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Arsenic contamination has been found in the groundwater
of several countries. Photocatalysis can rapidly oxidize
arsenite (As(l11)) to less labile and less toxic arsenate (As(V)),
whichthen can be removed by adsorption onto photocatalyst
surfaces. This study investigates the photocatalytic
oxidation of As(lll) to As(V) as a function of As(lIl)
concentration, pH, catalyst loading, light intensity, dissolved
oxygen concentration, type of Ti0, surfaces, and ferric
ions to understand the kinetics and the mechanism of As(I)
oxidation in the UV/TiO; system. Photocatalytic oxidation
of As(IIl) to As(V) takes place in minutes and follows zero-
order kinetics. Benzoic acid (BA) was used as a hydroxyl
radical (¢OH) scavenger to provide evidence for the

«0H as the main oxidant for oxidation of As(lll). The «OH
radical was independently generated by nitrate photolysis,
and kinetics of As(Ill) oxidation by the «OH radical was
determined. Formation of salicylic acid (SA) from the oxidation
of BA by «OH also demonstrates the involvement of «OH
in the mechanism of As(lll) oxidation. The effect of Fe(lll) on
As(l11) oxidation at different pH values with and without
TiO, under UV light was examined. The results suggest that
«0H is the dominant oxidant for As(lll) oxidation. Two
commercially available TiO; suspensions, Degussa P25 and
Hombikat UV100, were tested for the removal of arsenic
through oxidation of As(lll) to As(V) followed by adsorption
of As(V) onto Ti0; surfaces. Results showed that complete
removal of arsenic below the World Health Organization
drinking water limit of 10 xg/L could be achieved.

Introduction

Arsenic is a common, naturally occurring drinking water
contaminant that originates from arsenic-containing rocks
and soils; it is also widely used as a pesticide and a wood
preservative. It is transported to natural water through
erosion, dissolution, redox reactions, and desorption (I). In
recent years, elevated concentrations of arsenic have been
found in the groundwater of Bangladesh, northeastern India,
Vietnam, and the western U.S. (2). This has caused serious
concerns due to the threat of arsenic to human health; arsenic
is known to cause skin lesions and cancers of the brain, liver,
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kidney, and stomach (3). In 1993, the World Health Orga-
nization (WHO) established a new standard for arsenic in
drinking water of 10 ug/L (10 ppb). Recently, the U.S.
Environment Protection Agency (USEPA) and the European
Union adopted a new standard for arsenic in drinking water
at 10 ug/L , replacing the old standard of 50 ug/L (4). An
effective arsenic removal technology is thus highly desirable
to provide safe drinking water to the affected people.

Arsenic occurs in its inorganic form as oxyanions of
trivalent arsenite, As(IlI), or pentavalent arsenate, As(V), in
the aquatic environment (5). The distribution between As(III)
and As(V) in water depends on the redox potential and pH
(6, 7). Under typical anoxic groundwater conditions at near
neutral pH of 7, As(IIl) is the predominant form of arsenic,
which is more toxic and mobile than As(V) (8), while in oxic
groundwater, As(V) dominates (8). Arsenite has low affinity
to mineral surfaces, while arsenate adsorbs easily to solid
surfaces. The most common method of arsenic removal from
water is coagulation with iron salts and alum, followed by
microfiltration (9—11). The oxidation of As(III) to As(V) is
needed to achieve an effective removal of arsenic from water
through adsorption of As(V) onto metal oxyhydroxides (12—
14).

Gaseous chlorine (Cly), sodium hypochlorite (NaOCI),
ozone (O3), chlorine dioxide (ClO,), potassium permanganate
(KMnOy), hydrogen peroxide (H.0-), and the Fenton’s reagent
(Fe(II)/H,0,) are common oxidants in treating water (8, 15,
16). However, all of these methods have their limitations.
Among them, Cl, may react with organic matter, producing
carcinogenic trihalomethanes as a byproduct. In the case of
KMnO,, care must be taken with regard to residual man-
ganese, which should not exceed the drinking water standard.
Although ozone is effective, it is not often feasible, because
on-site production is difficult. Ozone can also produce
carcinogenic bromate as a byproduct if bromine is present
in water. H,O, may be a successful oxidant if the raw water
contains some ferrous iron ions due to the Fenton’s reaction
that concomitant forms OH radicals. Atmospheric oxygen is
readily available as an oxidant for As(IIl), but the oxidation
rate is on the order of weeks (17). Iron can catalyze the
oxidation of As(IIl) in the presence of O, and H,0, (18). The
reactive species (O,*~, «OH, or other oxidizing species) are
formed as intermediates to oxidize As(III). Ultraviolet (UV)
irradiation to induce As(III) oxidation requires high-pressure
mercury lamps, with an emission spectrum between 190 and
254 nm (19). A UV/iron system can be effective in oxidizing
As(IIl) (20—22). Manganese dioxide has also been tested as
an As(III) oxidant (23, 24), and it was found that the oxidation
was rapid, completed within minutes at pH 4, and that
dissolved oxygen was found to have no effect on the rate of
As(IIT) oxidation (23).

The development of more efficient As(III) oxidation
processes to meet the new stringent arsenic drinking water
standards is required to overcome the disadvantages of
presently known As(III) oxidation methods. In this paper,
the oxidation of As(III) by UV/TiO, followed by the adsorption
of As(V) on TiO; has been studied as an effective method for
the complete removal of arsenic from water. Photocatalytic
oxidation of As(IIl) to As(V) was first studied in UV—TiO, by
Yang et al. (25). This study and later research (26) showed
that the heterogeneous photocatalytic oxidation of As(III) is
feasible in the presence of TiO; and O,. More recently, Choi
and co-workers (27, 28) have performed detailed studies on
the photocatalytic oxidation of As(III) in UV-irradiated TiO,
suspensions. Their work proposed superoxide (O,*") as the
major oxidant responsible for As(III) oxidation.
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Recently, we have carried out a study on the adsorption
of As(III) and As(V) onto TiO, suspensions, which suggested
that the photocatalytic oxidation of As(IIl) to As(V) in
suspensions with low TiO; loadings followed by subsequent
adsorption of As(V) on TiO; surface in slightly acidic media
would completely remove arsenic from the water (29). The
present paper investigates the As(IIl) oxidation in UV-
illuminated TiO, suspensions as a function of initial As(III)
concentration, pH, light intensity, catalystloading, dissolved
oxygen concentration, type of TiO, surface, and Fe(IIl) ions.
The present investigation aimed to (a) understand the kinetics
of the photocatalytic oxidation of As(III) to As(V), (b) provide
evidence of the hydroxyl radical (¢OH) in the mechanism of
As(II) oxidation, and (c) seek the removal of arsenic to
acceptable regulatory levels in water.

Experimental Section

Two different brands of the TiO, catalyst, Degussa P25
(Degussa, Germany) and Hombikat UV100 (Sachtleben
Chemie GmbH, Germany), were used without further
modification. The physiochemical data of the two catalysts
are given elsewhere (29). Reagent grade NaAsO, and Na,-
HAsO4-7H,0 were obtained from Fluka and Aldrich, respec-
tively. A total arsenic ICP standard solution and NaNOs
(>99.99%) were obtained from Aldrich, methanol (99.9%)
was from Fisher Scientific, and benzoic acid (>99%), Fe-
(NOs)3°9H,0 (>99.99%), HCI (37 wt %), and NaOH (>98%)
were obtained from Baker Chemical Co. All chemicals were
used as received, and ELGA 18.2 MQ ultrapure water was
used to perform experiments.

A semibatch swirl-flow monolithic-type reactor was used
to carry out the photocatalytic experiments. The reactor
details are provided elsewhere (30). Briefly, the reactor
consisted of two circular glass plates (each of diameter 0.09
m) separated by 0.01 m, which were placed between soft
paddling housed within stainless steel and aluminum cast-
ings. The reaction solution, which was circulated by a
peristaltic pump, was introduced tangentially between two
glass plates and exited from the center of the top plate. The
tangential introduction of liquid created a swirl flow, thereby
ensuring that the liquid solution was well mixed. A lamp
(Philips HPR 125 W high-pressure mercury vapor) was placed
about 0.1 m underneath the bottom glass plate on a holder
that could be moved to create a different angle of incidence
of light. The lamp had a spectral energy distribution with a
maximum intensity at 4 = 365 nm of 2.1 W, yielding an
incident light intensity of 213 W/m?. A radiometer (model
Series 9811, Cole-Parmer Instruments Co.) was used to
measure light intensity. Several metal screens of different
mesh sizes were placed between the lamp and the bottom
glass plate to obtain variation in light intensity. The lamp
was constantly cooled by compressed air. The volume of the
solution in the reservoir was always kept at 250 mL, and a
magnetic stirrer was used for mixing. The loading of TiO,
was either 0.01 or 0.1 g/Lunless otherwise noted. In an earlier
study (31), we observed that the overall rate is mostly
controlled by the kinetics under such mixing in a slurry system
with a low loading of TiO,. The change in pH during the
reaction was always kept within £0.1 by adding either 0.01
M HCl or 0.01 M NaOH. The change in the volume was less
than 1% and thus did not alter concentrations significantly.
A peristaltic pump (model: Watson Marlow 505S) was used
to circulate the solution between the reactor and the
magnetically stirred, water-jacketed reservoir connected by
Teflon tubing. Control experiments were performed to see
the influence of tubing on the oxidation reaction. Tubing did
not cause a significant change in arsenic concentrations.

Before turning on the light, a sufficient time of 2 h was
allowed for As(IIl) to reach adsorption equilibrium. In our
earlier work (29), we have found that adsorption equilibrium
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was reached within 2 h under various pH conditions. The
entire system was kept open to the atmosphere in most
experiments. In some experiments, oxygen and nitrogen gas
were purged and the gas flow rate was measured by a flow
meter (Tokyo Keiso, Japan model: P-200-UO). Samples were
collected at different time intervals, which were then filtered
by a syringe driven filter (Millex-HA, 0.1 and 0.45 um) before
analysis. Each experiment was repeated three times, and the
reproducibility was within the range of +5%.

Nitrate photolysis was used to generate the «OH radical
(32). Experiments were carried out in a 200 mL Teflon reactor
using a 450 W Xe arc lamp (Oriel model 6266) as the light
source. A UV—Vis band-pass filter (Oriel model 59450) was
placed on the top of the reactor, which cuts off wavelengths
below 290 nm. The light intensity at the top of the reactor
was 11.5 mW/cm? at 312 nm, and it was measured by an
UVItec RX-003 digital radiometer.

Inductively coupled plasma-optical emission spectro-
scopy (ICP-OES) (Perkin-Elmer Optima 3000DV) was used
to measure total arsenic concentrations (>7.5 uM). Total
arsenic concentrations lower than 1.5 uM were analyzed by
inductively coupled plasma-mass spectroscopy (ICP-MS)
(ELAN 6100, Perkin-Elmer). The samples having concentra-
tions between 1.5 and 7.5 uM were diluted with ELGA 18.2
MQ water before analysis to ensure that the total arsenic
concentrations were below 1.5 uM. The detection limit of
the ICP-MS method was 0.1 uM. Arsenate concentrations
were measured by spectrophotometry (Shimadzu UV-
1601PC) using the molybdenum blue method (26); the
detection limit of this method was 0.5 #M. The concentrations
of As(III) were determined by the difference between [As]toal
and [As(V)]. Benzoic acid concentrations were determined
spectrophotometrically (33). Salicylic acid was quantified by
aLS50B luminescence spectrophotometer (Perkin-Elmer) at
an excitation wavelength of 305 + 7.5 nm and an emission
wavelength of 410 £ 7.5 nm. The accuracy and precision of
these measurements were within +5%.

Results and Discussion

Kinetics. The photocatalytic oxidation of As(III) was studied
under various conditions (Figure 1). Initially, studies were
made at various initial concentrations of As(III) ([As(II)]o).
As expected, As(IID) in the solution ([As(II)]) decreased with
time at [As)IID)]o = 40—333 uM. At 40 uM initial As(III)
concentration, the oxidation was completed within 15 min.
The rate of oxidation was doubled by increasing the [As(III)]o
to 80 uM. A similar trend was observed at other initial As(III)
concentrations. Plots of [As(IIT)]/[As(II])], versus time were
linear for all concentrations (Figure 1A). This suggests that
As(III) oxidation follows zero-order kinetics in the system.
The zero-order rate constant, k, was determined to be 3.47
uM/min. The study by Bissen et al. (26) showed first-order
kinetics at different initial As(III) concentrations and TiO,
loadings when experimental measurements were made at
wavelengths below 260 nm, a region where As(IIl) absorbs.
The kinetic measurements in their experiments thus rep-
resent a combination of photolysis and photocatalytic
oxidation of As(IIl). This may cause different kinetic behavior
than the results of our experiments where the light source
had an irradiation spectrum at wavelengths greater than 313
nm with a sharp peak at 365 nm. This is supported by zero-
order kinetics behavior observed by Bissen et al. (24) for
As(IIT) oxidation in TiO, suspensions under solar irradiation.

Next, experiments were conducted to assess the effect of
catalyst loading on the overall As(III) oxidation rate for a low
initial As(III) concentration (40 uM) with catalyst loading
varying from 0.002 to 0.1 g/L (Figure 1B). Figure 1B clearly
demonstrates that the overall As(III) oxidation rate increases
with an increase in the catalyst loading. Experiments were
also carried out to observe the effect of light intensity on the
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FIGURE 1. As(Ill) oxidation kinetics in the UV/P25—Ti0, system, air equilibrated. (A) Ti0, = 0.1 g/L, / = 12.5 mW/cm?, pH 9; (B) [As(IIl)]o
= 40 xM, pH 9; (C) [As(lI)]o = 40 uM, pH 9; (D) [As(lIl)], = 200 £M, TiO, = 0.1 g/L, / = 12.5 mW/cm?

As(III) oxidation rate. The light intensity was varied from
0.88 to 22.5 mW/cm?. The As(III) oxidation rate increases
with an increase in light intensity (Figure 1C). The increase
in rate was nonlinear with less effect at high light intensity.
The determined zero-order rate constant, k, was fitted with
the power law (k O I?, where f is the kinetic order), and the
value of f obtained was 0.23 under the experimental
conditions.

Finally, the oxidation of As(IIl) in the UV/TiO, system
was conducted at different pH values; the choice of pH was
determined by practical considerations of treatment condi-
tions as well as to allow a comparison to earlier published
studies. Formation of As(V) [As(V)] from the oxidation of
As(III) was observed at various pH values. Figure 1D shows
that that arsenate concentrations increased with time for all
pH values. The oxidation of As(III) was completed in less
than 15 min at all pH values. The small increase in the
oxidation of As(III) with increasing pH is within experimental
errors, so the measurements suggest no influence on the
oxidation by the solution pH (Figure 1D). These results are
similar to those of Bissen et al. (26) but differ from the results
of Lee and Choi (27) who studied As(III) oxidation at pH 3
and 9. Lee and Choi (27) found that the initial oxidation rate
at pH 9 was about twice as fast as the rate at pH 3. In their
study, complete oxidation of As(III) occurred in 2 h at 500
uM As(I1l) initial concentration and 1.5 g-TiO,/L catalyst
loading. In comparison, in our study complete As(III)
oxidation was observed within 15 min when the As(III) initial
concentration was 200 M at a TiO, loading of 0.1 g/L (Figure
1D). Our results are similar to the study made by Bissen et
al. (26). The large difference in As(IlI) oxidation rate in this
study and the work of Lee and Choi (27) may be due to reactor
design (i.e., specifically mixing and the contact area with the
solid), [As(IIT)]o, and the amount of TiO, used in two studies.
The reactor in our study was monolithic-type (30), which
creates swirl flow for mixing to eliminate the external mass
transfer resistance and achieve a very high illuminated
catalyst density. Our study also used an extremely low TiO,
loading to avoid agglomeration that can reduce the photo-
efficiency of the catalyst.

Mechanism. In semiconductor photocatalysis, photoge-
nerated holes (hy,"), electrons (e~ ), hydroxyl radicals (¢OH),

superoxide ions (O,7), and hydrogen peroxide (H,O,) are
generated (Table 1, T1—T8). These species take part in redox
reactions if thermodynamically favorable. As(IlI) has a high
thermodynamic driving force for being oxidized to As(V) in
the UV/TiO; system at all pH ranges (25). The species hy,*,
H,0,, O,*~, and «OH can thus oxidize As(III) to As(IV) (Table
1, A2—A5). As(IV) may exist as four different species, As'-
(OH)4, As'V(OH);07, HAsVO;~, and As'VO32~, depending on
the pH (Table 1, A6—A9). The various As(IV) species disappear
in second-order reactions to give As(V) and As(III) (Table 1,
Al10—Al4) (34, 35).

To understand which of the reactions (Table 1, A2—A5)
dominate in the oxidation of As(IIl) to As(IV), experiments
were carried out under Ny, air, and O, environments (Figure
3A). The dataillustrate that air-equilibrated dissolved oxygen
was sufficient for As(III) oxidation at a rate = 23.8 & 5.0 uM
min~!. Additional O, purging did not result in a further
increase in the oxidation rate, 20.1 & 2.0 uM min~!. However,
in the absence of O, (when the solution was continually
purged with Ny), the As(III) oxidation rate was significantly
reduced, 9.42 £ 2.0 uM min~!, which shows that O; plays an
important role in As(IIl) oxidation. In an earlier study, Zhou
and Ray (36) used a similar setup for the purging and found
the oxygen concentration in water to be negligible (36).
Oxygen can play multiple roles for the oxidation of As(III) in
the UV/TiO, system. Oxygen can act as a photogenerated
electron scavenger to give O,~ ion (Table 1, T4), which
oxidizes As(III) to As(IV) (Table 1, A4). The intermediate As(IV)
species, As'V(OH)4 and As"V(OH)s0~, may react with oxygen
to yield As(V) and HO,/O,*~ (Table 1, A15 and A16) (31).

Other As(IV) species, HAs"VO3;~ and AsVO4%~, may also react
with oxygen to form a complex (Table 1, A17 and A18) that
subsequently decomposes to As(V) and HO,/O,*~ catalyzed
by H* and OH™ (Table 1, A19 and A20).

The other oxidant, «OH, produced by reactions T3 and T8
in Table 1, may participate in the oxidation of As(IIl). This
is evident from the formation of As(V) even in the absence
of oxygen (Figure 2A). To further understand the role of «OH
in the oxidation of As(IIl), we have performed the photo-

catalytic oxidation of As(III) with benzoic acid (BA) in solution.

VOL. 39, NO. 6, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1829



TABLE 1. Summary of Reactions Involved in Photocatalytic Oxidation of As(lll)

reactions ref
Generation of Charge Carriers and Photooxidants
T TiO2 + hvy — e + hyp™
T2 e~ + hypt — heat
T3 OHags + hyp™ — «OH
T4 O, + e — 0
T5 0, + HF — HOy* pKs=4.8 45
T6 Oy + ech T+ Ht — H,0,
T7 02'7 + 02'7 + 2Ht — H202 + 02 k=8.3x 105M1s71 45
T8 HzOz + ech — «OH + OH~
Arsenic(lll) Oxidation
A1 As'"(OH)3 + hv — AsV(OH),
A2 As'(OH)3 + hyp* — AsV(OH),
A3 As'(OH)3 + H20, — AsV(OH)4 + 20H~ k=55x103M""1s""(pH 7.5) 8
A4 As"(OH)3 + Oy~ + H,0 + Ht — AsV(OH), + H,0, k=3 x108M"1s™" 37
A5 As'(OH)3 + «OH — As'V(OH), k=85x109M"1s71 34
A6 AsV(OH); < HAsVO3~ + H* + H,0 pK=3.64 34
A7 AsV(OH), = As(OH)30~ + H* pK=7.26 34
A8 HAsVO3;~ < AsVO32~ + H* pK=7.57 34
A9 As(OH)30~ < HAsVO3;~ + H,0 K= 4 x 103 (base-catalyzed reactions) 34
A10 AsV(OH), — As(lll) + As(V) k=8.4x108M 157! 34
A11 AsV(OH), + HAsVO3~ — Asl(Ill) + As(V) k=20x109M"1s! 34
A12 2HAsVO3~ — As(lll) + As(V) k=45 x 108 M "1s" 34
A13 2AsVO32~ — As(Ill) + As(V) k=19 x 10" M 1s71 34
A14 HAsVO3;~ + AsVO32~ — As(lll) + As(V) k=48 x 108 M~ 157! 34
A15 AsV(OH)4 + 02 — As(V) + HO,/O,~ k=14x109M"1s! 34
A16 As(OH)30~ + O, — As(V) + Oy~ k=11x 100 M "1s! 34
A17 HAsVO3~ + 0, — As(IV)—0,~ k~ 109 M- 1s1 34
A18 AsVO32~ + 0, — As(IV)—-0; k=14x109M"1s! 34
A19 As(IV)—0;, + HY — As(V) + HO»/O,~ k~10"0M-1s1 34
A20 As(IV)—0; + OH™ — As(V) + O, k=3.1x10*M"1s71 34
Photolysis of Nitrate (4 > 280 nm)
B1 NO3z~ + hv — [NO3~1*
B2 [NO3~1* — NO2~ + O(3P)
B3 [NO37]1* — NO3z~ + Oe
B4 NO,~ + Oe + H,0 — NO3* + «OH + OH~
«0H Reactions with Substrates
C1 «OH + t-BuOH — k=6.0x 108 M~ 157! 37
C2 «OH + benzoic acid (BA) — salicylic acid (SA) k=59 x 109M~"1s! 37
Fe(lll) Equilibriums
E1 Fe3t < FellOH2t + H* pKi=2.3
E2 Fe"OHZ+ < Fe!l(OH),* + H* pK, = 3.6
E3 Fel(OH),* < Fe!'(OH)3 + H* pKz3=17.9
Fe(lll) Reductions
F1 FeOH2* + hy — Fe2t + «OH ¢ =0.017 (360 nm) 39
F2 Fe3* + eqp™ — Fe2t
F3 Fe3t 4+ 0y~ — Fe?" + 0, k=15x 108 M 1s7! 21
F4 Fe"OHZ* + Oy~ — Fe?t + O, + OH~ k=15x108M~"1s! 21
F5 Fe"(OH),* + Oy~ — Fe?" + O, + 20H~ k=15x108M"1s" 21
F6 Fe3t 4+ H,0, — Fe?" + H* + HO,~ k=0.01-0.02 M~1s1 50
Fe(ll) Oxidation

F7 Fe2t 4+ O, — Fedt + Oy~ k=60 M-""1s7"(pH 7.5) 42
F8 Fe2t 4+ Oy~ + 2H* — Fe3* + H,0, k=1.0x10"M"1s! 45
F9 Fe2* + HOy" + H* — Fe3* + H,0, k=12x10M"1s" 45
F10 Fe2t 4 ¢OH — Fe3* 4+ OH~ k=32x108M1s7! 37
F11 Fe2t 4+ H,0, — Fe3* 4+ «OH + OH~ k=76 M~ 1s™? 42
F12 FeOH* + H,0, — Fe"OHZ* 4+ «OH + OH~ k=23 x 10" M 1s! 42

Benzoic acid was chosen because the reaction between As(I1I)
and «OH is slightly faster than that of BA (Table 1, A5 and
C2). In comparison, the rate constant of the oxidation of
As(III) by O, is 3 orders of magnitude slower than the rate
constant of BA reaction with «OH (Table 1, A4 and C2). The
results demonstrate that the As(II) oxidation rate decreased
to 14.6 £ 0.7 uM min™! in the presence of BA at nearly
equimolar concentrations of As(III) and BA (Figure 3A). An
increase in the concentration of BA yielded a similar oxida-
tion rate, 14.1 & 0.6 uM min~! (Figure 2A). The results thus
suggest that the decrease in the oxidation rate may not
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be related to less adsorption of As(IIl) onto TiO, in the
presence of BA, but due to the involvement of «OH in the
oxidation of As(IlI). The role of the OH radical was further
demonstrated by measuring the degradation of BA in
experiments with and without As(IIl) in the solution (Figure
2B). Initially, no significant change in the concentration of
BA was observed in the presence of As(III) (Figure 2B). Benzoic
acid started to degrade when almost all As(IIT) was oxidized
in less than 7.5 min. After complete oxidation of As(IIl), the
rate of BA oxidation, 4.43 + 0.25 uM min~!, was similar to
the rate of degradation in the absence of As(Ill), 4.03 £ 0.15
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uM min~!. This phenomenon was observed for two other BA
concentrations (730 and 1500 xM) in 200 M As(III) solutions.
This indicates that the presence of BA in solution could not
give the observed results in Figure 2B, if O.*~ had oxidized

As(III). Results imply the involvement of «OH in the mech-
anism of oxidation of As(IID).

Hydrogen peroxide, formed through the production of
O,'~ ion in the UV/TiO, system (Table 1, T4—T7), can also
oxidize As(III) (8); however, the slow rate of A3 (Table 1)
ruled out this possibility. Hydrogen peroxide possibly oxidizes
As(1II) indirectly by producing «OH (Table 1, T8) and enhances
the possibility of ¢OH as the main oxidant of As(III). Lee and
Choi (27), however, suggested direct involvement of super-
oxide ion (O,*7) as the dominant oxidant for As(Ill) in the
UV/TiO, systems using t-BuOH (a well-known «OH scav-
enger) (27). In their work, no change in the oxidation rate in
the presence or absence of -BuOH was observed; therefore,
itwas concluded that O,*~ ion might be the dominant oxidant
for As(IlI). The change in oxidation rate is perhaps not possible
because the rate constant of As(IIT) oxidation by «OH (Table
1, C2) is 1 order of magnitude higher than the rate constant
of t-BuOH oxidation by «OH (Table 1, C1). The simultaneous
examination of degradation of ~BuOH in the absence and
the presence of As(IIl) is needed to further clarify the role of
*OH in As(IIl) oxidation.

To further investigate the role of «OH in As(III) oxidation,
we have independently generated «OH via nitrate photolysis
(Table 1, B1—B4) and studied the As(III) oxidation (Figure 3).
The rate of As(V) formation from As(III) oxidation increases
slightly from 1.87 & 0.18 x 107! to 2.42 & 0.23 x 10! uM
min~! with the increase in initial As(IIT) concentration from
40 to 200 uM (Figure 3A). An increase in nitrate concentration
from 10 to 30 mM in the reaction did not change the oxidation
rate significantly (rate=1.95+0.16 x 107! xM min~! (Figures
3B). Because we observed insignificant As(II) oxidation in
the absence of sodium nitrate after a similar irradiation time
(data not shown), «OH is likely participating in the oxidation
of As(Ill). The addition of BA reduces the As(IIT) oxidation
rate to 0.71 £+ 0.03 x 107! xuM min~!, which is consistent with
data shown earlier in Figure 2. Because BA reacts quickly
with «OH to give salicylic acid (SA, Table 1, C2) (37), we have
simultaneously measured the formation of salicylic acid (SA)
during the reaction. An increase in the concentrations of SA
with time was observed (Figure 3B), which again provides
evidence for the participation of «OH in the oxidation of
As(I1D).

Effect of Fe(III). Iron and arsenic have been found to
coexist in the groundwater of Bangladesh, but their presence
has not been adequately correlated. A survey of 3534 well
waters in Bangladesh by British Geological Survey (BGS) and
Department of Public Health Engineering (DPHE) (38)
showed the presence of high iron concentrations (median
1.1 mg/L, 19.8 uM). Hence, the effect of Fe(IIl) on As(IIl)
oxidation at different pH values with or without TiO, under
UV light was examined to evaluate photocatalysis process
for treatment of groundwater (Figure 4). Unlike other studies,
we examined the oxidation at low initial As(III) concentra-
tions, which are more relevant to the arsenic concentrations
in groundwaters of different parts of the world.

As(III) oxidation in the presence of Fe(III) /UV at different
pH values is illustrated in Figure 4A. In experiments using
less than 17 uM Fe(II), the rates of formation of As(V) within
50 min were 1.95+ 0.16 x 107}, 1.76 £ 0.12 x 107}, and 1.85
+0.06 x 107! uM min~! at pH 3, 4, and 9, respectively. The
pH thus does not have any effect on the As(IIl) oxidation.
The results support that the effect of Fe(Ill) on As(IIl)
oxidation may not be related to heterogeneous reactions
involving Fe(III) hydroxides, because Fe(III) hydroxides are
much more abundant at pH 9 as compared to pH 3. When
the Fe(Ill) concentration was increased to 53 uM, the
oxidation rate increased to 4.92 &+ 0.03 x 107! xuM min™!
(Figure 4A). The direct oxidation of As(III) by Fe(IIl) in dark
was not observed (data not shown). The reactive species
produced from the photolysis of Fe(III) are thus responsible
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FIGURE 4. The effect of Fe(lll) on As(lll) oxidation in the UV system
(A) and UV/P25—Ti0; system (B) ([As(lll)], = 40 zM, air equilibrated,
I =125 mW/cm? pH = 4 for part B).

for the oxidation of As(III) (39). The hydrolysis of Fe(III) mainly
produces Fe''(OH)?" species at pH of 3—4 (Table 1, E1-E3)
(40,41). Fe"(OH)?* species are photoactive to give «OH radical
(Table 1, F1), mainly responsible for oxidizing As(III) (Table
1, A5). The resulting Fe(II) ion of reaction F1 (Table 1) can
react with O, to give Oz*~ (Table 1, F7) (42, 43), which may
also oxidize As(III) through reaction A4 (Table 1).

The Fe(III) and Fe(II) ions can be involved in a number
of reactions (Table 1, F3—F12) to yield O,*~ and «OH radicals
(44, 45). If O, is the oxidant for oxidation of As(IIl), both
Fe(III) and As(III) would compete to react with O,*~ and the
oxidation rate should decrease with the increase in con-
centration of Fe(III). An increase in the oxidation rate with
an increase in the concentration of Fe(Ill) in our study
suggests that O, is not involved in the oxidation of Fe(III).
Our study also showed a decrease in the rate of As(II)
oxidation with the addition of 240 uM BA (Figure 4A), implying
that the «OH radical is the dominant oxidant. Other studies
(20—22, 27) have also suggested the «OH radical as the main
oxidant in the photochemical oxidation of As(III) by O, and
Fe(III).

The rate of As(III) photooxidation in an Fe(III) solution
at pH 4 is significantly lower than the heterogeneous
photooxidation rate in a TiO, suspension (Figure 4B). The
presence of Fe(III) in the TiO./UV system can increase slightly
the As(III) oxidation rate as compared to the TiO,/UV system
alone (Figure 4B). Fe(IIl) could contribute to the heteroge-
neous photooxidation pathway by scavenging conduction
band electrons (Table 1, F2) and slowing down the recom-
bination of holes and electrons (Table 1, T2), eventually
accelerating the hole-mediated oxidation of As(III) by «OH.
Moreover, Fe(II) ion produced from the F2 reaction (Table
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FIGURE 5. (A) As(lll) oxidation in the UV/Ti0, system (As(lll)l, =
333 uM, Ti0, = 0.1 g/L, I = 22.5 mW/cm?, pH 9, air equilibrated).
(B) Total arsenic removal ([As(lll)], = 34.6 M, UV100—Ti0, = 0.4
g/L, I = 125 mW/cm?, pH 4).

1) could also contribute to As(III) oxidation through reaction
F11 (Table 1) that generates OHe from H,0,.

Effect of Different Surfaces of TiO. on As(III) Photo-
oxidation. Oxidation of As(IIl) was studied using com-
mercially available Degussa P25 and Hombikat UV100 TiO,
catalysts (Figure 5). As shown in Figure 5A, P25 TiO, gave a
higher rate of As(IlI) oxidation than UV100 TiO, surfaces.
The results were unexpected because UV100 TiO, has almost
4-5 times higher specific surface area than Degussa P25
(29); thus UV100 TiO, was expected to catalyze the oxidation
of As(IIl) at a higher rate. P25 TiO, has metal oxide impurities,
Si0,, Fe;03, and Al,O3 (46), which may inhibit the recom-
bination of photogenerated holes/electrons and thus increase
the As(III) oxidation. Another possibility is that P25 TiO, has
ahigher absorption coefficient of UV light than that of UV100
TiO,. Also, the reported ratio of scattering coefficient to
absorption coefficient at 365 nm for P25 TiO, is 61.1, while
for UV-100 TiO; the ratio is 216.6 (47). These factors might
contribute to the higher rate of As(IIl) oxidation in using P25
TiO, than that of UV100 TiO, catalyst.

Photocatalytic Oxidation of As(III) and Subsequent
Removal of As(V) by TiO,. The spectroscopic techniques
have shown that As(V) can be effectively removed from water
by adsorption (48, 49). The photocatalytic oxidation of As(III)
to As(V) followed by adsorption of As(V) have been suggested
for the complete removal of arsenic from water (29).
Experiments were thus conducted by adding 66.7 uM



As(III) onto 0.4 g/L Hombikat UV100 TiO, suspensions at pH
4. The system was equilibrated before turning on the light.
It was found that 34.6 uM As(III) remained in the solution.
Figure 5B illustrates the results of total arsenic ([As]t = [As(IID)]
+ [As(V)]) obtained in the experiments under different
conditions. The solution purged with N, showed a slower
initial rate of arsenic removal as compared to the air-
equilibrated solution. Lower amounts of As are removed at
early times for the N, purged solution, and the removal
increased progressively from air-equilibrated to O, purging
and finally when 17 uM Fe(III) with O, purging was used.
This phenomenon was observed due to the role of O, and
Fe(ITI) in As(III) oxidation to As(V). Overall, results demon-
strated complete removal of arsenic even below the WHO
drinking water limit of 10 ug/L (0.13 uM). Titanium dioxide
is arelatively inexpensive catalyst, which can be activated by
sunlight. Therefore, this photocatalytic method can be
applied to treat arsenic contaminated groundwater of
emerging regions of the world.
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