb 
21 (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V) 
22
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23 Fig.S2 Changes of Zeta potentials of TiO2 NPs and TiO2 NTs before and after 

24 adsorbing Sb(III) and Sb(V). Adsorption capacity of TiO2 NTs is greater than that of 

25 TiO2 NPs. To compare adsorption of Sb(III) or Sb(V) on surfaces of TiO2 NPs or TiO2 

26 NTs, changes of Zeta potential of TiO2 NTs was less than for TiO2 NPs. Electrostatic 

27 interactions are the primary mechanism of adsorption of Sb(V) on TiO2 NMs.  

28 Positive charges on surfaces of TiO2 NMs were neutralized by compounds of Sb(V). 

29 Meanwhile, complexation played a dominant role in adsorption of Sb (III) on TiO2 

30 NMs.  Changes of Zeta potential of Sb(V) adsorbed onto TiO2 NMs may be due to 

31 forming a stable inner complex.14,15

32
33 Fig.S2 Zeta potentials of adsorption of Sb(III) and Sb(V) on TiO2 NPs and TiO2 
34 NTs
35

javascript:void(0);
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36 The Dubinin−Radushkevich (D-R) isotherm model can be used to determine the 

37 nature of the adsorption process (physical or chemical).11 The linear equation of the 

38 D-R isotherm is expressed as Equation 1 and 2:15

39                     (1)ln 𝑄𝑒 = ln 𝑄𝐷𝑅 ‒ 𝛽𝜀2

40                      (2)𝜀 = 𝑅𝑇ln (1 + 1/𝐶𝑒)

41 where qe` is the amount of metal ions sorbed per unit weight of adsorbent (mol 

42 L-1), qm` is the maximum adsorption capacity (mol g-1), β is the activity coefficient 

43 related to the mean free energy of adsorption (mol2 J-2), R is the gas constant (8.314 J 

44 (mol K)-1); T is the thermodynamic temperature (K); and ε is the Polanyi potential.

45 The D-R isotherm model fits the equilibrium data well (Figure S3 and Table S2), 

46 R2 values were 0.95, 0.98, 0.97, 0.99 for Sb(III) and Sb(V) adsorption on TiO2 NPs 

47 and TiO2 NTs, respectively. The mean free energy of adsorption (E; kJ (J mol) -1) is 

48 expressed as Equation 3:

49               (3)
𝐸 =

1
2𝛽

50 The adsorption behavior might be predicted, whether physical or chemical 

51 process, from the E value, which in the range of 8-16 kJ mol-1 is ion-exchange 

52 reaction. The mean free energy of Sb(III) and Sb(V) adsorption on TiO2 NPs were 

53 8.07, 8.90 kJ mol-1 and on TiO2 NTs were 9.48 and 8.11 kJ mol-1, respectively, which 

54 indicated the both Sb(III) and Sb(V) adsorption are chemical process in nature.
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55

56 Fig.S3 Dubinin−Radushkevich (D-R) isotherm models of Sb(III) adsorbed on 
57 TiO2 NPs (a), Sb(V) on TiO2 NPs (b), Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs 
58 (d). adsorbent dose was 5 mg; the solution volume was 50 mL; pH was 2.2 ± 0.1
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59

60

61 Fig.S4 Adsorption thermodynamics of Sb(III) adsorbed on TiO2 NPs (a), Sb(V) 
62 on TiO2 NPs (b), Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs (d). adsorbent dose 
63 was 5 mg; the solution volume was 50 mL; pH was 2.2 ± 0.1; The temperature 

64 was 15, 20, 25, 30, 35 ℃

65
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66
67 Fig.S5 Desorption thermodynamics of Sb(III) adsorbed on TiO2 NPs, Sb(V) on 
68 TiO2 NPs, Sb(III) on TiO2 NTs, Sb(V) on TiO2 NTs. adsorbent dose was 5 mg; 
69 the solution volume was 50 mL; desorbing agent was 0.1 mol L-1 NaOH; The 

70 temperature was 15, 20, 25, 30, 35 ℃

71
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72

73 Fig.S6 Pseudo-first-order kinetic curves of Sb(III) adsorbed on TiO2 NPs (a), 
74 Sb(V) on TiO2 NPs (b) , Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs (d). Initial 
75 Sb(III) and Sb(V) concentration was 10 g L-1 - 10 mg L-1; adsorbent dose was 5 
76 mg; the solution volume was 50 mL; and pH was 2.2 ± 0.1
77

78 Pseudo-first-order kinetic models are expressed as Equation 4:

79                     (4) 𝑞𝑡 = 𝑞𝑒(1 ‒ 𝑒
‒ 𝑘1𝑡

)

80 Where qe is the amount of adsorbate at equilibrium (mg g-1); qt is the amount of 

81 adsorbate (mg g-1) at time t (min); and K1 (min−1) and K2 (g mg·min−1) are the rate 

82 constants for the pseudo first-order sorption, respectively.

83
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84  

85
86 Fig.S7 XPS spectras of Ti for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 NPs/ 
87 Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)
88
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89
90 Fig.S8 XPS spectras of C1s for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 
91 NPs/ Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)

92

93

94



11

95
96 Fig.S9 XPS spectras of O1s for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 
97 NPs/ Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)

98
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99
100 Fig.S10 Optimized TiO2 {001} plane slab models for Sb(III) adsorption (a) and 
101 Sb(V) adsorption (b), optimized TiO2 {100} plane slab models for Sb(III) 
102 adsorption (c) and Sb(V) adsorption (d)
103

104 As shown in Figure. 10a, two O atoms of Sb(III) bond with two Ti atoms. The 

105 bond length of Ti-O is 2.20 and 2.30 Å, respectively. As shown in Figure. 10b, three 

106 O atoms of Sb(V) bond with two Ti atoms, the Ti-O length is 2.10 Å, 2.23 Å and 2.70 

107 Å, respectively.

108 Comparing to adsorption results of {001} facet, Sb(III) and Sb(V) adsorbed on 

109 {100} facet is slightly loose. As shown in Figure 10c and 10d, the adsorption pattern 

110 of Sb(III) adsorbed on {100} facet is same with the {001} facet. The Ti-O bond 

111 length is 2.38 Å and 2.79 Å. The two O atoms of Sb(V) adsorbed on Ti atoms 

112 respectively, Ti-O bond length is 2.47 Å and 3.10 Å. 
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113 Table S1 Comparison of performance of TiO2 NTs (present study) and various adsorbents for removal of Sb from water.
114

Adsorbents
Concentration range (initial 

concentration mg L-1)
pH

Dose
(g L-1)

Adsorption amount
(mg g-1)

References

Sb (III) Sb (V)

TiO2 NTs(Present study) 0.01-10 2.0-10.0 0.1 250.00 56.30 -

carbon nanofibers decorated 
with zirconium oxide (ZrO2)

10-500 7.0 ± 0.2 1.0 70.83 57.17 1

Activated alumina 5-75 2.0-11.0 1.0 - 38.00 2

Nanoscale zero-valent iron 0-20 4.0-10.0 2.0 6.99 1.65 3

Hematite coated magnetic
nanoparticle

1-20 4.1 0.1 36.70 - 4

Synthetic manganite 0.5-98 3.0 0.6 - 95.00 5

Iron-zirconium bimetal 
oxide

0-25 7.0 0.2 - 51.00 6

α-FeOOH - 2.0-12.0 25.0 - 48.70 7

Kaolinite 1 6.0 25.0 - 12.00 8

Diatomite 10-400 6.0 4.0 35.20 - 9
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Cyanobacteria 10 2.0–7.0 0.8-20.0 4.88 - 10

Zr-MOFs 2-500 2.3-9.5 0.8 136.97 287.88 11

α-MnO2

Nanofibers
10-500 4.0 0.5 111.70 89.99 12

Reduced graphene 
oxides/Mn3O4

10−1000 2.5−11.5 1.0 151.84 105.50 13
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116 Table S2 D-R isothem parameters for Sb(III) and Sb(V) adsorption on TiO2 NPs and TiO2 NTs.
D-R isotherm model

Adsorbed types qm’ (mol g-1) β (mol2 J-2) R2

Sb(III)+ TiO2 NPs 1.24 × 10-7 7.67 × 10-9 0.95
Sb(V)+ TiO2 NPs 1.28 × 10-6 6.31 × 10-9 0.98
Sb(III)+ TiO2 NTs 7.64 × 10-5 5.56 × 10-9 0.97
Sb(V)+ TiO2 NTs 1.20 × 10-5 7.61 × 10-9 0.99

117
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118 Table S3 Thermodynamics of adsorption of Sb(III) and Sb(V) on TiO2 NPs and TiO2 NTs

                                          -ΔG0(KJ mol-1)

Adsorbed types
ΔH0

(KJ mol-1)

ΔS0

(J mol-1K-1)
15℃ 20℃ 25℃ 30℃ 35℃

Sb(III)+TiO2 NPs 1.11 4.51 0.19 0.21 0.23 0.26 0.28

Sb(V)+TiO2 NPs 1.58 5.98 0.14 0.17 0.20 0.23 0.26

Sb(V)+TiO2 NTs 3.62 14.18 0.47 0.54 0.61 0.68 0.75

Sb(III)+TiO2 NTs 1.99 8.40 0.43 0.47 0.51 0.56 0.60

119
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120 Table S4 Efficiencies of removal of Sb by TiO2 NMs in natural water

Real water TiO2 NPs/Sb(III) TiO2 NPs/Sb(V) TiO2 NTs/Sb(III) TiO2 NTs/Sb(V)

TOC
mg L-1

UV
465/665

Adsorbed 
amount 
(mg g-1)

Removal 
efficiency

 (%)

Adsorbed 
amount 
(mg g-1)

Removal 
efficiency

(%)

Adsorbed 
amount

 (mg g-1)

Removal 
efficiency

 (%)

Adsorbed 
amount

 (mg g-1)

Removal 
efficiency 

(%)
Tap water 3.62 0.032 104.63 52 89.44 44 199.88 100 199.58 100

Landscape water 10.83 0.076 68.64 34 30.49 15 199.64 100 198.13 99
Treatment plant effluent 20.85 0.228 82.93 41 47.80 23 199.82 100 113.66 57

121
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