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ABSTRACT

Fe-deposited titanate nanotubes (Fe-TNTs) with high photocatalytic activity and
adsorptive performance were synthesized through a one-step hydrothermal method.
Initial As(III) oxidation followed by As(V) adsorption by Fe-TNTs could
simultaneously remove these two toxic pollutants from aqueous solutions. The
apparent rate constant value for photo-oxidation of As(IIl) under UV irradiation by
Fe-TNTs was almost 250 times that by unmoidified TNTs. Under visible light, the
Fe-TNTs also exhibited enhanced photocatalytic activity after Fe was deposited. Fe'™
located in the interlayers of TNTs acted as temporary electron- or hole-trapping sites,
and attached a-Fe,Os played the role of a charge carrier for electrons transferred from
TNTs. These two effects inhibited electron-hole pair recombination thus promoting
photocatalysis. Moreover, the As(V) adsorptive performance of Fe-TNTs also
improved, owing to the presence of additional adsorption sites, a-Fe,Os, as well as
increased pHpzc. Furthermore, Fe-TNTs exhibited good photocatalytic and adsorptive
performace even after 5 reuse cycles. The present tests, concerning an initial As(III)
photocatalysis and subsequent As(V) adsorption process, highlight the feasibility and
importance of Fe used to modify TNTs. This study proposes a feasible method to
simultaneously remove As(III) and As(V) from contaminated water using a novel

Ti-based nanomaterial.

KEYWORDS: titanate nanotubes; Fe deposited; photocatalytic activity;

dual-enhanced; visible light; As
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1. INTRODUCTION

TiO,-devised nanomaterials are increasingly applied as photocatalysts and
adsorbents in environmental remediation.'* One-dimensional (1D) nanostructure
based materials are considered promising materials for photocatalytic application.™®
Specifically, 1D hydrothermally-prepared titanate nanotubes (TNTs) are widely used
as heavy-metal adsorbents due to their excellent ion-exchange characteristics, large
surface area, and abundant functional groups (—OH).”” However, not like their
precursor, TiO,, raw TNTs show weak photocatalytic activity due to the rapid
recombination of excited electrons and holes after irradiation.” '°'? Consequently,
there has been a recent upsurge in the number of research studies on the modification
of TNTs to enhance their photocatalytic activity. Certain studies focus on the phase

10,13,14 __ 4 -
2" which can

transition from titanate to TiO, by means of acid or heat treatment,
only enhance the photocatalytic activity under UV light and no studies about response
on visible light by calcined or hydrogen TNTs were reported. Others consider
deposition of transition or precious metals (e.g. Cu, Pd, W, Au, CdS and etc.) onto
TNTs so as to inhibit the recombination of electron-hole pairs by creating a new

15-18

donor level, which can help to transfer the excited electrons. In addition, light

adsorption edge to visible range was also observed after metal deposition.'® '®
Therefore, metal deposition is more energy-efficient and easier to undertake for

modification of TNTs than phase transition, especially for low-cost, common metals

(like Cu and Fe) deposition.
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Arsenic (As) is a highly toxic and carcinogenic pollutant whose presence in the
water environment can present a major threat to the eco-system and human beings
through accumulation in the food chain.'”** The International Agency for Research
on Cancer (IARC) recognizes arsenic and arsenic compounds as group 1 carcinogens,
and the EU lists arsenic trioxide, arsenic pentoxide and arsenate salts as category 1
carcinogens.21 Two main forms of As are found in water, As(Ill) and As(V). Of these
As(IIT) exhibits much higher toxicity than As(V) because of its high affinity to thiols,
the active sites of many important enzymes in living bodies.** So a common technique
for removal of As from aqueous solutions involves oxidation of As(IIl) to As(V) to
reduce toxicity first, followed by further treatment to achieve complete removal >
Although iron oxides, such as Fe;O3; and Fe;O4, have been found to be some of the

. 25,26
best materials for As removal,”™

operational bottlenecks occur due to the oxidation
efficiency of As(Ill) and adsorption capacity of As(IIl) or As(V). However, the
excellent adsorption and photocatalytic characteristics of modified TNTs imply they
may play an important role in As removal.**° Given the large capacity of Fe oxides
for As adsorption, Fe-deposited TNTs with enhanced photocatalytic and adsorptive
property compare with TNTs would appear to be a good choice for removing As from
aqueous solutions.

In the present study, a novel Fe-deposited titanate nanotubes (Fe-TNTs) were
synthesized through a one-step hydrothermal method. Both photocatalytic activity and

adsorption performance of the Fe-TNTs were greatly enhanced compared to

conventional TNTs. The new material was detailly characterized and the role of Fe in
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enhancement of the photocatalytic activity and adsorptive performance were
intercepted. The main objective is to achieve simultaneous removal of As(IIl) and
As(V) through initial photocatalysis (especially under visible light) and subsequent
adsorption using Fe-TNTs. A full discussion is included on the key role played by Fe

as a deposited element in modifying the TNTs used to remove As(IIl) and As(V).

2. EXPERIMENTAL SECTION

2.1. Chemicals. All chemicals were of analytical grade and did not require
further purification. TiO, nanoparticles (P25, 80% anatase and 20% rutile) were
purchased from Degussa Corporation of Germany. FeCl;-6H,0, NaOH and absolute
ethanol (also used to synthesize Fe-TNTs) were obtained from Tianjin Fuchen
Chemical Company, China. High-purity deionized (DI) water (Millipore Co., 18.2
MQ-cm) was used to prepare all solutions. NaAsO, and Na,HAsO, 7H,O
(Sigma-Aldrich Co., USA) were respectively used to prepare As(IIl) and As(V) stock
solutions (each of 100 mg L™).

2.2. Synthesis of Fe-TNTs. A modified one-step water-ethanol hydrothermal
method was used to fabricate Fe-TNTs. First, 1.08 g FeCl;-6H,0 and 0.48 g NaOH
were mixed in a beaker with 40 mL absolute ethanol. After stirring under ultrasonic
conditions for 30 min, 0.6 g TiO; (P25), 21 g NaOH, and 25mL deionized water were
further added. The mixture was then stirred for a further 30 minutes under ultrasonic
conditions, transferred into a Teflon reactor with stainless steel coating, and heated at
150 °C for 24 h. Finally, the precipitates were washed with deionized water to neutral,

and Fe-TNTs were obtained after drying at 80 °C for 6 h.

5
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For comparison purposes, conventional TNTs were also synthesized through the
traditional hydrothermal method described in our previous studies.” 30 Typically, 1.2 g
of TiO, (P25) and 29 g of NaOH were mixed and dispersed into 66 mL of deionized
water. After the mixture was heated in a Teflon reactor at 130 °C for 72 h, the
products were washed to neutral and dried at 80 °C.

2.3. Photocatalytic Reactions. Photocatalytic experiments were carried out in a
quartz reactor (300 mL total volume) (Figure S1 in the Supporting Information), and a
metallic cover was placed outside to isolate other light sources. 100 mL of As(III)
solution with an initial concentration of 10 mg L was added into the quartz reactor.
After the solution pH was adjusted to 3.0 using dilute HCI and NaOH solution,
0.02—0.06 g of Fe-TNTs were mixed. Before photocatalytic reaction, the mixture was
stirred in the dark for 4 h to reach equilibrium for As(IIl) adsorption onto Fe-TNTs.
Afterwards, a 150 W mercury lamp (365 nm, 2.5 mW cm™, Beijing Electric Light
Sources Research Institute, China) was switched on to start the photocatalysis
reaction. During the photocatalysis process, cooling air was poured in from the top so
as to maintain the reaction system at a constant temperature (25 + 2 °C). Samples
were taken every 10 min, immediately centrifuged at 10,000 rpm for 2 min,
and filtered using a 0.22 pm membrane. Photolysis experiments without addition of
Fe-TNTs were also conducted as control tests. Each set of experiments was performed
in triplicate.

The As(III) photocatalytic reactions are expressed by the classical

Langmuir-Hinshelwood (L-H) model, 2

6

ACS Paragon Plus Environment

Page 6 of 38



Page 7 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

_dCt:r:kr KiC: 0
dt 1+ KiC:

where C, (mg L) is the As(IIl) concentration at time ¢ (min), » (mg L™ min™) is the
photocatalytic reaction rate, k. (mg L' min") is the photocatalytic reaction
rate-constant, and K (L mg'l) is the Langmuir constant of adsorption. We consider the
simplified first-order kinetic model,

In(Co/ Ci) =kt 2)
where Cy(mg L) is the initial concentration of As(IIl), and k; (min™) represents the
apparent rate constant of reaction (k; = k,.K}).

To investigate the removal of As(II) and As(V), experiments were first carried
out on the adsorption of these two As ions under different pH values. 50 mL of As
solution with an initial concentration of 10 mg L was added into an Erlenmeyer
flask. After the solution pH was adjusted in the range from 1 to 9, 0.01 g Fe-TNTs
were added and the mixture shaken (25 °C, 200 rpm) for 6 h. Samples were taken
before and after adsorption, and the As concentration immediately measured using
atomic fluorescence spectroscopy (AFS-9130, Beijing Jitian, China) after
centrifugation and filtration. The adsorption capacity (Q., mg g') and removal

efficiency (R, %) of As at equilibrium are calculated from

0, - =t ©
m
and
r=G-C), 100% 4)

0

where C, (mg L) is the initial As concentration, C, (mg L) is the equilibrium As
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concentration, V' (mL) is the solution volume, and m (g) is the mass of Fe-TNTs.

Photocatalysis experiments at conditions close to real conditions were then
carried out under visible light irradiation. 10 mg L™ As(Ill) was added into a
quartz reactor at pH 3.0. After addition of 0.02 to 0.06 g Fe-TNTs and an initial 4
hours’ stirring in the dark, a 500 W Xenon arc lamp (470 nm, Beijing Electric Light
Sources Research Institute, China), which was used in conjunction with UV cutting
filter (A > 420 nm), was switched on as the visible light source to start the
photocatalysis reaction. And the same conditions and procedures were conducted as
the aforementioned photocatalysis experiments, except for the light source. Samples
were collected at specific intervals and immediately measured. Control experiments
were also conducted without addition of Fe-TNTs.

2.4. Reuse of Fe-TNTs. To evaluate the application potential of Fe-TNTs for
removal of As(Ill) and As(V), the material was reused after photocatalysis-adsorption
experiments under visible light. Specially, a photocatalysis-adsorption test was carried
out first with initial As(IIT) concentration of 10 mg L™ and Fe-TNTs dosage of 0.6 g
L' at pH 3.0. After initial 240 min of adsorption in dark and subsequent 180 min of
photocatalysis under visible irradiation, materials were separated by centrifugation
and filtration. Afterwards, the materials were immersed into 100 mL of 1.0 mol L
NaOH solution and shaken for 4 h to desorb As(V). After desorption, Fe-TNTs were
washed to neutral using DI water, and then reused to remove As under the same
conditions via photocatalysis and adsorption. Reuse of Fe-TNTs lasted for 5 cycles. In

addition, the concentration of Fe dissolved into solution in each cycle was detected on
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an inductively coupled plasma-optical emission spectrometry (ICP-OES, Prodigy,
Leeman, USA).

2.5. Analysis of Hydroxyl Radicals. Formation of hydroxyl radicals (-OH) in
the photocatalysis reaction was detected by a photoluminescence (PL) technique using
terephthalic acid as the probe molecule. Terephthalic acid reacted readily with -OH to
form a highly fluorescent product, 2-hydroxyterephthalic acid, whose intensity was
proportional to the amount of -OH present. A total of 0.01 g of Fe-TNTs was
dispersed into a mixture of 0.5 mmol terephthalic acid and 2 mmol NaOH occupying
a total volume of 10 mL in a dish. Afterwards, the mixture was irradiated under UV
light and samples were taken every 15 min. After filtration, the PL spectra of samples
were measured by a Hitachi F-4500 fluorescence spectrophotometer with
photomultiplier tube (PMT) R928. The PL intensity of 2-hydroxyterephthalic acid
was determined at 425 nm, excited by 320 nm light.

2.6. Characterizations. Morphology of the material was analyzed using a
Tecnai30 FEG transmission electron microscopy microscope (TEM, FEI, USA)
operating at 300 kV. Energy dispersive X-ray spectra (EDS) were also recorded. The
crystal phase of the sample was obtained by means of a Dmax/2400 X-ray
diffractometer (XRD, Rigaku, Japan) using Cu Ka radiation (A = 1.5418 A) at a scan
rate (20) of 4°/min. Specific surface areas of the materials were determined via
nitrogen adsorption-desorption isotherms at -196 °C using an ASAP2010 adsorption
apparatus (Micromeritics, USA) based on Brunauere-Emmette-Teller (BET) theory.

Pore volume and mean pore diameter were measured by means of the nitrogen

9
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adsorption volume at a relative pressure of 0.99. Surface functional groups were
determined using Fourier Transform infrared spectroscopy (FTIR, Tensor 27, Bruker,
Germany) through the KBr pellet method. Element composition and the oxidation
state of samples were recorded on an AXIS-Ultra X-ray photoelectron spectroscopy
(XPS, Kratos, England) using Al Ka X-ray source at 15 kV and 15 mA. Standard C 1s
peak (Binding energy, E, = 284.80 eV) was used to eliminate static charge effects.
The UV-visible spectrum of each sample was recorded by a UV-1800 (Shimadzu,
Japan) after the material was dispersed in water. Diffuse reflectance (DRS)
UV-visible adsorption spectra of the materials were obtained using a UV-2400
spectrophotometer (Shimadzu, Japan). BaSO4 powder was used as reference at all
energies (100% reflectance) and reflectance measurements were converted to
adsorption spectra using the Kubelka-Munk function. Zeta potential and size of

samples were obtained using a Nano-ZS90 Zetasizer (Malvern Instruments, UK).

3. RESULTS AND DISCUSSION

3.1. Characteristics of Fe-TNTs. The as-synthesized TNTs comprised 4—5
layers of hollow and open-ended nanotubes, which had uniform interior (ca. 4.5 nm)
and outer (ca. 9 nm) diameters (Figure S2 in the Supporting Information). The
interlayer distance was 0.75 nm (Figure S2b in the Supporting Information).*® EDS
analysis indicated that the main elements in TNTs were Na, O, and Ti (Figure S2c¢ in
the Supporting Information). After the Fe was deposited, the surface of nanotubes
became rough, with some nanoparticles attached (Figure 1). The interlayer distance of

Fe-TNTs increased to 0.78 nm due to entry of Fe’*.” The lattice distance of attached
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ACS Paragon Plus Environment

Page 10 of 38



Page 11 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

nanoparticles was 0.25 nm (Figure 1b), which was assigned to the (110) plane of
Fe,O; (JCPDS 24-0072). An Fe element peak was also observed in the results from

EDS analysis (Figure 1c), indicating that Fe had been successfully deposited onto

TNTs.

© [ o
Ti
82
c
3
(@) C Fe
Cu
Si :
Na Ti Fe Cu
L ' L—r“
0 il 2 3 4 5 6 ¥ 8 9
Energy (keV)

Figure 1. (a) TEM, (b) HRTEM image and (c) EDS spectrum of Fe-TNTs.
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Figure 2. XRD patterns of TNTs and Fe-TNTs.

XRD further confirmed the deposition of Fe (Figure 2). Diffraction peaks at 26 =
10°, 24°, 28°, 48° and 62° were all attributed to TNTs, and in particular, the 10° peak
represented the interlayer space of TNTs.*!** For Fe-TNTs, besides the diffraction of
TNTs, the new peaks at 260 = 33.6°, 35.6°, 40.0°, 44.7°, 62.5°, and 64.0° were
consistent with (104), (110), (006), (202), (214), and (300) planes of a-Fe,O; phases
(JCPDS 24-0072). Moreover, the interlayer peak of Fe-TNTs shifted to 9.59° from
9.86° of TNTs, indicating an increase in the interlayer distance (smaller 26 degree
meant larger interlayer distance), related to the entry of Fe’". Here, the TNTs were a
kind of sodium trititanate with the chemical formula of Na,H,-,Ti;O7 (x = 0-0.75,
depending on remaining sodium ions), which was composed of edge-sharing [TiOg]

octahedrons as the basic skeleton and H'/Na" between the layers.’'™ Interlayer

12
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H'/Na" ions were readily replaced by Fe’" during the hydrothermal process, causing
the interlayer distance to increase. Deposited Fe in Fe-TNTs therefore existed in two
forms: a-Fe,O5 attached on TNTs; and Fe*" located in the interlayers of TNTs.

Figure 3 shows the FTIR spectra obtained for the both the TNTs and Fe-TNTs.
Considering the spectrum related to the TNTs, the bands at 476 and 925 cm’
corresponded respectively to vibration of the [TiO4] octahedron and four-coordinate
Ti—O stretching.’* ** After Fe deposition, an additional band appeared at 652 cm™
representing Fe—O vibration.”® Bands at 3313 and 1631 cm™ were ascribed to the
stretching vibrations of O—H and H—O—H, respectively. The shift of the O—H band to
3395 cm™ for Fe-TNTs was due to the interaction of hydroxyl groups with Fe**.** The
band at 1383 cm’’ corresponding to O—Na stretching vibration almost disappeared for

Fe-TNTs, confirming that the interlayered Na™ were exchanged by Fe®*.*

Fe-TNTs

1631 652 478

3395
TNTs

Transmittance

476

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 3. FT-IR spectra of TNTs and Fe-TNTs.
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Table 1 provides a list of key physiochemical parameters describing the
unmodified TNTs and Fe-TNTs. The large BET surface area (162.8 m’ g'l) and single
point total pore volume (0.38 cm’® g') of the Fe-TNTs benefited both photocatalysis
and adsorption through enhanced contact with As ions. Moreover, the N,
adsorption-desorption isotherms on Fe-TNTs fitted type IV isotherms with H3
hysteresis loops according to BDDT classification,’’ suggesting the presence of
mesopores (2—50 nm) in Fe-TNTs (Figure S3a in the Supporting Information). The
pore size of Fe-TNTs exhibited a trimodal distribution, as shown in Figure S3b in the
Supporting Information. Pores with peak diameters in the range of 3—4 nm, 8—9 nm,
and 10-20 nm were respectively attributed to the interior of the nanotubes, gaps
between the Fe,O; nanoparticles and TNTs, and voids in the aggregation of the
nanotubes.”® * Attachment of Fe,0s nanoparticles inevitably blocked some pores of
the TNTs, leading to a decrease in specific surface area and pore volume compared to
the unmodified TNTs. The point of zero charge (pHpyc) for Fe-TNTs increased to 5.49
after Fe was deposited, a much higher value than that for unmodified TNTs (2.56)
(Figure S4 in the Supporting Information), which is benefited to the adsorption of

. 27,28
metal anions, such as As(V).
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Table 1. Physicochemical parameters of unmodified TNTs and Fe-TNTs.

Single point Average Atomic percentage content
BET

©CoO~NOUTA,WNPE

total pore pore (%)

10 Material surface area pHpzc
volume (cm’ diameter
13 (m’ g™ Na o Ti Fe

-1

14 g) (nm)

Fe-TNTs  162.8 0.38 93 5.49 9.1 62.7 21.8 6.4

19 TNTs 272.3 1.26 18.5 2.56 123 64.3 234 0.0

24 3.2. Adsorption of As(IIl) and As(V) by Fe-TNTs. Figure 4 depicts the
27 adsorption of As(IIl) and As(V) for different pH values. The adsorption capacity of
29 As(IIT) on TNTs remained small (< 10 mg g") throughout the range of pH considered,
32 and was related to the form of As(III) species in solution. Molecular H3;AsO3 was the
34 main species of As(Ill) over a wide pH range (Figure SS5a in the Supporting
37 Information) and complexation by hydroxyl groups of Fe-TNTs was the dominant
39 mechanism,”” resulting in an almost unchanged As(III) adsorption capacity.
42 Photocatalysis was therefore necessary to remove As(IIl), after which the oxidation

44 products, As(V), could be further adsorbed onto Fe-TNTs.

60 15
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] PR S S S

Figure 4. Adsorption of As(IIl) and As(V) by Fe-TNTs at different pH. (Initial As

concentration = 10 mg L™'; Fe-TNTs dosage =0.2 g L))

The adsorption was extremely different for As(V) adsorption onto Fe-TNTs as a
function of pH. Fe-TNTs exhibited good adsorption performance for As(V), especially
at low pH (2 and 3). For instance, the adsorption capacity of As(V) reached 49.1 mg
g at pH 3, with a correspondingly high removal efficiency of 98.2%. Fe-TNTs were
positively charged at low pH (Figure S4 in the Supporting Information), and thus
could capture As(V) anions (H,AsOy") through electrostatic attraction (Figure S5b in
the Supporting Information). Moreover, As(V) in the main form of molecular H3AsO4
was hardly attracted to Fe-TNTs at pH 1, even though the Fe-TNTs had their highest
positive charge at low pH. As the pH further increased (> 3), the amount of positive

charge decreased (Figure S4 in the Supporting Information), thus lowering the As(V)
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adsorption capacity. Moreover, increased OH™ at higher pH would compete for
adsorption sites with As(V) anions, further lowering the adsorption capacity.27’ 28, 34
Noting the high adsorption efficiency of As(V), a pH value of 3 was chosen for the
following photocatalysis-adsorption experiments.

3.3. Photocatalysis of As(III) by Fe-TNTs under UV Light. Figure 5 presents
time histories of As(IIl) and As(V) concentrations, each for three initial dosage
values, throughout the photocatalysis-adsorption process under UV light. Before the
light was switched on (from ¢ = -240 to 0 min), a portion of As(Ill) was removed in
the dark by adsorption on the Fe-TNTs. During this phase, the adsorption capacity of
As(III) onto Fe-TNTs was limited, given that there was still 59.6% As(III) remaining
even at a high Fe-TNTs dosage of 0.6 g L. In addition, adsorption of As(IIT) could
reach to equilibrium with 180 min (Figure S6 in the Supporting Information), so 240
min is enough for As(IIl) adsorption in this study. Once the light was switched on, the
removal of As(Ill) was primarily due to photocatalysis (for # = 0 to 120 min), and the
total removal efficiency exceeded 99% after 70 min for all three initial dosages
considered. Notably, 99.6% of As(III) of initial dosage 0.6 g L™ was photo-oxidized
within 30 min, indicating the extremely high photocatalytic ability of Fe-TNTs. Table
2 lists the parameters of the first-order kinetic model for As(IIl) under photocatalysis
by Fe-TNTs. The higher was the initial dosage of Fe-TNTs, the larger the value of
apparent rate constant (k;). Very weak photocatalytic performance for As(III)

oxidation was found for TNTs (Figure S7 in the Supporting Information).

Comparatively, the k; value for photo-oxidation of As(IIl) by Fe-TNTs (0.1512 min™)
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was almost 250 times of that by unmodified TNTs (0.0006 min™') at the same initial

dosage of 0.6 g L', suggesting Fe played an important role and Fe deposition

©CoO~NOUTA,WNPE

substantially enhanced the photocatalytic activity of TNTs.

—//
100k | Lighton e
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Figure 5. Photocatalysis-adsorption of As(III) and As(V) by Fe-TNTs at different

initial dosages under UV light. (Initial As(IIT) concentration = 10 mg L™

=3.0).
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Table 2. Parameters of first-order kinetic model for As(III) photocatalysis by

Fe-TNTs.
UV light Visible light
Dosage (g L'l)
k; (min™) R’ ki (min™) R
0.2 0.0596 0.9195 0.0086 0.9965
0.4 0.0917 0.9506 0.0173 0.9915
0.6 0.1512 0.9356 0.0263 0.9886

For As(V) removal, the ratio C/C in Figure 5 is equivalent to the conversion
efficiency from As(IIl) to As(V), as the value of Cy was 10 mg L' (if total
conversion). The process involved simultaneous production and elimination of As(V).
On the one hand, As(IIl) was photo-oxidized to As(V) which then accumulated in
solution. On the other hand, the produced As(V) was continuously adsorbed onto
Fe-TNTs, and Figure S6 in the Supporting Information indicates that adsorption of
As(V) could reach to equilibrium within 300 min while mainly occurred in the first 90
min. Therefore, the As(V) concentration initially increased to a peak value before
declining to about zero. At high (0.6 g L") initial dosage Fe-TNTs almost no As(V)
was detected over the entire photocatalysis-adsorption process, indicating that the
abundant adsorption sites simultaneously adsorbed all the produced As(V). Therefore,
a combination of photocatalysis and adsorption on Fe-TNTs led to the efficient
removal of As(IIl) and As(V), thus achieving the goal of complete removal of As.

3.4. Removal of As(III) and As(V) by Fe-TNTs under Visible Light. Figure 6

shows the corresponding results to those in Figure 5, except that visible light is used
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instead of UV as the light source. From the time histories in Figure 6, it can be seen
that As(IIl) was also efficiently oxidized to As(V) under visible light, although the
photocatalytic reactions required more time than those under UV irradiation (Figure
5). The removal efficiency of As(IIl) reached 99.6% at 300 min for an initial dosage
of 0.4 g L' Fe-TNTs and 99.5% at 180 min for an initial dosage of 0.6 g L™ Fe-TNTs,
indicating good photocatalytic performance even under visible light. Although some
As(IIT) converted to As(V) through photolysis and photocatalysis by unmodified
TNTs (Figure S8 in the Supporting Information), the conversion efficiency was
relatively low (8% and 9.6% respectively within 360 min). This indicates that
oxidation of As(II) under visible light greatly enhanced by Fe-TNTs due to Fe
deposition, and the mechanism will be detailly discussed later. Furthermore, only
trace amounts of As(V) accumulated in solution (< 2%) over the entire
photocatalysis-adsorption process. The photocatalytic rate of As(IIl) oxidation
decreased after UV light was replaced by visible light, but the adsorption rate of
As(V) was unaffected, resulting in immediate uptake of As(V). The high
photocatalytic activity of Fe-TNTs under visible light is of great importance for future
applications in environmental remediation. Considering the excellent removal
efficiency of As(IIl) and As(V) at 0.6 g L' of Fe-TNTs, this optimum dosage was

chosen for the further reusability tests.
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Figure 6. Photocatalysis-adsorption of As(IIl) and As(V) by Fe-TNTs at different
initial dosages under visible light (Initial As(IIT) concentration = 10 mg L™; solution

pH = 3.0).

3.5. Enhancement Mechanisms of Photocatalytic Activity and Adsorptive
Property.

3.5.1. Role of Deposited Fe on Enhancement of Photocatalytic Activity. The
preceding results show that the photocatalytic activity of TNTs was greatly enhanced
by deposited Fe. For TNTs, the electron-hole pairs easily recombined after excitation
through irradiation, leading to extremely low photocatalytic activity.3’ 1 The
deposited Fe existed in two forms in Fe-TNTs, i.e. interlayered Fe’" and o-Fe,03,
resulting in dual enhancement of photocatalytic activity. Firstly, the Fe' in the

interlayers of TNTs could act as a temporary electron (e7) or hole (4") trapping site
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that inhibited recombination,*” through the following processes:

Fe-TNTs + hv — e, + h," (5)
Fe*" + e, — Fe*" (electron trap) (6)
Fe*" + h,"— Fe*" (hole trap) 7

Due to the instability of Fe*" and Fe*', transfer of trapped charges from Fe*" and

Fe*" to Fe*"also occurred in the titanate surface as follows:

Fe*" + Ti*" — Fe*" + Ti*" (electron transfer) ®)

Fe*" + OH — Fe’" + -OH (hole transfer) )

Secondly, a-Fe;Os could also generate an electron-hole pair under irradiation, and
therefore act as a charge carrier for electrons transferred from TNTs. The TEM and
XRD analyses showed the close coupling between TNTs and a-Fe,O3;, which meant
that an excited electron from TNTs with a lower conduction band could recombine
with a hole in Fe,O3, thus inhibiting recombination of electron-hole pairs of TNTs.*!

The processes are summarized as follows:

Fe-TNTs + hv — ¢ + b, (10)
€03+ v — e +h;

Fe,O5+ h T+ by (11)
e +e — Fe

[+] + 2—) [+] + - 2_

Fe*"+0,— Fe’ + -0 (13)
3+ + 4+

Fe* + h;*— Fe (14)

Fe*"+ OH — Fe'" + -OH (15)

During photocatalysis, As(IIT) oxidation involved the following reactions:*
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As(III) + -OH — As(IV) + OH (16)
As(Il) + -0, + 2H" — As(IV) + H,0, (17)
As(IV) + 0, = As(V) + -0y (18)

As(III) + H,0, — As(V) + 20H" (19)

As illustrated by the UV-vis spectra (DRS) (Figure 7), the TNTs exhibited an
adsorption edge of 361 nm, whereas Fe deposition led to a dramatic red shift into the
visible range of 499 nm. For Fe-TNTs, the peak at ca. 480 nm was related to intrinsic
absorption of Fe(IIT). Using the Kubelka-Munk method,* the band gap energy (Eq) of
the Fe-TNTs was determined as 2.5 eV, a much lower value than that of the
unmodified TNTs (3.4 eV). After Fe was deposited, the Fe 3d electron energy levels
were higher than those of Ti 3d, leading to the levels emerging in the gap region
between the O 2p and Ti 3d dominant bands.** The red shift to visible region in the
UV-vis spectra (DRS) of Fe-TNT implies this is a promising candidate for solar
energy applications under visible light, as confirmed in Figure 6. Although previous
studies confirmed the calcination and acid treatment can enhance the photocatalytic
activity of TNTs under UV light, while no visible light can be adsorbed and used by

these TNTs materials (calcined and hydrogen TNTs) for photocatalysis. *'% 1 14
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Figure 7. UV-vis spectra (DRS) of TNTs and Fe-TNTs.

PL spectra of terephthalic acid reflected the formation of -OH under UV
irradiation in the presence of Fe-TNTs (Figure 8). It can be seen that the
fluorescence intensity amplified with increasing irradiation time, indicating growth in
the amount of -OH in the presence of Fe-TNTs. However, almost no -OH formed
when TNTs were used as the photocatalyst (Figure S9 in the Supporting Information),

again implying that Fe deposition greatly enhanced photocatalytic activity.
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Figure 8. PL spectra for terephthalic acid in the presence of Fe-TNTs as a function of

irradiation time.

3.5.2. Role of Deposited Fe on Enhancement of Adsorptive Property. Fe-TNTs
also exhibited an excellent adsorptive property for As(V). According to the two-site
Langmuir isotherm model (Supporting Information), the maximum adsorption
capacity of As(V) on Fe-TNTs was found to be 88.72 mg g, a much larger value
than that for the unmodified TNTs of 27.54 mg g (Table S1 in the Supporting
Information). Two contributory reasons for this enhancement of the adsorptive
property are: (1) an increase in the pHpzc-induced efficient capture of As(V) anions
through electrostatic attraction; and (2) the deposited a-Fe,Os could also adsorb As(V)
though surface hydroxyl groups. It is relevant to note the two kinds of adsorption sites

in Fe-TNTs, i.e. TNTs and a-Fe;O; (Supporting Information). Therefore, the critical
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problem on small adsorption capacity of TNTs for the metal anion, As(V), is also

solved by Fe-TNTs due to Fe deposition, which is the basis for simultaneous removal

of both As(IIl) and As(V).

(a)
- L A &/\,\_‘
o Fe-TNTs + As(V)
o Fe 2p
= Lid
)
S [Nais O 1s 2k A
= L\/\__’______’A’/Q Ti2p 2oLl
LJLA\A“ —A AN
1 1 1 1 1 TNTS
1000 800 600 400 200 0
Binding energy (eV)
(c) Fe,0,
Fe-TNTs + As(V)
0
& Fe-TNTs :
> i
@ 735 730 725 720 715 710 705
[0 .
= Binding energy (eV
= Fe-TNTs J 9y (V)
(d)
AN As(V) 100%
g\d// ‘\
atascs SR T T
. P H . _TNTs Fe-TNTs + As(V)
53 53¢ 532 530 528 526 524 48 46 44 42
Binding energy (eV) Binding energy (eV)

Figure 9. XPS spectra for TNTs, Fe-TNTs, and Fe-TNTs with As (V): (a) survey and

high resolution spectra of (b) O 1s, (c) Fe 2p and (d) As 3d.

The adsorption process of As(V) comprised initial electrostatic attraction and

subsequent complexation. This is further illustrated by the results of the XPS analysis

in Figure 9, which showed that the main component elements of TNTs were Na, O
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and Ti (Figure 9a). After the Fe was deposited, the Fe 3d peak emerged and the atomic
percentage of Fe on Fe-TNTs was 6.4% (Table 1), in accordance with the EDS spectra
(Figure Ic). The atomic percentage of Na in Fe-TNTs decreased to 9.1% compared to
12.3% in TNTs, owing to the ion-exchange of Fe’" with Na”in the interlayers. An As
3d peak appeared after adsorption, indicating the successful combination of As(V) by
Fe-TNTs. Figure 9b shows a high resolution spectral view in the vicinity of O ls;
the peaks at ca. 532 and 530 eV were respectively attributed to O bonded with metals
(Me-0) and from hydroxyl groups (-OH).* The composition percentage of -OH for
Fe-TNTs (20.9%) was higher than that for TNTs (5.6%), due to the presence of large
hydroxyl groups attached to the a-Fe,Os surface. It has previously been established
that —OH groups play a major role in As(V) adsorption, with complexation the
adsorption mechanism.*** Figure S10 in the Supporting Information illustrates the
difference between the two main complexation processes: bidentate complexation
does not introduce —OH groups whereas monodentate complexation replaces a single
—OH by two —OH groups from As(V). For adsorption of As(V) by Fe-TNTs, the -OH
percent further increased to 32.5% after adsorption, suggesting monodentate
complexation of As(V) must have occurred in the adsorption process. The peaks at ca.
711 and 725 eV in the high resolution profile of Fe corresponded to 2p 3/2 and 2p 1/2
of oxidized iron (Figure 9¢).*"*" In particular, the 2p 3/2 peak related to Fe(IIT) from
0-Fe,O3 (ca. 711 eV) and located in the interlayers (Ti—-O—Fe, ca. 713 eV).* The
slight decrease in amplitude of Ti-O-Fe peak after adsorption was due to H'

replacing part of the interlayered Fe’* under acid conditions (pH 3 for the adsorption
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experiment). The high resolution view shows that the adsorbed As was entirely
composed of As(V) (Figure 9d), suggesting full conversion of As(IIl) during

photocatalysis.

3.5.3 Mechanisms for Simultaneous Photocatalysis of As(IIl) and Adsorption
of As(V) by Fe-TNTs. FigurelO depicts schematically the photocatalysis and
adsorption processes for co-removal of As(IIl) and As(V) by Fe-TNTs. Deposited Fe
greatly increases the photocatalytic activity of TNTs, leading to a dual-enhancement
effect on arsenic removal. The interlayered Fe’" acts as a temporary electron or hole
trapping site, while loaded a-Fe,;Os helps transfer electrons created by the TNTs, both
of which mechanisms inhibit the electron-hole pair recombination of TNTs. In
addition, reactive oxygen species (-OH and -O;") form during the conversion process
of Fe*'/Fe*" to Fe®", which then oxidize As(IIl) to As(V). Afterwards, As(V) can be

efficiently adsorbed onto Fe-TNTs through complexation.

E(eV) vs NHE

Figure 10. Schematic diagram of the photocatalysis of As(IlI) and adsorption of As(V)

on Fe-TNTs.
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In conclusion, Fe is an ideal element by which to modify TNTs so as to achieve
simultaneous removal of As(IIl) and As(V). The synthesized Fe-TNTs are different
from the conventional sodium and hydrogen TNTs considering its powerful properties
on photocatalysis and adsorption. On one hand, deposition of Fe significantly
enhances photocatalytic performance, especially under visible light. On the other hand,
deposited iron oxide has excellent adsorptive characteristics and so is ideal for As(V)
removal. A practicable technology for arsenic removal is first to modify TNTs using
Fe via a one-step hydrothermal method, and then to use the synthesized Fe-TNTs to
remove simultaneously As(IlI) and As(V) through a photocatalysis-adsorption
process.

3.6. Reuse of Fe-TNTs for As(III) and As(V) Removal. Fe-TNTs was reused
after desorption for removal of As(Ill) and As(V) under visible light via 5 cycles
(Figure 11). The desorption rate of As(V) from Fe-TNTs was > 99% in each cycle
with 1.0 mol L' NaOH solution treatment. It is found that even after 5 continuous
photocatalysis-adsorption cycles, the final removal efficiency of As(IIl) and As(V)
could reach up to 97.8% and 99.8%, respectively, suggesting good reusability of
Fe-TNTs. Moreover, only a total amount of 4.3% of Fe dissolved into solutions from
Fe-TNTs after 5 cycles, indicating the great stability of this material. Therefore,

Fe-TNTs are of great potential for As removal in practical wastewaters.
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Figure 11. Reuse of Fe-TNTs for As(Ill) and As(V) removal over 5
photocatalysis-adsorption cycles under visible light (Initial As(III) concentration = 10

mg L'; material dosage = 0.6 g L™'; solution pH = 3.0).

4. CONCLUSIONS

Fe-deposited titanate nanotubes (Fe-TNTs) were synthesized through a one-step
hydrothermal method. The as-prepared material possessed a tubular structure, with
Fe,O; nanoparticles attached to the tubes. XRD and XPS analyses showed that the
deposited Fe existed in two forms: Fe’ located in the interlayers of TNTs and
a-Fe,Os attached on the nanotubes. The optimum material dosage for As(IIl) and
As(V) removal was found to be 0.6 g L™ both under UV and visible light. The As(IIT)
removal efficiency reached 99.6% within 30 min for an initial dosage of 0.6 g L'

Fe-TNTs under UV light irradiation. The apparent rate constant for photo-oxidation of

30

ACS Paragon Plus Environment

Page 30 of 38



Page 31 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

As(IIT) by Fe-TNTs (0.1512 min™) was almost 250 times that by unmodified TNTs,
indicating significant enhancement of photocatalytic activity after the Fe was
deposited. In addition, As(V) was immediately adsorbed onto Fe-TNTs and almost no
As(V) could be detected throughout the entire photocatalysis-adsorption process.
Excellent photocatalytic activity was also found under visible light irradiation, with
99.5% of As(IIl) photo-oxidized within 180 min for an initial dosage of 0.6 g L'
Fe-TNTs. Dual-enhancement of photocatalytic activity occurred after Fe was
deposited for the following reasons: (1) interlayered Fe’™ acted as a temporary
electron or hole trapping site; (2) a-Fe,O; acted as a charge carrier for electron
transferred from TNTs. Both led to inhibited electron-hole pair recombination.
Moreover, the adsorptive performance of Fe-TNTs was also improved due to the
presence of attached o-Fe,Os;, resulting in efficient removal of As(V) through
complexation. Initial photocatalysis of As(IIl) and subsequent adsorption of As(V)
indicated the key role played by Fe used to modify TNTs. Fe is an ideal metal for
TNTs modification so as to greatly enhance the photocatalytic and adsorptive property
of conventional TNTs, thus achieved the goal of simultaneous removal of As(Ill) and

As(V).
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