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Arsenate adsorption onto Fe2O3 was highly restricted at acidic condition due to dramatic dissolution. To
overcome this difficulty, iron oxide nanoparticle-grafted titanate nanotubes (Fe-TNTs) were synthesized
by a facile one-step water–ethanol hydrothermal method and used to remove As(V) from aqueous
solutions. This new adsorbent was acid-resistant, and showed a large As(V) adsorption capacity of
90.96 mg/g determined by two-site Langmuir model, which was almost 3 times of the original TNTs.
Fe2O3 was proved to bonded to the surface of TNTs by TEM and XRD analysis and synergy of Fe2O3

and TNTs was of great help to excellent As(V) adsorption. Load of Fe2O3 greatly enhanced the point of zero
charge. Moreover, tubular TNTs not only inhibited dissolution of Fe2O3 at low pH, but also maintained
good sedimentation property. The hydroxyl groups on Fe-TNTs surface played the most important role
in As(V) adsorption. Electrostatic interaction followed by complexation was confirmed to be the primary
adsorption mechanism by means of XPS analysis. Desorption capability and reuse performance of
Fe-TNTs were also investigated, and satisfactory As(V) adsorption was further found with NaOH desorbed
even after three reuse cycles.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Contamination of arsenic (As) in natural waters is a worldwide
problem, and As pollution attracts wide concern due to its toxicity
and carcinogenicity even at low concentration [1]. Apart from
natural sources of As, there are a lot of anthropogenic sources
including mining, pesticide, fertilizer and coal combustion [2].
The industrial processes (such as mining) always create a highly
As contaminated wastewater, which is always acidic with an extre-
mely low pH (0.5–3) [3–5]. Typically, the As concentrations in the
wastewater are in the range of 4000–15,000 mg/L (raw water) and
0.1–5 mg/L (after Fe2(SO4)3/FeCl3 addition) [5]. Furthermore, arse-
nate is the dominate species in natural surface water bodies and
arsenite mainly exists in groundwater. Therefore, effective treat-
ment technologies for arsenate under acidic condition are urgently
needed.

In recent decades, more investigators have studied the removal
of toxic As from aqueous environment and many technologies have
been developed. Among the main technologies, such as oxidation
[6], adsorption [7], coagulation or precipitation [8], phytoremedia-
tion [9], membrane technology [10], adsorption has been widely
used in As removal area because of its advantages like simplicity
in operation, low cost and higher removal efficiency [11]. Various
materials such as iron oxides (goethite, lepidocrocite, hematite,
magnetite), alumina, titania, and metal sulfides have been used
as adsorbents [12–16]. However, most adsorbents encounter prob-
lems when used in practical applications, including slow kinetics,
low efficiency, secondary pollution, difficulties in separation from
water solutions and adsorbent regeneration. Moreover, only very
few adsorbents can be resistant to acid environment. Furthermore,
interpretation on adsorption mechanism at low pH will be of great
help to As removal from industrial wastewater.

The development of nanotechnology has brought a new draw in
As treatment [17–19] area. Several researchers have investigated
adsorption behaviors of As on nanomaterials and reported a
possible adsorption mechanism of surface complexation [20–22].
Specially, iron oxide nanoparticles such as a-F2O3 have been fabri-
cated and demonstrated to show effective removal ability for
As(III) and As(V) [23], whereas their low mechanical properties,
especially the inefficiency of separation from water greatly inhibit
their application in practical water environment [24]. Recently,
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titanate nanotubes (TNTs) with small diameters and large surface
area have attracted particular interests on its potential application
as functional materials. TNTs can efficiently remove heavy metal
ions from aqueous solutions due to their large surface area (300–
400 m2/g) [25,26] and can be easily separated from waters after
application because of good aggregation and sedimentation prop-
erty [27]. However, TNTs exhibit low adsorption capacity for metal
anions due to the low point of zero charge (PZC). Some researches
involve in Cr(VI) adsorption on modified TNTs [28,29], but rarely in
As adsorption. Furthermore, although iron oxide modified titanate
[30] has been synthesized, the prepare procedures are too compli-
cated, which is not suitable for batch production. Therefore, a facile
one-step synthesis method is needed in industrial application.

This study presents a novel adsorbent, iron oxide nanoparticle-
grafted titanate nanotubes (Fe-TNTs), which is firstly synthesized
through a facile one-step hydrothermal treatment and used for
arsenate removal. Fe-TNTs successfully integrated the advantages
of both Fe2O3 nanoparticles (abundant adsorption sites and high
pHpzc) [23,31] and TNTs (large surface area, acid resistance and
good sedimentation) [24,26]. Adsorption behaviors of As(V) on
Fe-TNTs was fully studied, and adsorption mechanism was
revealed by means of XPS and FT-IR analysis. This study provides
not only a new adsorbent for efficient As adsorption at acidic con-
dition but also insight into synergetic mechanism of promising
nanoparticles and TNTs.

2. Materials and methods

2.1. Materials

All chemicals used in this study were analytical grade. FeCl2-

�4H2O and FeCl3�6H2O were purchased from Tianjin Fuchen
Chemical Co. of China. TiO2 (P25, 80% anatase and 20% rutile;
Degussa, Germany), NaOH and absolute ethanol were used to fab-
ricate Titanate Nanotubes. Na2HAsO4�7H2O (Sigma–Aldrich Co.,
USA) were used to prepare As(V) stock solutions by diluting with
Milli-Q deionized water.

2.2. Optimization of Fe-TNTs preparation

The primary reaction factors for Fe-TNTs preparation include
hydrothermal temperature, time, NaOH amount, ethanol amount
and iron amount, which are shown in Table 1. Five series of exper-
iments were conducted with different combinations of reaction
temperature (130–180 �C) and reaction time from (10 to 72 h).
With fixed addition amount of NaOH (11 g), ethanol (40 mL) and
iron (4 mmol) in all series, the idealized combination with reaction
temperature of 150 �C and reaction time of 24 h was determined in
terms of the highest As(V) adsorption capacity. The optimal condi-
tion for Fe-TNTs preparation was finally determined by further
evaluation with varying addition amount of NaOH (3.75–21 g),
Table 1
Experimental design and As(V) adsorption capacity on various Fe-TNTs prepared under di

Temperature (�C) Time (h) NaOH amount (g)

130 48 11
130 72 11
150 24 11
150 48 11
150 24 11
150 24 11
150 24 3.75
150 24 21
180 10 11
150 24 11
150 24 11
ethanol (0–55 mL) and iron (2–6 mmol). It is necessary noted that
the total amount of water and ethanol was 65 mL, which implied
that increasing ethanol addition would lead to decreasing water
input. Hereafter, all discussions on Fe-TNTs preparation and
characterization are under the optimal conditions.
2.3. Preparation of Fe-TNTs

Under the optimal conditions, Fe-TNTs was prepared as shown
in Fig. S1. Firstly, 1.08 g of FeCl3�6H2O and 0.48 g of NaOH were
mixed with 40 mL of ethanol in a beaker. After stirring for
30 min with ultrasonic oscillation, 0.6 g of P25, 21 g of NaOH and
25 mL of water were added into the beaker and then lasted for
another 30 min stirring under the same condition. Further, the
mixture was transferred to a 100 mL Teflon high-pressure reactor
and heated at 150 �C for 24 h. Finally, when the reactor cooled to
room temperature naturally, the products were washed with
deionized water to pH 7 and dried at 80 �C for 6 h. TNTs used in
this study were synthesized by alkaline hydrothermal method as
previous studies [32]. 1.21 g Of titania and 29 g of NaOH were dis-
persed into 67 mL of water, and sealed in a Teflon-lined autoclave
to be heated at 130 �C for 72 h. The products were washed with
deionized water to neutral, and then dried at 80 �C. Synthetic
method of a-Fe2O3 used in this study was adopted in related Ref.
[33]. 2.16 g of FeCl3, 0.96 g of NaOH and 80 mL of ethanol were
mixed before sealed in a Teflon-lined autoclave to be heated at
150 �C for 24 h, washed with deionized water to neutral and dried
at 80 �C. In this study, a new method was figured out to synthesis
iron-coated titanate nanotubes.
2.4. Characterization of Fe-TNTs

The crystal structure of Fe-TNTs was measured by Powder X-ray
diffraction (XRD, D/max-2400, Rigaku, Japan). The 2h range used in
the measurement was from 5� to 80�. The chemical composition of
Fe-TNTs was determined by X-ray photoelectron spectroscopy
(XPS, AXIS-Ultra, Kratos Analytical, UK) and Fourier Transform
infrared spectroscopy (FTIR, Tensor 27, Bruker, Germany). The
morphology of the materials was characterized by transmission
electron microscopy (TEM, Tecnai F30, FEI, USA) operating at
300 kV. Zeta potentials of the sample under various pH conditions
were measured using Zetasizer Nano ZS90 (Malvern Instruments,
UK). Before the measurement of zeta potentials, 20 mg of samples
were dispersed in 50 mL Milli-Q water and sonication pretreat-
ment was processed after adjustment of the solution to different
pH. Brunanuer–Emmet–Teller surface area was measured by N2

adsorption–desorption isotherm with an Autosorb-1 Series Surface
Area and Pore Analyzers (BET, ASAP 2010, Micromeritics, USA). The
relative pressure (P/P0) of 0.0654–0.2008 was used to determine
the BET surface area.
fferent conditions.

Ethanol amount (mL) Iron amount (g) Qe (mg/g)

40 1.08 44.12
40 1.08 50.11
40 1.08 50.56
40 1.08 36.01
0 1.08 29.29
55 1.08 47.45
40 1.08 46.25
40 1.08 60.21
40 1.08 29.53
40 0.54 44.13
40 1.62 54.01
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2.5. Batch adsorption experiment

Before batch adsorption experiment, effect of adsorbent dosage
on removal efficiency and adsorption capacity was investigated
and presented in Fig. S2. As can been seen, 0.2 g/L adsorbent
dosage could reach a satisfactory removal efficiency as well as a
high adsorption capacity. For the batch adsorption studies, 10 mg
of Fe-TNTs were added into 50 mL As(V) solutions with concentra-
tion of 10 mg/L. Solution pH was adjusted to 1–6 using 0.1 M HCl
and 0.1 M NaOH. The solutions were then shaken for 6 h
(200 rpm, 25 �C). After adsorption, supernatants were centrifuged
with a speed of 10,000 rpm to eliminate residual adsorbents. The
solution pH after adsorption was also detected and the materials
with As(V) adsorbed were collected by filtration for characteriza-
tions. For comparison, experiments on As(V) adsorption at
different pH with addition of 10 mg TNTs, as well as mixture of
3 mg Fe2O3 and 7 mg TNTs (dosage ratio of TNTs/Fe2O3 in the com-
posite material was determined by ICP-MS analysis) were also
investigated respectively.

Adsorption isotherms were studied by altering initial As(V) con-
centration from 1 to 50 mg/L at pH 2 and the dosage of Fe-TNTs
was 0.2 g/L. The adsorption kinetics were conducted at pH 2, and
three different initial As(V) concentrations (5, 10, and 20 mg/L)
with 0.2 g/L adsorbents were investigated. 1 mL of sample was
taken out and filtered at different contact time intervals.

Furthermore, effect of coexisting anions (phosphate, sulfate,
and nitrite) on arsenic adsorption was also investigated at pH 2.
The molar concentration of competitive anions was varied as 1, 5
and 10 times of As(V) (10 mg/L) with the Fe-TNTs dosage of
0.2 g/L.

Concentration of As(V) was determined by atomic fluorescence
spectrum (AFS, AFS-9130, Jitian, Beijing, China). The adsorption
capacity (Qe, mg/g) at equilibrium and the removal efficiency R
(%) are calculated by:

Q e ¼
ðC0 � CeÞV

m
ð1Þ
R ¼ ðC0 � CeÞ
C0

� 100% ð2Þ

where C0 (mg/L) and Ce (mg/L) are initial and equilibrium concen-
trations of As(V), respectively; V (L) is the volume of solution, and
m (g) is the mass of adsorbent added in solution. All the adsorption
experiments were performed in triplicate.
2.6. As(V) desorption and reuse of Fe-TNTs

Before desorption and reuse experiment, adsorption experi-
ment was firstly conducted at pH 2 with an initial As(V) concentra-
tion of 10 mg/L and adsorbent dosage of 0.2 g/L. When As(V)
adsorption reached equilibrium, solution pH was adjusted to 10–
14 and then the mixture was shaken for another 4 h. Sample was
taken at equilibrium and after desorption for As(V) concentration
measurement. Desorbed Fe-TNTs were obtained by centrifugation
with a speed of 4000 rpm and then dried at 80 �C for 6 h. A three
adsorption–desorption cycle was conducted to evaluate the
adsorption performance of desorbed Fe-TNTs.

The desorption efficiency D (%) is calculated by

D ¼ Cd � Ce

C0 � Ce
� 100% ð3Þ

where C0 (mg/L) and Ce (mg/L) are initial and equilibrium
concentrations of As(V), Cd (mg/L) is concentration of As(V) after
desorption.
2.7. Potentiometric titration of Fe-TNTs

To determine the amount of functional groups on Fe-TNT
surface, a titration test was carried out by an automatic potentio-
metric titrator (AT 500N, Kyoto Electronics Manufacturing, Japan)
under nitrogen stream. 10 mg Fe-TNTs was mixed with 50 mL
unionized water. 0.1 M HNO3 was used to adjust initial pH to 2.0
and then 0.1 M NaOH doses were incrementally added until the
solution pH reached about 11.0. The surface charge was calculated
according to the electro-neutrality theory using ProtoFit 2.1 [34].

3. Results and discussions

3.1. Optimization of Fe-TNTs preparation

As(V) adsorption capacities of various Fe-TNTs prepared under
different conditions are presented in Table 1. The amount of hydro-
xyl group (–OH) and the microstructure of TNTs are key issues in
the preparation process [35]. The prepared TNTs exhibited good
tubular structure under conditions of reaction temperature
130 �C for 72 h and 150 �C for 24 h, providing more active sites
for iron loading and arsenic adsorption [36]. When the hydrother-
mal reaction was conducted at 180 �C for 10 h, titanate nanofibers
was the main products, leading to a low adsorption capability [37].

As shown in Table 1, As(V) adsorption capacity of Fe-TNTs
increased with increasing NaOH concentration in the preparation
process (from 3.75 g to 21 g), suggesting higher NaOH was
benefited to formation of As(V) adsorption sites on the surface of
adsorbent. Ethanol played two important roles in the preparation
process: (1) ethanol can provide a high reaction pressure because
of its high saturated vapor pressure [38]; (2) ethanol solvent at
the critical state during the solvent thermal process could promote
the thermal decomposition of Fe(OH)3 [33]. Without addition of
ethanol, TiO2 (P25) would not convert into titanate well and
Fe(OH)3 could not decompose, resulting in low adsorption capacity
of synthesized adsorbent. Iron amount in preparation process
would affect the final adsorption capacity of synthesized material,
since iron atoms in iron oxide could afford more hydroxyl groups
than titanium in TNTs. Addition of 1.08 g iron would be satisfied
since higher amount did not increase As(V) adsorption capacity
significantly.

Therefore, the optimal reaction condition for Fe-TNTs prepara-
tion was the 150 �C of hydrothermal temperature, 24 h of reaction
time, 11 g of NaOH, 25 mL of ethanol and 1.08 g of iron addition. It
was noteworthy that the proposed method could also be useful to
transition of other metal elements into TNTs.

3.2. Characteristics of Fe-TNTs

Fig. 1 shows TEM images of TNTs and Fe-TNTs as well as HRTEM
images of Fe-TNTs. Both nanomaterials exhibited structures of
hollow and open-ended tubes, but Fe-TNTs presented rougher
nanotube surface. The inner and outer diameter of Fe-TNTs was
ca. 8 nm and ca. 11 nm, respectively. Fe2O3 nanoparticles were
attached on Fe-TNTs, which could also be verified by EDS analysis.
HRTEM clearly shows the interlayer distance of TNTs was about
0.78 nm [25] and the lattice distance of attached nanoparticles
was 0.25 nm, which were ascribed to (110) plane of iron oxide
(JCPD standards No. 24-0072). The TEM and HRTEM results
showed that Fe2O3 nanoparticles (ca. 5.1 nm) are bonded to surface
of TNTs [39].

The XRD patterns of TNTs, Fe-TNTs (with 2 mmol iron addition),
Fe-TNTs (with 4 mmol iron addition) and physic mixture of TNTs
and Fe2O3 (Fig. 2) demonstrated some similar peaks at 2h � 10�,
24�, 28� and 48�, which were respectively assigned to (200),
(110), (211) and (020) planes of TNTs [40]. The peak at approxi-



Fig. 2. XRD patterns of TNTs (a), Fe-TNTs with 2 mmol iron addition (b), Fe-TNTs
with 4 mmol iron addition (c), and physic mixture of TNTs and Fe2O3 (d).

Fig. 1. TEM images of TNTs (a) and Fe-TNTs (b). HRTEM images of tubular structure (c) and lattice distance of Fe2O3 (d).
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mate 10� decreased from 9.86� to 9.59�, indicating an increase of
interlayer space of TNTs possibly due to introduction of Fe2O3. In
Fig. 2b, the peaks of Fe-TNTs (with 2 mmol iron addition)
presented almost the same as that of TNTs, indicating that iron ions
had entered into titanate nanotube crystalline lattices and had
been incorporated into TNTs [41,42]. For Fe-TNTs with 4 mmol iron
addition (Fig. 2c), the new peaks at 2h = 33.58�, 35.62�, 40.02�,
44.68�, 62.46�, and 63.98� were consistent with (104), (110),
(006), (202), (214), and (300) planes of a-Fe2O3 phases (JCPD
standards No. 24-0072), indicating separate phase of Fe2O3 existed
apart from the incorporated iron ions. Moreover, the peaks of a-
Fe2O3 phases in Fe-TNTs with 4 mmol iron addition were much
weaker than that in physic mixture of TNTs and Fe2O3 (Fig. 2d),
which could be ascribed the incorporation of iron into TNTs. There-
fore, there are two main forms in the grafting procedure: one is
incorporation of iron and the other one is graft of iron oxide
nanoparticles.

To further verify the iron incorporation into TNTs, Raman spec-
tra of TNTs and Fe-TNTs with 2 mmol iron addition are presented in
Fig. S4. Both Raman peaks are similar. The peak at 901 cm�1 was
attributed to four-coordinate Ti–O stretching vibration [40]. The
peaks at 271 cm�1 and 660 cm�1 were suggested to be ascribed
to Na–O–Ti [43]. The peak at 440 cm�1 was due to Ti–O bending
and stretching vibration involving six-coordinated titanium and
three-coordinated oxygen [44]. No separate peaks of Fe2O3 are
observed, indicating that there is a strong coupling between
Fe2O3 and TNTs, and Fe2O3 was incorporated into TNTs [39].

The physicochemical properties of Fe-TNTs are presented in
Table 2. The specific surface area and pore volume of Fe-TNTs were
162.8 m2/g and 0.3794 cm3/g respectively, which were less than
that of TNTs due to inevitable block of pores by iron oxide loading.
The point of zero charge for Fe-TNTs was 5.49 (Fig. S2), which was
much higher than that of TNTs (3.06). Therefore, Fe-TNTs were
positively charged in a wider pH range and it was more favorable
for As(V) adsorption. The amount of hydroxyl groups on the surface
of TNTs and Fe-TNTs was about 2.23 mmol/g and 2.46 mmol/g.
More hydroxyl groups were observed on the surface of Fe-TNTs
than TNTs, which could be helpful for arsenate adsorption.



Table 2
Physicochemical properties of TNTs and Fe-TNTs.

Parameters TNTs [24] Fe-TNTs

BET surface area 240.2 m2/g 162.8 m2/g
VBJH 0.7940 cm3/g 0.3794 cm3/g
Point of zero charge 3.07 5.49
Hydroxyl groups 2.23 mmol/g 2.46 mmol/g
Atomic percentage content O 1s 65.82% O 1s 62.06%

Ti 2p 22.95% Ti 2p 18.78%
Fe 2p 8.01%

Na 1s 11.23% Na 1s 11.15%
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3.3. Adsorption behaviors of As(V) on Fe-TNTs

3.3.1. Adsorption kinetics
Pseudo-first and pseudo-second order kinetic models are intro-

duced to describe the adsorption kinetic data, which are expressed
as [28]:

Ln 1� Q t

Q e

� �
¼ �k1t ð4Þ

t
Q t
¼ 1

k2Q 2
e

þ 1
Q e

t ð5Þ
Table 3
Parameters of kinetic models for As(V) adsorption on Fe-TNTs.

C0 (mg/L) Kinetic models

Pseudo-first

Qe (mg/g) k1 (g/(mg min) R2

5 22.39 0.133 0.8
10 45.21 0.123 0.6
20 75.04 0.0489 0.7

Table 4
Parameters of isotherm models for As(V) adsorption on TNTs and Fe-TNTs.

Adsorbent Isotherm models

Langmuir Two-site

b (L/mg) Qm (mg/g) R2 Q1 (mg/g) Q2 (mg/g)

Fe-TNTs 4.55 80.67 0.66 37.93 53.03
TNTs 10.04 32.40 0.99 – –

Fig. 3. Adsorption kinetics of As(V) on Fe-TNTs (adsorbent dosage = 0.2 g/L,
T = 25 �C, pH = 2).
where Qe (mg/g) and Qt (mg/g) are the adsorbed capacity of As(V) at
equilibrium and time t (min); k1 (min�1) and k2 (mg/(g min)) are
the pseudo-first and pseudo-second order rate constant,
respectively.

Adsorption kinetics results are presented in Fig. 3. There was a
quick uptake of As(V) in the first 120 min, and then reached equi-
librium within 300 min when initial As(V) concentration was 5 or
10 mg/L. Relative parameters for kinetics models are shown in
Table 3. It was found that the data fit pseudo-second order model
well (R2 > 0.995). Moreover, the calculated Qe from the model
showed good agreement with the experimental results. The kinetic
results suggested that chemisorption might be the rate-limiting
step for As(V) adsorption on Fe-TNTs [45]. In addition, the
pseudo-second-order rate constant reflects the adsorption rate of
adsorbate onto adsorbent [45]. It was found the pseudo-second-
order rate constant decreased as the increasing As(V) initial con-
centration, it was due to abundant As(V) anions competed for
adsorption sites located on Fe-TNTs at high As(V) concentration
and resulted in low adsorption rate (see Fig. 3).
3.3.2. Adsorption isotherms
Adsorption isotherms of As(V) onto Fe-TNTs are tested with

Langmuir, two-site Langmuir and Freundlich models, respectively
[46]:

Qe ¼
Q mbCe

1þ bCe
ð6Þ
Qe ¼
Q1b1Ce

1þ b1Ce
þ Q 2b2Ce

1þ b2Ce
ð7Þ
Qe ¼ KF C1=n
e ð8Þ

where Qm (mg/g) is the maximum adsorption capacity (mg/g)
determined from Langmuir model, and b (L/mg) is the affinity coef-
ficients of adsorption site on the adsorbents. The two-site Langmuir
isotherms fit the adsorption data well when there are two types of
adsorption sites with different binding energies on the adsorbents.
[47] Q1 (mg/g) and Q2 (mg/g), b1 (L/mg) and b2 (L/mg) in Eq. (4) are
the maximum adsorption capacity and the affinity coefficients of
sites 1 and 2 on the adsorbents, respectively. The total maximum
adsorption capacity can be obtained by adding Q1 with Q2. KF

(mg/g) and n are adsorption affinity coefficient and heterogeneity
factor indicating the adsorption intensity of the adsorbent.
Pseudo-second

Qe (mg/g) k2 (g/(mg min) R2

52 24.34 0.0139 0.999
73 50.21 0.00446 0.999
57 90.66 0.000947 0.996

Freundlich

b1 (L/mg) b2 (L/mg) R2 KF (mg/g) n R2

11.40 0.04 0.96 36.41 6.02 0.94
– – – 19.63 8.54 0.83



Fig. 5. Effect of coexisting anions on adsorption of As(V) on Fe-TNTs (adsorbent
dosage = 0.2 g/L, T = 25 �C, pH = 2).

Fig. 4. Adsorption isotherm for the adsorption of As(V) on TNTs and Fe-TNTs
(adsorbent dosage = 0.2 g/L, T = 25 �C, pH = 2).
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Table 4 shows the parameters for different isotherm models,
and Fig. 4 presents the adsorption isotherm of As(V) on TNTs and
Fe-TNTs. Adsorption of As(V) onto TNTs was only analyzed by
Langmuir and Freundlich model due to their single adsorption sites
(–OH/Na), while the adsorption by Fe-TNTs was specially investi-
gated by two-site Langmuir model because of the two kinds of
adsorption sites (TNTs and Fe2O3) located. It could be found that
the two-site Langmuir model fit the data well (R2 = 0.96), indicat-
ing two types of adsorption sites took effect when As(V) was
adsorbed onto Fe-TNTs. TNTs and a-Fe2O3 were the two materials
that afforded adsorption sites. The adsorption capacity of one site
(Q1 = 37.93 mg/g) was similar to that of TNTs (Qm = 32.40 mg/g),
which should be ascribed to adsorption site of TNTs. The other site
with capacity of 53.03 mg/g (Q2) should be assigned to a-Fe2O3.
Therefore, the composite Fe-TNTs made full use of adsorption sites
of both TNTs and a-Fe2O3. It was noteworthy that adsorption
capacity of TNTs on Fe-TNTs (Q1 = 37.93 mg/g) was larger than that
of single TNTs (Qm = 32.40 mg/g), due to enhancement of pHpzc for
Fe-TNTs. Fe-TNTs with more positive charges at pH 2–6 could more
easily attracted arsenate anions than TNTs. The adsorption capacity
and removal efficiency were 24.16 mg/g and 99.8% when the As(V)
equilibrium concentration was 10 ppb, indicating excellent
removal efficiency of As(V) by Fe-TNTs. More importantly, the
maximum adsorption capacity of Fe-TNTs was as high as
90.96 mg/g, which was almost 3 times of TNTs, indicating that
loading of a-Fe2O3 onto TNTs was an effective method for improv-
ing As(V) adsorption performance.

For comparison, arsenate removal capacities of both TNTs and
Fe-TNTs were listed in Table 5, together with those of other com-
mercially available materials and reported materials in literatures.
Among them, Hombikat UV100 TiO2 and Degussa P25 TiO2 had
lower capacity (4.6–22.5 mg/g at pH 4.0) than Fe-TNTs. Even for
iron oxide-loaded melted slag, its arsenate removal capacity
Table 5
Comparison of arsenate removal capacity of various Fe or Ti based adsorbents.

Adsorbent pH Concentratio

Hombikat UV100 TiO2 4.0 �37.5
Degussa P25 TiO2 4.0 �37.5
Fe-Ti oxide 7.0 5.0–250
TNTs 3.0 1.0–200
Iron oxide-loaded melted slag 2.5 20–300
Iron oxide coated cement �7 0.5–10.0
Iron oxide grafted TNTs 3.0 1.0–200
(18.8–78.5 mg/g at pH 2.5) was still lower than Fe-TNTs’
(90.96 mg/g) under similar conditions.
3.3.3. Effect of coexisting anions
Coexisting inorganic anions always influence As(V) adsorption

onto adsorbents in the practical wastewaters. In this study, NO3
�,

SO4
2�, CO3

2�, Cl� and HPO4
2� were chosen as representative anions to

investigate the competitive adsorption behaviors. As presented in
Fig. 5, NO3

�, SO4
2�, CO3

2�and Cl� had little effect on adsorption of
As(V) onto Fe-TNTs. The adsorption capacity of As(V) was still up
to 45.3, 44.6, 44.1, 45.4 mg/g even when the concentration of NO3

�,
SO4

2�, CO3
2�and Cl�was 10 times larger than As(V), which were a little

lower than that in the absence of these anions. However, coexisting
HPO4

2� greatly inhibited the adsorption of As(V), and the adsorption
capacity reduced to 25.0 mg/g when concentration of HPO4

2�was 10
times of As(V). The similar charge property and steric configuration
of P in HPO4

2� with As was the primary reason for inhibition, and
the anions competed for the adsorption sites with arsenate [31].
3.4. Synergistic effect

As(V) adsorption capacity by different adsorbents at pH 1–6 are
presented in Figs. 6 and S3 shows species distribution of arsenate
as a function of pH. H3AsO4 was the dominate species at pH < 2
and anions of As(V) were observed at pH > 2. As(V) adsorption
capacity of all the three adsorbents decreased as the pH increased
from 2 to 6 due to more and more negative surface charge. The
electrostatic interaction between As(V) anions and positively
charged materials played an important role in adsorption process.
At pH 2–3, the surface charge of the adsorbent was positive and the
dominate species of As(V) was H2AsO4

�, which implied that As(V)
could easily approach the surface of adsorbent and then form
n/range (mg/L) Capacity (mg/g) References

�22.5 [48]
�4.6 [48]
14.0 [49]
32.4 This study
18.8–78.5 [50]
6.43 [51]
90.96 This study



Fig. 7. FTIR spectra of TNTs (a and b), Fe2O3 (c and d) and Fe-TNTs (e and f) before
and after As(V) adsorption.

Fig. 6. Adsorption capacity of As(V) on TNTs, mixed materials of TNTs and Fe2O3

(TNTs + Fe2O3), and Fe-TNTs at different pH. (Initial As(V) concentration = 10 mg/L,
adsorbent dose = 0.2 g/L, T = 25 �C).
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complex with –OH of Fe-TNTs. The mixed material (TNTs + Fe2O3)
presented a higher removal efficiency than TNTs themselves but
lower than Fe-TNTs in all pH ranges, which demonstrated synergis-
tic effect for As(V) adsorption occurred when iron oxide loaded
onto TNTs. In other words, the TNTs after grafting with Fe2O3

would have more surface positive charges at pH 2–5 than original
TNTs and would provide more access to arsenate anions thus
higher possibility of complexation with arsenate anions. However,
Fe-TNTs at pH 5–6 was almost no charge to provide for complexa-
tion and not able to enhance adsorption capability. This implied
that the electrostatic interaction between As(V) anions and posi-
tively charged materials played an important role in the adsorption
process. The adsorption capacity of mixed material reduced at pH
1, due to dissolve of iron oxide (Table S1). However, with iron oxide
loading on TNTs, its dissolving into solutions could be restricted at
pH < 2 (Table S1), which is of high potential to practical
applications in strongly acidic wastewater treatment. Moreover,
strong bonding between Fe2O3 and TNTs strengthened Fe-TNTs’
acid-resistant capability and restricted dissolution of Fe2O3 on it
at extreme acidic condition. With 0.2 g/L Fe-TNTs, an initial As(V)
10 mg/L in aqueous water could be reduced to 0.5 mg/L as required
by China’s discharge standard. Besides, Fe-TNTs presented
excellent sedimentation property (Fig. S7), which made separation
of adsorbents from solutions much easier.

Comparing with the physical mixture material, the graft of iron
oxide onto TNTs apparently increased TNTs’ surface charge and
consequently enhanced Fe-TNTs’ As adsorption capacity. In partic-
ular, TNTs could protect Fe2O3 from dissolving into solution at
pH < 2 because of the incorporation of iron. Moreover, Fe-TNTs also
presented better sedimentation property than Fe2O3, which is
helpful in separation of adsorbents.

3.5. As(V) adsorption mechanism of Fe-TNTs

FTIR spectra of TNTs, Fe2O3 and Fe-TNTs before and after As(V)
adsorption are depicted in Fig. 7. Obviously, all the FTIR spectra
showed H–O–H stretching (3300–3400 cm�1) and bending
(1631 cm�1) vibration of water [52]. The peak at 476 cm�1 corre-
sponding to Ti–O–Ti band (Fig. 7a) [26] did not shift a lot after iron
loaded, whereas a new peak at 652 cm�1 (Fig. 7e) related to Fe–O
band appeared [53]. Compared Fe2O3 with Fe-TNTs, the peak at
609 cm�1 (Fig. 7c) which represented Fe–O in iron oxide [53]
shifted to 652 cm�1 (Fig. 7e) due to interference of titanium atoms.
For TNTs with As(V) adsorbed, a new peak at 683 cm�1

appeared (Fig. 7b), due to the formation of Ti–O–As bond. And
the peak at 1383 cm�1 corresponding to O–Na band disappeared
[28], indicating that Na atom was replaced by other atoms (H or
As). The peak at 476 cm�1 corresponding to Ti–O–Ti band shifted
to 507 cm�1, suggesting the change of Ti–O groups after the
adsorption. Moreover, the new peak at 837 cm�1 (Fig. 7d) was
corresponded to As–O stretching vibration [54], which indicated
As(V) was adsorbed onto the iron oxide successfully. For Fe-TNTs
with As(V) adsorbed (Fig. 7f), the peak at 652 cm�1 attributed to
Fe–O groups shifted to 681 cm�1 after adsorption, suggesting
metal–oxygen (M–O) groups played an important role in the
adsorption process. It should be pointed out that the As–O band
at approximate 800 cm�1 after As(V) adsorption was not
clearly observed because of the broad overlapping peaks in their
region [55].

Fig. 8 presents XPS spectra of Fe-TNTs before and after As(V)
adsorption. As shown in the survey spectra (Fig. 8a), the peak
of Na 1s disappeared after adsorption, suggesting Na+ was
replaced by H+ or arsenate ions at low pH (2). Besides, As 3d peak
appeared after adsorption, indicating As(V) was adsorbed onto
the materials. For high resolution of O 1s (Fig. 8b), oxygen was
composed of overlapped peaks positioned at 529.85 and
531.13 eV, which was assigned to metal oxide (M–O) and hydroxyl
bonded to metal (M–OH), respectively [35]. After adsorption,
changes of peak position and composition percent of M–O
(530.14 eV) and M–OH were observed due to interaction between
surface –OH and As(V).

For the high resolution spectra of Ti 2p, the peak at 458.1 and
464.0 eV was ascribed to Ti 2p3/2 and Ti 2p1/2, respectively
(Fig. 8c) [24]. Both peaks of Ti shifted after adsorption, indicating
that the hydroxyl groups bonded to Ti may involve in As(V)
adsorption. Photoelectron peaks at 711 and 725 eV in Fig. 8d corre-
spond to the binding energies of 2p3/2 and 2p1/2 of oxidized iron
(Fe(III)) [56], and the peaks of Fe shifted, indicating that the
hydroxyl groups bonded to Fe may involve in As(V) adsorption.
Therefore, both the hydroxyl groups bonded to Ti and Fe involved
in As(V) adsorption, indicating these two kinds of adsorption sites
on TNTs and Fe2O3 took effect as described by the two-site
Langmuir isotherm. Fig. 8e presents the As 3d spectra, the new
peak at 45.6 eV after adsorption should be attributed to As(V)
[24], demonstrating a successful adsorption of As(V) on the adsor-
bent surface.



Fig. 8. XPS spectra of (a) survey and high resolution of (b) O 1s, (c) Ti 2p, (d) Fe 2p, (d) As 3d for Fe-TNTs before and after As(V) adsorption.
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In short, the hydroxyl groups on Fe-TNTs surface played the
most important role in As(V) adsorption, and the adsorption mech-
anism was ligand exchange as illustrated in Fig. 9. Moreover, the
electrostatic interaction between As(V) anions and positively
charged materials could not be ignored. Electrostatic interaction
followed by complex process is confirmed to be the primary
adsorption mechanism.

3.6. Desorption and adsorbent reuse

Adsorbent reuse is always important for cost-effective adsorp-
tion. In this study, NaOH solution was used to desorb As(V) with
less damage of tubular structure of Fe-TNTs. In Fig. 10, a general
increasing trend of As(V) desorption efficiency was observed with
increase of OH- concentration (pH from 10 to 14). Higher desorp-
tion efficiency (82–96%) could be expected at pH 12–14, which
was benefited to adsorbent reuse. The adsorbent was then reused
to remove As(V) from solution after desorbed with NaOH at pH
13. Even after three adsorption–desorption cycles, As(V) adsorp-
tion capacity of Fe-TNTs was as high as 72 mg/g, only 20% less than
that of fresh Fe-TNTs. Fe and Ti concentrations were measured by
ICP-MS after regeneration experiments, but almost no Fe or Ti
element was detected, which indicated very good physical and
chemical stability of this material in basic medium. Besides, excel-
lent sedimentation property of Fe-TNTs made separation of the
adsorbents from solutions much easier (Fig. S7).

Overall, Fe-TNTs is of great potential in practical applications
because of its high As(V) adsorption efficiency, good sedimentation
property, easy desorption and satisfactory performance in reuse.
More importantly, Fe-TNTs could be a wonderful substitute for
Fe2O3 in the application of As contaminated industrial wastewater
in strongly acidic condition due to its acid resistance.



Fig. 10. Desorption efficiency of As(V) from Fe-TNTs under different pH.

Fig. 9. Schematic diagram for the formation of As(V) complexes on the surface of Fe-TNTs (M represents Fe or Ti) at pH 2.
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4. Conclusions

An acid-resistant adsorbent Fe-TNTs was directly synthesized
by one-step water–ethanol hydrothermal method with successful
grafting of iron oxide nanoparticles onto TNTs. Fe-TNTs was con-
vinced as a composite phase of TNTs and a-Fe2O3 by TEM and
XRD analysis. As(V) adsorption capacity of Fe-TNTs was as high
as 3 times of original TNTs according to the two-site Langmuir
model, and As(V) could be efficiently removed from 10 to 0.5 mg/
L at low pH (2–3). Synergy of Fe2O3 and TNTs for As(V) adsorption
was essential to such an excellent adsorption property, which
could be further interpreted with the increased point of zero
charge by Fe2O3 grafting. Coexisting NO3

�, SO4
2�, CO3

2� and Cl� had
insignificant influence on As(V) adsorption, but HPO3

2� inhibited
adsorption. XPS analysis revealed that the adsorption mechanism
was dominated by hydroxyl groups on Fe-TNTs surface in the form
of complexation. Moreover, Fe-TNTs performed good As(V)
removal efficiency after desorbed by NaOH solution even after
three reuse cycles. Overall, Fe-TNTs is of great potential in As
removal owing to its apparent advantages such as large adsorption
capacity, good sedimentation property, easy desorption and satis-
factory performance in reuse as well as its acid resistance which
is of particular use to arsenate wastewater treatment at acidic
conditions.
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