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ABSTRACT

Metal oxide (TiO2 and WQO3) heterojunction material was developed in order to
harvest light, store solar energy, and apply them to water treatment. Two TiO structures
were applied, i.e., TiO2 nanoparticles (TiNP) and TiO2 nanotube (TiNT); and were
hybridized with WO3 using different weight ratios of TiO, to WOs (e.g., 25:75, 50:50,
75:25). To investigate the ability of the TiO.-WO3 composite to utilize the captured
electrons, hexavalent chromium (Cr(VI)) was used as model target compound. Three
different treatment systems were investigated: a) batch photocatalytic system using
dispersed particles, b) photoelectrochemical (PEC) system, and c) composites-laden
membrane filtration system. The batch system showed that using TiNP resulted in
complete Cr(VI) reduction at acidic and neutral pH, whereas TiNT were less effective
even at low pH. The surface properties of TINP and TiNT were characterized to investigate
the effect of TiO2 morphology on their photocatalytic activities. TINP was found to have
a greater photocatalytic activity than TiNT because it is more crystalline, has less
structural oxygen defects, has slower recombination of the photogenerated electrons, and
has more oxygen vacancies closer to the conduction band (CB). These results were the
basis for designing the composites of TiINP- WOz and TiNT-WO3 and characterizing their

performances.

In the PEC system where different combinations and weight ratios of TiNP or
TINT to WOs were evaluated, TW25 showed the best performance among all

combinations. It was able to completely reduce Cr(V1) to Cr(l1l) in 4 hours of reaction



time under light irradiation as well as in the dark. However, only 70 % of initial Cr(\V1)
concentration was reduced in 4 hours of reaction time with TNW 25 under the same
experimental conditions. The surface properties of the TW and TNW electrodes were
characterized using SEM/EDS, elemental mapping, and UV-Vis spectra in order to
investigate surface morphology, elemental composition, and flat-band position of the

composites.

The composites-laden membrane filtration system using charged TiO2-WO3
composite materials showed the feasibility of reducing Cr(VI) to Cr(lll) at natural pH.
Cr(VI) reduction was more substantial in the system using TW 50 than in the system where

material TNW 50 was utilized.
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1 INTRODUCTION

The global demand on drinking water is increasing continuously due to population
growth and socioeconomic development. In 2006, it was reported by the United Nations
that seven hundred million people globally live in water-stressed countries. By 2025, this
number will increase by about three billion.? Maximizing water reuse and recycle will
alleviate stress on fresh water resources and will minimize environmental impact of
contaminants release to the environment. This requires sustainable and cost-effective
treatment methods for contaminated water and wastewater to meet quality requirements
for reuse/recycle or safe disposal. Many treatment technologies transform the contaminant
from one phase to another or concentrate it without destroying it or converting to more
environmentally benign forms. However, oxidation-reduction treatment methods have the
potential of destroying environmental contaminants or converting them to less harmful
compounds. Photocatalytic oxidation and reduction using metal semiconductors is an

emerging technology for contaminated water treatment.

The purpose of this study is to design and manufacture photocatalysts and develop
them into effective treatment systems for Cr(V1) reduction to the less toxic and less mobile
Cr(111) under sun light as well as in the light-limited condition. To do so, two experimental
approaches were suggested and evaluated in this study: batch treatment system,
continuous flow system using photoelectrochemical (PEC) process, or ultrafiltration (UF)

membrane system. In the batch treatment system, nanoparticles and nanotubes of TiO>



(TINP, TiINT) were used, and TiO2/WOsz-doposited membrane system was devised for the

continuous treatment system.

Effectiveness of batch-scale photocatalytic reduction of Cr(\V1) was evaluated in
terms of kinetic decay of Cr(VI) using TiNP and TiNT without WO3. The effect of TiO:
type on the rate and extent of photocatalytic reduction of Cr(\VI) was evaluated by these
batch experiments. Eventually, results of these experiments provided information that was
used to describe the performance of the TiO2/WOs3 heterojunction in the PEC and UF
systems. For the batch system, formic acid (FA) was used as a photogenerated hole
scavenger at the valence band (VB) of TiO> for more facile photocatalytic reduction of

Cr(VI) on its conduction band (CB).

The PEC system was designed to continuously reduce Cr(V1) to Cr(lll) in light-
limited condition with WOs in the TiO2-WO3 composite capable of storing solar energy
through charging/discharging route. Herein, different weight ratios of TiO2/WOQOs were
applied for evaluation of Cr(VI) reduction while investigating photocurrent density of

charged TiO2/WO3 before and after treating water contaminated with Cr(V1).

The UF system using TiO2/WOs-laden membrane was constructed to reduce
Cr(VI) to Cr(I1l) in continuous flow system in the dark. To do so, the charged TiO2/WOs3
composites were deposited on anodic membrane filter (20 nm of pore size). This system
combines the advantages of photocatalytic reduction of Cr(VI) and immobilization of the
photocatalyst on the filter surface without the need for additional step to recover the

photocatalyst after treatment.



2 BACKGROUND

2.1 Photocatalysis

Semiconductors (SC), such as TiO2, WO3, ZnO, SnO», ZrO», KTa03, SrTiOsz, ZnS,
and SiC are used as photocatalysts that can be activated by absorbing photon energy higher
than the band gap energy of the SC.3 Figure 1 illustrates the band gab energy and band
edge positions of some SC with respect to water oxidation and reduction. Once the SC is
activated, the electron-hole pairs are generated by transfer of electrons (e”) from the
valance band (VB) to the conduction band (CB). This photogenerated electron-hole pairs
can create reactive chemical species from Oz and H20 as shown in reactions (2.1-2.3)
when TiO2 is used as a photocatalyst.* The adsorbed chemicals in reaction 2.2 and 2.3 are

referred as ads.

TiO, + hv =TiO, + ecg + hyg (2.1)
TiOZ(substrate) - HZO + hl-}_B = TiOZ(substrate) - OH(ads) (2-2)
O2(aas)+ecs = Oz(aas) (2.3)
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Figure 1. Diagram of band gaps and band edges (CB bottom and VB top) at room
temperature °

However, a major challenge utilizing the photogenerated electron-hole pairs
effectively in redox reactions is the fast recombination of the photogenerated electrons
and holes within milli-seconds.® Therefore, organic chemicals such as ethanol, humic acid,
and formic acid are usually used as a hole scavenger to free the electrons in the conduction
band of the SC and allow them to reduce target oxidized contaminants.” Another way to
overcome the recombination problem is to form heterojunctions with another SC that has
higher CB or lower CB. For example, Cu.O and WO3 have higher and lower conduction
bands respectively compared to TiO2.82° When they were combined to TiO;, they showed

a success in improving photocatalysis efficiency.



2.1.1 Titanium dioxide semiconductor

TiO2 has been widely used in the past decades as a photocatalyst in various
applications due to its low cost and nontoxicity as well as its appropriate band position
with respect to the potential of water oxidation and reduction (Figure 1 and Figure 2). In
this regard, TiO2 can easily produce reactive oxygen species (ROS) such as hydroxide
radical (OH'), and superoxide (O2) by the photogenerated positive holes in the presence
of oxygen. The ROS can oxidize organics and degrade them into their constituent
elements.!* Whereas, the photogenerated electron of TiO, can reduce toxic inorganic
chemicals such as Cr(V1), Se(IV), and Hg(ll) to less toxic forms of Cr(lll), Se(0), and
Hg(0), respectively when a hole scavenger is present in the solution.*>'* Moreover, co-
catalysts RuO or IrO can be added to TiO2 system to enhance the transfer of the charge

carriers.®

Adsorption
Energy (eV)
_ .\ Reduction
01 B e- (@ > (ox+ne - red)
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f | e
| Tio, 3.2ev '
+2 :
+3.1 VB
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Redox Potential (V) Adsorption red 5 ox +ne
(/ENH)

Figure 2. Energy band diagram of anatase titania.®



2.1.2 WOs/TiO2 system

Tungsten trioxide (WOz) have a bandgab energy of 2.8 eV and absorption
wavelength (1) of 443 nm.2® When it is combined with TiO,, the photocatalytic activity is
enhanced because the photogenerated electrons of the TiO; particle moves to the CB of
WQg3, resulting in retarding the recombination of the charge carriers. This is possible
because the band edge position of WOs is relatively lower than that of TiO2 and WO3 has
a lower bandgab energy than TiO2 (3.2eV, 1=388 nm). 1® Recently, TiO2/WO3 composite
have been widely studied because of facile movement of photogenerated electrons from
TiO> to the conduction band of WOz during irradiation time. WOs3 has the ability to store
electrons during irradiation and discharge them to electron acceptors in the absence of
irradiation.t”!8 Thus, TiO; is a light-harvesting material, while WOs3 is a light storing
material. The following equations show the electron charging and discharging process of

TiO2/WOj3 system:1°

e, (Ti0,) = e, (WO3)(interfacial electron transfer) (2.4)
W05 + xel, + xHT —» H.W©=X) 0, (photocharging) (2.5)
HWE®0, > W0, + xey, + xH* (discharging) (2.6)
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Figure 3. Schematic diagram of charging and discharging process of TiO2/WQO3 composite

system

Other SCs such as Cu»0, polyoxometalates, and MoO3 showed their ability to store
photo energy. However, WO3 demonstrated a better performance in storing the photo-
generated electrons for around 12 hours.*® This is attributed to the CB level of WO3; that
is more positive compared to hydrogen reduction potential which results in avoiding

competitive consumption of the stored electrons.®

In this study, the WO3/TiO, system was investigated to enhance photocatalytic
reduction of Cr(VI) in the absence of light by employing two different systems, i.e.,
photoelectrochemical (PEC) system using photocathode and photocatalytic ultrafiltration
(UF) system. Herein, two types of TiO; structures were used for fabrication of TiO2-WOs3

composite (nanoparticle and nanotube) which were deposited on Fluorine doped Tin



Oxide (FTO) glass in the PEC system and were laden onto the surface of the membrane
in the UF system. The two systems were evaluated for continuous reduction of Cr(VI) in

water.

2.2 Chromium

2.2.1 Chromium chemistry

Chromium is a transition metal element that exists in several oxidation states such
as Cr(V1), Cr(V), Cr(1V), Cr(111), Cr(11), Cr(1) and the elemental form Cr(0).2> Among
these forms, hexavalent chromium and trivalent chromium are the most stable forms that
are commonly found in nature.?* According to the United States Environmental Protection
Agency (US EPA), Cr(l1) is an essential element in the human body and can be added to
vitamins as a dietary supplement.?? The hexavalent form of chromium (Cr(VI)) is 10 ~
100 times more toxic and it is more mobile than the trivalent form (Cr(111)). Hence, Cr(VI)
is categorized as a toxic chemical, while the trivalent form is much less toxic.?® The
oxidation potential values of Cr(\VI) and Cr(l11) are +1.33 and -0.74 V, respectively. Table
1 represents the half reduction equations for Cr(VI) and Cr(I11). Cr(\V1) can be reduced in
human body to its intermediate product Cr(V) and subsequently to its final product Cr(111)
and some free radicals such as OH-, O, Oz, RS-, or R- are formed which can bind the
DNA where RS- refers to a thiyl radical ( sulfur containing radical) and R- refers to a
hydrocarbon radical.?* This series of reductions damage the DNA by the cross-links forms

in the DNA-proteins it.?® The maximum contaminant level (MCL) of total chromium set



by USEPA is 100 pg/L (ppb) and The maximum contaminant level goal (MCLG) is set

to 100 pg/L.%®

Table 1. Comparison between the reduction potential of Cr(VI) and Cr(111)?’

Reduction Half reaction Potential (V)
Cr¥ @) + 3¢ ===>Cr(s) -0.74 (2.7)
Cr;07%(ag) +14 H 466" ===>2 Cr¥* ;9 + 7TH,O  +1.33 (2.8)

Cr(VI) is released to the environment from industrial activities such as
electroplating, metal finishing, and textile/leather dyeing. In 1997, 3391 facilities
produced 111384 pounds of chromium waste.?° Improper disposal of soil or residuals
contaminated with chromium to landfills can lead to groundwater contamination.? If
Cr(VI) is released to aquatic environment, Cr (V1) can exist in four different forms
depending on its concentration and the pH of the solution as shown in Figure 4. These
forms are very soluble in water and do not precipitate easily due to their high solubility

products (Ksp), while the Ksp value for Cr(OH)s is very low as shown in Table 2.
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Figure 4. pH and concentration-dependent domains of Cr(VI)-species in aqueous
solution?®

Table 2. Solubility constant of chromium species?®

Reaction Ksp

Cr(OH)s (s) <===> Cr*3 + 30H" 1030 M* (2.9)

K2CrOs <===> CrO; 2+ 2K* 0.23 M3 (2.10)

Na,CrO; <===> CrO4 2+ 2Na* 3.65 M3 (2.11)

K2Cr,07 <===> Cr,07 2+ 2K* 4.9 x10°3 M3 (2.12)

Na:Cr207 <===> Cr:07 2+2Na* 51 x 102 M? (2.13)
*M=mole/L

2.2.2 Current methods for Cr(VI) reduction in water

Several treatment technologies have been utilized to reduce Cr(VI) to Cr(llI)
which include chemical or electrochemical treatment, microbial remediation,
photocatalytic treatment, and others. Reducing reagents such as sulfur compounds and

iron salts have been used for chemical reduction of Cr(V1). Sulfur dioxide gas or sodium

10



bisulfite produces sulfurous acid that reduces Cr(V1) in acidic media.>® This reaction is
followed by increasing pH using a base such as sodium hydroxide to precipitate Cr(l11) as

Cr(OH)s. The following reaction describes the reduction of Cr(V1) by sulfurous acid.

3 .
- Cr3t 4+ S0%~ +-=H, (2.14)

CT3+ + H2503 (aq) + H+ 2

(aq)
The most commonly used iron compounds for the chemical reduction of Cr(VI)
are iron(I1) chloride or iron(I1) sulfate.3* The following reaction describes the reduction of

Cr(VI) by Fe(ll) in acidic media followed by precipitation reaction at alkaline conditions.

6F e’y + Cry05 gy + 14H 4y = 6Fe%} ) + 2C1(0 + 7H,0 (2.15)

Cr(I111)°%, ) + 30H () = Cr(OH); ) (2.16)

Regardless of the type of chemical reagents used for reduction of Cr(V1), chemical
treatment requires excessive amounts of chemicals in order to first reduce the pH to
facilitate reduction of Cr(V1) and then raise the pH up to the level required for precipitation

of the reduced Cr(I11) in addition to the reducing reagents.

Electrochemical treatment of Cr(VI) has attracted attention because this process
uses aqueous electron as an environmental-friendly active reagent.®> The electrochemical
processes include electro-reduction and electrocoagulation. The electrocoagulation
process is comprised of anode and cathode. Sacrificial electrodes of iron or aluminum
metals are mostly used as the anodes for reduction of Cr(V1).%® In the system with iron

electrodes, the anode is oxidized by applying voltage and producing ferrous iron (Fe?*)

11



which reduces the hexavalent chromium ions. This reaction is initiated first at low pH for
oxidative release of Fe(ll) from the zero-valent Fe electrode and reduction of Cr(VI) by
Fe(I1). Then the pH is adjusted to high pH for precipitating the reduced Cr(l11). Hydrogen
gas is released at the cathode surface which enhances floatation of precipitates to the
surface as shown in Figure 5. The cathodic and anodic reactions when iron is used as an
anode are presented in Table 3. Besides, carbon-based electrodes, conducting polymer-
based electrodes, and copper electrodes have been used to electrochemically reduce

Cr(VI1). 3¢3

DC Power Source

Stable floc

Figure 5. Schematic diagram of electrocoagulation treatment process®

12



Table 3. Anodic and cathodic reactions in electrocoagulation process of Cr(VI)
removal®

Type of reaction Reaction
Anodic reaction Fey - Fez(;q)+ 2e” (2.17)
Cathodic reation 2H,0 + 2e™ - 20H 4y 1) (2.18)

Overall reactionin €07 44 + 14H% ) +6Fe’) ) —

bulk 2013 +6Fe¥h s + TH,0 (2.19)

CriagT30Hzq — Cr(OH) (2.20)

For the microbial removal of Cr(VI), aerobic reducing bacteria such as Bacillus
Subtillis and anaerobic reducing bacteria such as Pannonibacter phragmitetus were
investigated.®”*® Also, fungi such as Aspergillus sp. N2 and Penicillium sp. N3 can also
reduce Cr(VI) to Cr(I111).2® However, the disadvantage of using microbes in water
treatment process is that it introduces a microbial waste to the system that requires further

treatment.

2.2.3 Photocatalytic reduction of hexavalent chromium

Photocatalytic reduction of Cr(V1) has been investigated using TiO2 with organic
acids such as formic acid, acetic acid, methanol, ethanol, or triethanolamine as electron
donor or hole scavenger. 4°-*2 Under light illumination, the organic acid is oxidized by
photo-generated positive holes in the VB producing water and CO2, while the photo-
generated electrons in the CB are used to reduce Cr(V1) as shown in Figure 6. Different

homogeneous and heterogeneous TiO> materials with various structures and compositions

13



have been evaluated for Cr(V1) reduction. For example TiO2 nanofibers fabricated by high
temperature calcination have been tested for simultaneous phenol degradation and Cr(\V1)
reduction.*® Also, heterogeneous TiO2 such as La;TiO.07 was able to reduce Cr(VI) at

acidic pH (pH~2) under UV light irradiation.**

Cr(V1)
Reduction
CB e- I » Cr(ll)
- hv

1

|

ve |

h+
M

Organic H,0 + CO,

Figure 6. Schematic diagram of Cr(V1) reduction using TiO2 photocatalytic process

TiO2 doped with WOs has been investigated for photocatalytic reduction of Cr(\V1)
in the presence of citric acid as an electron donor.* Doping WO; onto TiO2 can extend
the absorption spectrum in the visible light region. This is because WO3 has smaller band
gap which allows the electrons to be trapped from TiO> to the WOz conduction band. As
a result, photocatalytic reduction of Cr(V1) increased 3.76 times when the WO3-doped

TiO, was applied compared to using non doped TiO; .*® Also, WO3 can be doped onto

14



TiO2 and be utilized as an electron storing material to be used during night time as

discussed in section 2.1.2.

15



3 METHODOLOGY
3.1 Chemicals and reagents

Cr(VI) stock solution (1000 ppm) was prepared using Na>Cr.O7 (Sigma Aldrich)
in deionized water. Cr(V1) standards were prepared prior to each experiment to formulate

the calibration carve for accurate Cr(VI) measurement.

WOz particles used in the experiments were obtained from Sigma-Aldeich and
have particle size <100 nm. Two types of TiO2 were used: Commercial TiO2 nanoparticles
P25( Sigma-Aldeich, anatase 80%, rutile 20%, 21 nm particle size) and synthesized TiO>
nanotubes. TiNT were synthesized using microwave-assisted hydrothermal method.*
Briefly, commercial TiO2 powder was mixed in 10 N NaOH solution until homogenous
suspension was observed. The solution was then treated at 1600 W for 1 hour using MARS
microwave (MARSXpressTM vessel, CEM). The solution was then allowed to cool down
and it was then vacuum filtrated. The nanotubes were washed by distilled water during

vacuum filtration to wash out NaOH.
For all the experiments, the pH was adjusted using NaOH (Fisher Scientific) and
HCI (VWR).

3.2 Analytical procedures

The concentration of Cr(V1) in the solution was measured following the standard
method guided by the EPA.*’ Briefly, 10 mL of the sample was taken and allowed to react
with 1 mL of dicarbazide solution in acidic media (0.250 mL of 2 M H3POsacid and 0.125

mL of concentrated H>SO4 acid) in order to form pink-colored complex. Also, each
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standard solution was prepared by following the same way that is made for the samples.
The concentration of Cr(V1) was quantified by UV-Visible Spectrometer (PerkinElmer,
UV/VIS/NIR spectrometer, Lambda 950) at wavelength of 540 nm. The DL of Cr(VI)

using this method range from 0.0044 to 0.015 pg/L.

Time profiles of the photocurrent were collected by a potentiostat (Camry
Instrument) in a standard three-electrode system at constant potential of -0.4V wvs.
saturated calomel electrode (SCE). A Pt wire, a graphite rod and a saturated calomel
electrode (SCE) were used as a working electrode, a counter and a reference electrode,
respectively. Each TiO2 sample (nanoparticle and nanotube) was suspended in 0.95 M
NaOH solution with methyl viologen (MV?*, 0.5 mM) as an electron mediator. N2 gas was
continuously purged for 1 hr of prior to irradiation and during irradiation.

The surface properties of TiNP or TINT composites were characterized by surface
analysis  techniques, including X-ray photoelectron  spectroscopy (XPS),
photoluminescence spectroscopy (PL), X-ray diffraction (XRD), and scanning electron
microscopy (SEM), in order to investigate surface crystallization, surface morphology,
and surface-bound oxygen defect that can determine the behavior of charge carriers

transfer at interface between solid and solution.

3.3 Materials preparation and experimental setup

3.3.1 Batch photocatalytic system

For batch photocatalytic system, commercial TiO2 nanoparticles (TiNP) and

synthesized TiO2 nanotube (TINT) were used for all batch experiments. Initial
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concentrations Cr(VI) in these experiments was 2 mg/L and 2.5 mM formic acid was
added as a hole scavenger. Sunlight irradiation of one sun (AM 1.5 and 100 mW/cm?) was
supplied using solar simulator (150-W Xenon Arc Lamp, ABET Tec.). The dose of TiNP
or TiNT was varied in the range of 0.1 - 1 g/L to evaluate the effect of photocatalyst dose

on the kinetics of Cr(V1) reduction at different pH values (pH3, 7, and 10).
3.3.2 Photoelectrochemical (PEC) system

3.3.2.1 Electrode preparation

For the PEC system, three different TiO2/WO3 composite materials were deposited
on Fluorine doped Tin Oxide (FTO) glass with different weight ratios of TiO2/WOs3
(TWx): TW 25, TW 50, and TW 75, where X represents the weight percentage of TiO>

against WO3. For example, TW 25 indicates 25% TiO and 75% WO3 by wright.

Different weight ratios of TiO> and WO3 were mixed with a pestle using 0.5 g/L
polyethylene glycol (PEG) in ethanol and water mixture of 1:5 volume ratio. The mixture
was then casted onto FTO glass (1cm x 2 cm) using 3 M adhesive tapes (0.048 mm thick)
as spacers to make constant thickness of TiO2/WO3 photoelectrode. Finally, the electrodes

were dried and annealed at 540 °C for 30 minutes to burn out the PEG.'8

3.3.2.2 Photoelectrochemical test

In the PEC system, the fabricated TiO2/WO3 photoelectrode and graphite electrode
were applied as working electrode and counter electrode, respectively (Figure 7), in the

presence of aqueous electrolyte of 0.1 M Na2SOa4. The TiO2/WO3 photoelectrode was first
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charged by light irradiation from the solar simulator for one hour in the presence of 10 %
ethanol by volume and 0.1M Na>SOs4. Then the charged photoelectrode was used for
reduction of Cr(V1) in water under light-limited condition in batch reactor of glass beaker.
Water samples were taken at regular time intervals and analyzed for Cr(V1). In certain
experiments, Cr(V1) was spiked in the water at the beginning of photoelectrode charging
time to evaluate its reduction kinetics in the PEC system under light irradiation vs. its
reduction in the dark during the discharging process. The extent of electron charging and

discharging was monitored over time by the open circuit potential.

S hv

Figure 7. Experimental setup for charging of TiO2/WOs heterojunction photoelectrode
system a) before charging, b) while charging, and c) after charging
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3.3.3 Membrane filtration system

3.3.3.1 Membrane preparation

Ti02/WOs-laden membrane filtration was developed and used for reduction of
Cr(VI) in continuous flow system in the dark after charging the membrane under solar
irradiation. To do so, first solutions of 0.25 g TiO2 and 0.25 g WOz were added to 500 mL
of water contacting 20% ethanol by volume. The solution was mixed together under
sonication so that the final solution contains equal weights of TiO, and WO3s (TW 50).
Then 75 mL of the solution containing the solid was filtered through membrane filter
(Anodisc, 20 nm pore diameter) using vacuum filtration allowing the TiO,and WOs solids
to be deposited on the membrane surface as shown in Figure 8. In the course of charging
the membrane under irradiation of solar light, ethanol drops were intermittently added on
the membrane surface, which served as an electron donor in order to quickly and
sufficiently charge the TiO2/WOs-deposited membrane under light irradiation. During the
charging process, the color of the membrane changed from green to blue indicating that
the TW50-laden membrane was charged. The same procedure was followed for case of

50 TiNT-W (50% TiNT by weight).
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WO,/TiO, particle Vacuum Filtration Charging Charging Charged membrane
suspension .

Figure 8. Photomembrane preparation

3.3.3.2 Experimental setup

For Cr(VI) reduction using the membrane filtration system, two different flow
modes were applied: non-retentate mode and retentate (recycle) mode as shown in Figure
9 and Figure 10). In the case of non-retentate mode setup, the permeate water was collected
over filtration time at fixed flowrate of 0.54 ml/min. For the retentate mode, a solution
containing 200 ml of 0.125 ppm Cr(VI) solution was recycled with a fixed flow rate of
0.54 ml/min thought the membrane. In both cases, the solution was purged by N2 during
the experiment to obtain anoxic environment. Samples were collected at specified
sampling times from water reservoir and analyzed for Cr(V1) concentration. The surface
properties of charged and uncharged membranes were characterized using XPS and SEM

before and after their use for Cr(VI) reduction experiments.
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Figure 9. Experimental Set up for permeate water collection

Pumping contaminated water

Charged membrane
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Contaminated water

Recycling contaminated water

Figure 10. Experimental set up for recycling Cr(VI) using TW photomembrane
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4 RESULTS AND DISCUSSION

4.1 Photocatalytic reduction of Cr(V1) using TiNP and TiNT composites

4.1.1 Surface characteristics of titanium dioxide particles

Figure 11 shows XRD patterns of nanostructured titanium dioxide samples,
commercial TiO2 nanoparticles (TiNP) and synthesized TiO> nanotubes (TiNT). All
diffraction peaks were assigned to anatase (A) and rutile (R) phases by comparing the
peaks with data from the literature.*® The peak positions of anatase and rutile phases on
TINT and TiNP patterns showed that high temperature and high pressure did not affect
significantly the formation of the TiO precursor. Whereas the aspect ratio of the anatase
and rutile for TiNP were 80% and 20%, respectively, and for TINT were 41% and 35%,
respectively, indicating the formation of a titanate structure (24%). It can be observed from
the XRD patterns that nanotubes are less crystalline than nanoparticles.*® The XRD peak
of TINT had a relatively broader with lower intensities than that of TiNP, indicating that
the TINT fabricated by hydrothermal method under strong base solution formed
amorphous solids while TiO. nanoparticles that was treated by annealing with high

temperature (> 400 °C) showed crystalline structure.*®
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Figure 11. XRD patters for commercial TiO2 nanoparticles (TiNP) and synthesized TiO>
nanotubes (TINT): anatase and rutile TiO are labelled with A and B, respectively.

The morphological structures and particle sizes of TiNP and TiNT were further
analyzed by TEM and SEM images (Figure 12). As shown by TEM images in Figure 12,
TiNP and TiNT show granular solid with ~20 nm and wire-like structures with less than
~10 nm of diameter, respectively, confirming that TiO2 nanoparticles treated
hydrothermally were transformed into the nanotubes. The SEM images show the

snowflake-like assembly of nanoparticles and fiber-like cluster of nanotubes.
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Figure 12. TEM images of (a) TiNP and (b) synthesized TINT and SEM images of (c)
TiNP and (d) TiNT.
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The elemental composition of the surface of TiNP and TiNT solids were
characterized by XPS, in which the atomic ratios of Ti and O were determined on the basis
of the peak area from Ti 2p and O 1s XPS spectra in the survey spectra. The ratios of O/Ti
were obtained with 2.4 for TINT (O 1s/Ti 2p = 53.9: 22.4) and 0.4 for TiNP (O 1s/Ti 2p
= 18.7: 50.8), respectively, indicating that TINT sample has abundant oxygen whereas
TiNP has oxygen defects. The O 1s spectra of TiNT and TiNP were deconvoluted to
investigate oxygen species on the surface of each TiO: solid and the results are presented
in Figure 13. Sub-bands of O 1s spectra at 529.4 eV, 529.8 eV and 530.3 eV were
designated as Oy, Oy and Oy states, corresponding to lattice oxygens (Ti-O), chemisorbed
oxygens (Ti-OH) and physically adsorbed oxygen (Ti-H20), respectively.}* In the O 1s
spectra of each TiO. sample, the fractions of the lattice oxygen (O)) and the sorbed
oxygens (On and Oyi) were estimated to be 27.5% and 72.5% for TiNP, respectively, and
22.1% and 77.9% for TINT, respectively. Compared to TiNP, TiNT has broader peak area
of the Ti-OH and less in the Ti-O, indicating more structural oxygen defect in tubular

TiOo.
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Figure 13. High resolution of O 1s XPS spectra for (a) TiNP and (b) TINT
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Figure 14 shows the Ti 2p XPS spectra where Ti 2ps;z and Ti 2p12 peaks were
located at 458.6 eV and 464.4 eV for TiNP, and at 458.3 eV and 464 eV for TiNT,
respectively. In the Ti 2p spectra, Ti 2ps2 and Ti 2pu2 peaks represent Ti** ions and the
region between the two peaks contribute Ti®* ions that is mostly affected by the extent of

structural oxygen defects.'? °%°1 Peak shift from TiNP to TiNT at lower binding energy

value is attributed to the reduction of Ti** to Ti®* ions on the surface of TiOs.
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Figure 14. High resolution of Ti 2p XPS spectra for TiNP and TiNT samples

Photoluminescence (PL) spectra play a crucial role to determine the effectiveness
of heterogeneous photocatalysis by investigating recombination states of photogenerated

charge carriers and structural oxygen states.>> In Figure 15, TiNP samples exhibit a
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smaller wavelength emission bands (430-690 nm) than the bands (430-748 nm) of TINT
samples, designating that TiINP samples has less defect emission upon UV light emission.
In other words, narrow width of the emission band can limit fast recombination of
photogenerated charge carriers, which can result in more effective photocatalytic reaction

on the surface of TiNP.%2

Intensity (a.u.)

T T T T T T T T . T T ; .
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 15. Photoluminescence spectra of TiNP and TiNP solid samples

Figure 16 shows the sub-bands of PL spectra of TiNP and TiNT samples that were
fitted by Gaussian model. The peak position of 430 nm is attributed to be self-trapped
excitons and blue-green emission bands (470 nm-550 nm) are often related to singly
oxygen vacancies (Vo) and neutral oxygen vacancies (Vo*) below the conduction band
edge. Red emission bands (630-690 nm) and yellow-red emission bands (590-748 nm) are

attributed to surface states, which traps Ti atoms adjacent to interstitial oxygen (Oi)
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localized at the surface area of TiO> structures. Compared to the level of oxygen states,
TiNP and TiNT have 60.7% and 41.3% in oxygen vacancies, respectively and 38.3% and
55.9% in interstitial oxygen, respectively. Accordingly, TiNP samples have higher level
of oxygen vacancies while TINT samples reach to more prominent interstitial oxygen

state. This is in agreement with XPS results shown in Figure 13.
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Figure 16. Room temperature photoluminescence (PL) spectra of two types of TiO2 in the
range of UV: a) TiNP and b) TiNT. PL sub-bands fitted by Gaussian model have relative
fractions to the range of UV emissions
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Figure 18 shows photocurrent of TiNP and TiNT samples that was collected in a
solid suspension under illumination of solar light (AM 1.5, 100 mW/cm?). Through
reaction (4.1-4.3), methyl viologen (MV?*) played a role of electron shuttle by transferring
photoelectron produced from conduction band of TiO to Pt collector while the MV itself
undergoes chemical reduction across the Pt/MV* interface (reaction 4.2 and 4.3).>* The

electron transfer are schematically represented in Figure 17.

TiO, +hv — h+e (4.1)
MV +e - MV* (4.2)
MV* — MV* +e” py) (4.3)

As aresult, TINP exhibited much higher photocurrent than TiNT by a factor of 11,
attributed to the improved single-electron transfer efficiency.*® As soon as the light is
turned off, the rate of the photocurrent decay of TINT was very rapid as compared to TiNP
which shows relatively gradual decrease of the current until 8500 seconds, indicating

slower recombination of charge carriers on the surface of TiNP.>®
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Figure 17. Schematic illustration of MV2+-mediated photocurrent measurement for
irradiated TiNP and TiNT solids. D refers electron donor
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Figure 18. Photocurrent-time profiles of TiNP and TiNT at -0.4V vs. SCE under 1 sun of
1.5G solar illumination
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The surface analyses of TINP and TiNP using XPS, XRD, TEM and SEM
indicated that the TiNP has abundant oxygen vacancies that is close to conduction band
(CB) energy level, whereas TINT have more oxygen interstitials close to valence band

(VB) energy level as described by Figure 19.

E(ev)  NHE(V)

1
]

Figure 19. Schematic illustration of the photogenerated charge transfer events in the
nanoparticles (TiNP) and nanotubes (TiNP) under light irradiation.

4.1.2 Kinetics of Cr(VI) reduction using TiNP and TiNT

To investigate the photocatalytic activities of TiINP and TiNT, Cr(VI) was chosen
as a model target compound. A set of kinetic experiments for photoreduction of Cr(VI)
were conducted at different pH values because it was reported in the literature that Cr(\V1)
reduction depends on the solution pH.*? Figure 20 shows that Cr(V1) reduction with TiNP
was faster than with TiNT, likely caused by more active single-electron transfer of TINP
for reducing Cr®* to Cr3*. Even though there are several steps required to reduce Cr(V1) to

Cr(l11) through single-electron transfer of irradiated TiO2 suspension, Cr®* can be rapidly
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reduced to Cr** due to highly unstable intermediate Cr species of Cr°* and Cr**. However,
the rate and extent of Cr(V1) decay decreased with increasing of pH value regardless of
the solid type and this observation was more substantial with TINP than TiNT. At acidic
pH, HCrO4 is the dominant Cr(VI1) and due to its negative charge, they are attracted to the
positively charged surface of TiO: at range of pH<pHzpc (~6.0-6.5). Thus, high molecular
density of HCrO4 on the surface of TiO> at low pH enhances the electrochemical reaction
between the photogenerated electrons on CB of TiO2 and HCrO4 that is sorbed on the
surface of TiOz. In contrast, the reduction rate of Cr(\V1) decreased with increase of pH
and was almost negligible for TiNT at both pH 7 and 10. These low reduction of Cr(VI)
at > pH 7 might be attributed to formation of Cr(OH)s that can precipitate on the TiO-
surface and deactivate the surface of the solids once photoreduction of Cr(VI) takes
place.®® In addition, less adsorption of Cr(V1) onto the surface of TiO; by electrostatic
repulsion between negatively charged Cr(VI) and negatively charged TiO. at pH>pHzpc

(~6.0) cannot be neglect for such slow reduction of Cr(VI).

The photocatalytic reduction of Cr(VI1) was fitted to the Langmuir-Hinshelwood
(LH) Kkinetics model (Eqg.4.1) and as shown, the rate constants obtained by fitting the

experimental results with LH model are presented in Table 4:

__diCrvi]_,  k,C
— T 4 T MR
dt 1+k,C

(Eq.4.1)
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where kinr, Kad, C, and t stand for LH rate constant, adsorption equilibrium

constant, concentration of Cr(VI), and irradiation time, respectively.
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Figure 20. Kinetics of Cr(VI) reduction with TiNP and TiNT. Experimental conditions: 1
g/L solid and 2 ppm Cr(VI)

Table 4. Langmuir-Hinshelwood (LH) constants of Cr(V1) reduction using TiNP and
TiNT

TiNP TiNT
pH 3 pH7 pH10 pH3 pH 7 pH 10

KLHR 186.1362 4.7084 0.0105 6.9051 - 0.13%4
(umol-Ltmin™)

Kad (umol-L?) 0.0064 0.0037 0.33 0.0005 - 0.0009
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4.2 Photoelectrocataytic (PEC) system using TiO2/WOs3 heterojunction electrode

4.2.1 Open circuit potential (OCP)

The open circuit potential gives information about the potential of the working
electrode relative to the reference electrode when no external potential is applied to the
cell. Several parameters can affect the potential of TW-based PEC system, including the
type of electrolyte, presence of electron donor, the coating area, the weight ratio of TiO>

and WOs, particle size and shape of the applied solids, and the charging time.18

Figure 21 shows the results of OCP for the TWx that was synthesized with
different weight ratios of TiO2 and WOs3, in which x refers to the x weight % of TiO:
balanced with WOs. For the case of composite material of TINT and WQO3, 25% TiO2 was
balanced with 75 % WOz by weight (i.e., TNW 25). As shown in Figure 21, the magnitude
of the charged potential during charging time decreased to more negative value as TiO>
content increased. This indicates that influential factor for determining the magnitude of
the electron charging in the TiO2-WOz composite is directly related to large portion of
TiO2 against WOs (i.e., TW 75). Even though the TW 75 has more negative potential, the
rate of releasing the electrons during discharging time was observed to be fast in the same
TW 75. This might be caused by less amount of electrons captured by relatively less
portion of WO3 in the TiO.-WOs composite through neutralization with proton, which
quickly diminished once it was contacted with solution containing electron scavengers
(e.g., O2). Accordingly, TW 25 showed relatively long lag time in releasing the electrons
to the solution, while TNW 25 showed faster release of electrons than TW 25. TNW 25

also has lower magnitude of OCP than TW 25. This is due to less crystallinity of TiO>
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especially anatase-type TiO; after treating them hydrothermally at high concentration of
NaOH to make nanotube structure, eventually resulting in poor photocatalytic activity of
TiINT. This hypothesis can be proven by XRD data in Figure 11, showing more broaden

and lower intensity of the XRD peak for TINT than TiNP.

Such a OCP display pattern during and after charging TW with respect to loading
ratio of TiO, and WOs are in a good agreement with results reported by Park et al.'® For
example, the charging period for TW material was slow and at least one hour was required

to drop the potential from -0.37 V to — 0.46 V for TW 75.
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Figure 21. Effects of TW weight ratios on the changes of (OSP) and discharging times.
Electrolyte 0.1 M Na>SO4
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4.2.1 Surface analysis of photoelectrodes

4.2.1.1 SEM and elemental mapping

SEM images and elemental mapping of the TW electrode materials (i.e., TW 25,
TW 50, TW 75, and TNW 25) were analyzed to investigate the status of particle
distribution of each solid (TiO2 or WOs), elemental composition and quantity after
deposition and annealing. Regardless of type of materials, two distinct separation of
particle assembly were seen in the SEM images where large size and rock-like particles
are deposited on the background-like layer composed of very fine and thick particles
assembly (Figure 22). According to the elemental mapping data, TiO> particles is a major
component in the bottom layer supporting WOs particles above this layer. These particles
position can lead to more effective transfer of the photogenerated charge carriers from
TiO2 to WOs3 (Figure 23).

Based on the particle sizes of TiO2 (~10 nm) and WO3 (~1 pm), the small TiO>
particles act as a support layer by making a film that uphold larger WOs3 particles which
tend to aggregate and form a rock-like particles. However, larger-sized aggregates of
TNW were formed as compared to TW particles, due to longer tubular shape of TiO2 with

high surface area that allow many accessible sites which facilitate aggregation.
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Figure 22: SEM images and elemental mapping of mixed TW electrodes a) TW 25, b)
TW 50, ¢) TW75, and d) TINTW 25
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Figure 23. Schematic diagram for the transfer of charge carriers between TiO2 and WO3

4212 EDS

Figure 24 represents the EDS data for TW and TNW electrodes (TW 25, TW 50,
TW 75, and TNW 25). According to the elemental composition data shown in Figure 24
and by excluding % portion of oxygen from the total percentage of elements, ratios of Ti
to W in TW 25, TW 50, TW 75, and TNW 25 are calculated to be 24 %, 44.4 %, 62 %,
and 24 %, respectively. TW 75 material shows 17 % deviation from theoretical ratio of 75
% for Ti/W. This could be caused by covering the bottom layer TiO> particles under the
largely aggregated WO3 particles formed above the TiO, layer, presumably leading to
somewhat more identification of WO3 than TiO>. However, it can be concluded that
mixtures of TiO, and WO3 to obtain the desired ratio for each TW material was

successfully prepared.
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Figure 24. EDS mixed TW electrodes a) TW 25, b) TW 50, ¢) TW75, and d) TNW 25

4.2.1.3 V light absorbance of TW photoelectrodes

Figure 25 presents the UV-Vis spectra of TW photoelectrodes with different solid
weight ratios as well as TNW 25. The obtained reflectance spectra were converted to
absorption values using the Kubelka-Munk equation.>” Regardless of weight ratios of
TiO2/WOs3 and type of TiOz, the four materials showed similar trend for absorption
spectra. Furthermore, two apex points of the absorption spectra took place approximately

at ~310 and ~375 nm, which resulted from the mixture of two photocatalysts with different
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band-edge position. At the wavelength range of 370-400 nm, the absorption spectra of TW
materials are distinctly separated, in which the extent of absorption spectra increases as
the content of WOs increases. This is due to higher photoactivity of WO3 by lower band
gap energy of 2.8 eV than TiO2 (3.8 eV). Moreover, the absorption spectra of TNW 25 is
greater that TW 25. This results contradicts data reported in the literature which showed
that TiO2 nanotube has larger band gab energy (3.6 eV) than TiO2 nanoparticles (2.8 eV).%8
This contradiction might be due to the uneven particles distribution on the FTO glass. The
extrapolation of the slope for the four photoelectrode materials give wavelength around
320 nm, which corresponds to a band gap energy of 3.8 eV. The resulted band gap is larger

than the band gap of the individual homogenous materials TiO2 (3.2 eV) and WOs3 (2.8).

Kubelka-Munk Unit

300 320 340 360 380 400
Wavelength (nm)

Figure 25. UV-Vis spectra of TW material with different solid weight ratios and of
TNW 25
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4.2.2 Cr(VI) reduction with TiO2/WOs3 photoelectrodes

Prior to investigating photocatalytic reduction of Cr(VI) by TW photoelectrode,
the photoelectrode was charged for 1 hour under solar light irradiation. Then the charged
electrode was used in a batch reactor system for Cr(VI) reduction in the dark. Figure 26
shows that complete removal of Cr(V1) was observed with TW 25 and TW 50 in 3 hours.
The rate of Cr(VI) reduction increased with increasing the WOz weight ratio due to
increasing electron storing capacity as the ratio of WO3 in the photoelectrode material
increased. However, TNW 25 achieved faster Cr(V1) reduction rate than TW25 at initial
discharging time even though both have the same weight ratio of TiO2/WQ3. Based on
OCP data in Figure 21, TNW 25 has a lower OCP value than TW 25 during the charging
time and also the rate of electron release during discharging time was faster for TNW 25
than TW 25. Thus, this may induce TNW 25 to have faster Cr(V1) reduction at initial time

but slow reduction over longer discharging time.

As TW 25 electrode presents the best performance for Cr(VI) reduction, it was
used in subsequent experiments for further characterization of Cr(V1) reduction in the PEC
system. Figure 27 shows the effect of initial Cr(\VI) concentration on its reduction rate and
indicates that TW 25 was able to completely reduce Cr(VI) in 4.5 hours for all initial
concentrations that were investigated, but with increasing the reduction rate as initial

Cr(VI) concentration decreased.
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Figure 26. Cr(VI) removal in photoelectrode system using Cocrviy=0.25 ppm
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Figure 27. Cr(VI) removal in photoelectrode system using TW 25
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Previous experiments investigated Cr(VI) reduction with TW electrodes in the
dark during night time. However, it is important to evaluate its reduction in the same
system during daytime and the extent of charging TW25 electrode during Cr(V1) reduction
process under solar irradiation. Figure 8 shows the kinetics of Cr(\VI) reduction TW
electrode under solar irradiation during the TW charging period of 1 hour and the extent
of its continuous reduction after the light is turned off. During the charging time, TW 25
can remove 55 % of 0.25 ppm initial Cr(VI) concentration and the removal continued
during the discharging time after the light was turned off until complete removal was
obtained in 4 hrs of the entire contact time. This implies that TW 25 electrode was still
being charged during Cr(V1) reduction under solar irradiation and the charged TW 25
continued to remove Cr(VI) in the absence of light. Similar Cr(VI) removal pattern was
observed in the case where Cr(VI) was spiked only after charging time. This indicates that
the TW photoelectrode has the ability to reduce Cr(VI1) during both daytime and night

time.
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Figure 28. Cr(V1) reduction using TW 25 during charging and discharging, initial Cr(\V1)
concentration = 0.25 ppm

4.3  Cr(VI) reduction using photocatalytic membrane system

TW-deposited membrane system was developed and evaluated for Cr(VI)
reduction. TW 50 and TNW 50 were deposited on the membrane filter discs and then
charged by solar light irradiation and the charged membranes were used for Cr(VI)

reduction in continuous flow system in the absence of light.
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4.3.1 SEMJ/EDS analysis and elemental mapping of TW membranes

The surface of the charged TW50-laden membranes were characterized using

SEM/EDS and elemental mapping analysis technique to investigate the surface

morphology and % of elemental composition on the membrane surface. As shown in

Figure 29, co-existence of large particles assembly and very fine particles assembly were

observed on the TW-laden membrane surface. Based on elemental mapping, the large

particles assembly are mostly composed of WO3 whereas TiO> particles contributed to a

regular distribution of small particles without any considerable formation of clusters. Also,

the EDS analysis shows elemental ratio of 59 % Ti : 45 % W. If we consider portion of

the % Oxygen element in each particle, TW would be composed of near 50:50 of elemental

ratio, eventually proving successful deposition of TW materials (50:50 %) onto the

filtration membrane disc.

(c) EDS

Ti: 59%
w W:45 %
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I
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Figure 29. SEM/EDS analysis and elemental mapping of charged TiO2/WOs membrane
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4.3.2 Cr(VI) reduction using TW-laden membrane system

Two filtration modes were applied for Cr(\V1) reduction: 1) Dead-end filtration
mode, and 2) Retentate filtration mode. Figure 9 represents a dead-end filtration mode
with 0.54 mL/min of flowrate where permeate water samples was collected over filtration
time and the concentrations of Cr(VI) in permeate water were measured in the collect
samples. For the control test of Cr(VI) reduction, an uncharged TW 50 membrane was
applied to investigate the extent of Cr(VI) removal by adsorption onto the membrane
material. Figure 30 shows that Cr(VI) concentration in the permeate water from the
uncharged membrane filter was quickly resumed back to its initial concentration as
compared to the cases with charged membranes and remained at the maximum level of
C/C0=1, indicating that the membrane is not active in reducing Cr(\VI1) or adsorbing
Cr(VD). In the case of charged TW 50 membrane, the system shows a better Cr(VI)
reduction when the system was purged with nitrogen rather than the case when the system
was not purged with nitrogen. For example, in the N2-purged TW 50 membrane system
Cr(VI) concentration in the permeate water was ~70 % of the initial concentration in 4
hours as compered to 92% in the non-N2 purged system. Herein, the remaining 30%
reduction of initial Cr(\VI) concentration indicates that the TW 50-deposited filtration
membrane has a capacity to reduce Cr(VI) and the reduction coulsd be enhanced if more
contact time is allowed. This is evident by observing the color change of the charged TW
50-deposited filtration membrane before and after filtration of Cr(VI) solution, showing
co-presence of light blue color (during charging) and green color (before charging) as

shown in Figure 32.
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In order to allow more contact time of Cr(VI) with the TW50 deposited on the
membrane surface, a filtration experiment was carried out with a retentate filtration mode.
In this experiment, the filtered water was continuously recycled. And Cr(VI) concentration
in the permeate was measured over time. Unlike the dead-end filtration mode, the retentate
filtration mode shows continuous removal of Cr(VI) over filtration time by gradualy
converting Cr(VI) to Cr(l11) through continuous contact of Cr(VI) with TW 50 or TNW
50. TW 50 material was extremely more effective in Cr(VI) removal than TNW 50 as
shown in Figure 31. This is also evident color of the the TW 50 and TNW 50 deposited
on the membrane surface, showing more thick blue color in the TW 50 than in the TNW
50. This could be caused by the charge transfer from the WOz in TNW 50 to Cr(VI)
occurring very quickly and consumed all the capacity in 1 hour of filtration time. Similar
result and pattern of TNW material regarding Cr(VI) removal was observed in the
photoelectrode system, exhibiting quick consumption of the charged electrons at initial

contact time (Figure 26)
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Figure 30. Cr(V1) concentration in permeate water. Flow=0.54 ml/min and COcrvi) =0.25
ppm
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Figure 31. Cr(V1) reduction using N2 purged system. Flow=0.54 ml/min
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4.3.3 XPS analysis

In order to better understand whether the Cr(VI) removal mechanism in the
photocatalytic membrane system is due adsorption chemical reduction, the membrane
surface was characterized using XPS analysis. Figure 34 did not show a high signal-to-
noise Cr2p XPS spectra, indicating that there is no significant amount of chromium
adsorbed on the membrane surface and that Cr(VI) was immediately reduced to Cr(l11) by
electron transfer from the charged TW and the unreduced Cr(V1) passed through the filter
with the permeate water (Figure 33). Accordingly, the W 3d XPS spectra were collected
for samples of the charged and uncharged TW 50 material before and after treating Cr(VI)
solution. In both cases, the uncharged TW 50 materials did not show no substantial change
of W 4ds» peaks, indicating no oxidation change in the W element. However, the oxidation
status of tungsten in the W 4ds,> spectra was observed in the charged TW 50 materials,
where the central peak of the W(III) assigned to 247.8 eV was shifted to lower range of
the binding energy. This means that the WOs in TW 50 were photochemically reduced
with a chemical structure of Hy\W®XQ3, along with cghaning the color of the material to
blue (see embedded image in Figure 35) . After treating Cr(V1) solution, the charged TW
50 material started chemical oxidation of W element, but it is not fully oxidized resulting
in the co-existence of both structural W®> and W®* from HW®X03. The co-existence
of the two oxidation states of the tungsten resulted in more broaden central point of the

W4ds), peak.
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Figure 33. Cr(VI) reduction to Cr(Il1) in the membrane due to electron transfer
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Figure 34. XPS analysis of Cr(VI) on the charged and uncharged membrane
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Figure 35. XPS analysis of W on TW membrane with 50% TiOz by weight
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5 CONCLUSIONS

In this research, TiO>-WQO3z composite materials were developed to store solar
energy that was used to reduce Cr(V1) in water under light-limited condition. Meanwhile,
different shapes of TiO2 particles (granular type of TiO2 nanoparticle (TiNP), tubular type
of TiO2 nanoparticle (TiNT)) were employed to investigate effect of surface morphology
on catalytic activities and their capacities for conversion of Cr(VI) to Cr(ll1). A series of
experiments for Cr(VI) removal was performed with three different systems: Batch

catalytic system, Photoelectrochemical (PEC) system, and filtration membrane system.

The batch system using TiO2 nanoparticles (TiNP) showed rapid and complete
Cr(VI) removal at low pH and at neutral pH in 2.5 hours of solar light irradiation time
(PM 1.5, 100 mWcm2). However, the batch system using TiNT were not as effective as
the system using TiNP at low pH. The effect of surface morphology on photocatalytic
activity was investigated by using surface analysis techniques, including PL, XPS, XRD,

TEM, and SEM/EDS. The surface analysis can be summarized as the following:

e XRD data showed that TiNP are more crystalline that TiNT.

e XPS showed that TiNP have less structural oxygen defects.

e PL spectra and photocurrent time profile showed that TiNP have slower
recombination of the photogenerated electrons than TiNT.

e PL sub-bands showed that TiINP have more oxygen vacancies closer to CB

while TiNT have more interstitial oxygen close to VB.
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The results of the batch system proved that TiNP has a greater photocatalytic
activity than TiINT. The results of the batch system were used to design and describe the
systems where TiNP and TiNT are combined with WOg3, for continuous removal of Cr(\V1)

in light limited conditions.

In the PEC system, TW 25, TW 50, TW 75, and TNW 25 electrodes have been
synthesized and used to evaluate their catalytic ability on Cr(V1) reduction. Among these
electrodes, TW 25 had the longest discharging time according to the OCP data and also
showed the best performance in completely reducing Cr(VI) into Cr(lll) in ~ 3 and 4.5
hours for initial Cr(VI) concentrations of 0.25 ppm and 1 ppm, respectively, under dark
condition (discharging time). In addition, the TW 25 has the ability to remove Cr(VI)
during charging time, ensuring a continuous treatment of Cr(V1) for the period of both
diurnal and nocturnal time. However, TNW 25 (25% weight ratio of TINT to WO3) can
remove 70 % of initial Cr(VI) concentration in 4 hours of reaction time at identical
condition that was given to experiment using TW 25. Using TiO2 nanoparticle-based TW
25 rather than TiO2 nanotube-based TNW 25 would be an advantage of the PEC system

as it ensures a continuous treatment of Cr(\V1) during daytime and night time.

The photocatalytic membrane filtration system using TiO2-WOs composite
materials showed the feasibility of reducing Cr(VI) to Cr(lll) when Cr(VI) solution
contacts the materials deposited on the membrane surface by the electrons stored during
the charging time. The Cr(V1) conversion was shown to be more effective with the TW
materials rather than TNW material. This is consistently in agreement with the results of

the PEC system. The XPS analysis of the membrane proved that Cr(\VI) removal in the
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membrane system was due to electron transfer between the Cr(V1) and TW material and
that there is no significant amount of chromium absorbed onto the membrane surface.
Also, the W 3d XPS spectra of the TW 50-deposited membrane after charging showed
that the central peak of the W(IIl) assigned to 247.8 eV was shifted to lower range of the
binding energy, meaning that the WO3 in TW 50 are photochemically reduced with a
chemical structure of HYW®®03. After reducing Cr(V1), the center point of the W 3d peak
in the TW 50 material became wider, indicating the existence of different oxidation states

of W.
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