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Abstract

This study investigates the effect of pH, initial concentrations of formic acid and selenate (Se(VI)) ions on the UV/TiO
reduction of Se(VI) ions. The adsorption of Se(VI) and formate ions onte $iface was essential before the Se(VI) ions
could be photoreduced to elemental selenium (Se). The elemental Se was further reduced to hydrogen s&8ehiatecgthe
Se(VI) ions were exhausted from the solution. An interesting finding arisen from the current investigation is that the optimum
reduction rate of Se(VI) was closely correlated to the molar adsorption ratio of 3:1 of formate-to-selenate on thefaie.

This ratio also corresponded to the stoichiometry of the overall reaction which involved 3 mol of formate ions reacting with
1 mol of Se(VI). It was postulated that this ratio provided the highest efficiency in capturing the photogenerated holes and
electrons, hence resulting in optimum Se(VI) photoreduction. The optimum molar adsorption ratio could be achieved by
manipulating the initial pH, initial solute concentration and the order of which the solutes were adsorbed.

© 2003 Elsevier Science B.V. All rights reserved.

Keywords:Selenate; Photocatalytic reduction; Formate; Stoichiometry

1. Introduction in extreme cas@]. In recent years, human activities
such as smelting and coal-power generation indus-
Selenium (Se) exists in natural waterways as a tries, mining and agricultural drainage have increased
result of seleniferous soil. It is an important trace Se contamination significantlyp]. Hence, many in-
nutrient for both human and animdlk,2]. A dietary vestigations on the interaction of Se compounds with
intake of about 5Qug per day is suggested for women the ecosystems have been carried out. These inves-
and 70ug per day is suggested for men for the daily tigations include the interactions of Se compounds
nutritional need[3]. However, when consumed con- Wwith lake and wetland sedimen{§,7], speciation of
sistently at about 10 times the daily requirement, Se compounds with variation of chemical potential
Se and its ions accumulate in the body and become and pH of the environmeri8], and the adsorption of
toxic. They are known to cause deformities and death Se compounds at particulate interfa¢ep
Se can exist as mobile ions, such as selenate
mponding author. Tek:61-2-9385-4361; (Se(Vl), SeQZ__)’ selenite (Se(IV), Seﬁ_) and their
fax: +61-2-9385-5966. protonated anions (HS@O, HSeQ™). These are the
E-mail addressr.amal@unsw.edu.au (R. Amal). most common Se species found in wastewater. Se can
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also exist in a variety of compounds such as insoluble electron is transferred to either the adsorbed Se(VI)
oxides/hydroxides, organoselenium compounds and or Se(lV) species, reducing them to elemental Se. In
selenide$10]. The toxicity of Se compounds isrelated the presence of dissolved oxygen in the solution, the
to their oxidation states: Se(VI) is more mobile and dissolved oxygen molecules are reduced to superox-
stable towards reduction than Se(lV), hence harmful ide radicals while VB holes can accept electrons from

and difficult to be removed from wastewaf{8i.

The present maximum contaminant level for Se
for US drinking water standard is @/l while Aus-
tralia has a lower standard at L@/l [11]. In Japan,
the effluent standard for Se is 106/l [12,13] Such

water, forming highly oxidising hydroxyl radicals

[31]. Organic species present in solution may react
directly with the holes or hydroxyl radicals, depend-
ing on their concentration in the solutions. Generally,
at a high organic concentration, direct oxidation by

stringent standards have resulted in widespread inter-the holes is more dominaf@2].

ests in the removal of Se compounds from water and The use of photocatalytic reduction to recover pre-
wastewaters. Removal methods include physical, bio- cious metals such as silvi83] and platinun{34] has
logical and chemical means. Physical removal meth- been investigated. The photocatalytic reduction and
ods involve the use of adsorpti¢h4], ion exchange  removal of toxic pollutants such as chrom§ig,36],

[15] and membrane procesqdé$,17] These methods  nitrate[37,38]and heavy metals such as cadmium and
simply concentrate the Se compounds and hence theirzinc [39,40] has also been studied. The adsorption of
subsequent disposal remains a major problem. Bio- these heavy metal ions as well as the presence and ad-
logical removal involves the reduction of oxidised Se sorption of organics on the photocatalyst surface have
forms, such as selenate and selenite to elemental Sebeen identified as being essential in achieving a high

by bacteria18—20] Some problems associated with
biological reduction include the difficulty in promot-
ing growth of the bacteria due to the inhibitory effect
of the elemental Se formd@1]. Chemical reduction

of oxidised forms of Se has been achieved using fer-
rous hydroxide in a patented procd28—24]as well

as by using zero-valence ird@5]. These processes
usually involve a high chemical cost.

Photo-assisted reduction using semiconductor par-

photoreduction rat¢41]. This was attributed to the
synergistic effect of holes scavenging by the organics
(the reductants) and electrons scavenging by the heavy
metal ions, preventinge-ht recombination.

The research carried out on the photocatalytic re-
duction of Se(VI) or Se(lV) species using titanium
dioxide as the catalyst is limited. Sanuki et[aR,13]
have investigated such photocatalytic reduction and
found that the adsorption of Se(VI) or Se(lV) species

ticles as catalysts is now an emerging and promising onto titanium dioxide and the presence of suitable

technology. Of all semiconductors, titanium dioxide
has been widely investigated in such photocatalytic
processef26-28] Titanium dioxide is a popular pho-
tocatalyst due to its high stability, non-toxicity and its
ability to be reused after recycle from the treated wa-
ter streani29].

The ability of titanium dioxide to function as a
photocatalyst arises from its semiconducting prop-
erties. Illlumination of semiconductor particles with
electromagnetic radiation with energy greater than
their band-gap results in the promotion of an elec-
tron from the valence band (VB) to the conduction
band (CB). This generates pairs of electrons)(e
and holes (i) in the CB and VB, respectively. The

hole scavengers were significant for an effective re-
duction process. In addition, the adsorption of Se(lV)
onto the TiQ surface and the rate of Se(IV) reduction
were both found to be higher than those of Se(VI).
The presence of sulfate ions in the solution was found
to depress Se(VI) or Se(lV) reduction rates. Kikuchi
and Sakamotf42] have also investigated this process
and have proposed that when all Se(VI) or Se(IV)
ions were reduced to amorphous Se, ho more species
in the solution could capture the electrons from the
TiOy surface. This raised the conduction band and fur-
ther reduced the amorphous Se to hydrogen selenide
(H2Se) gad42].

In the present paper, the effect of various experi-

CB becomes electron-rich and hence possesses amental parameters, such as pH, initial concentrations

reducing ability while the VB hole is deficient of
electrons, hence possesses an oxidising aljiiey.
In the context of Se(VI) or Se(IV) reduction, the CB

of organic additives (formic acid) and Se(VI) ions on
the photocatalytic reduction of Se(VI) ions was stud-
ied. The study focuses on investigating the synergistic
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and competitive effects of which the presence of for- of 1.21 capacity with a side quartz-window through
mate and selenate ions on the i6urface have on  which UV was irradiated from a 200 W Mercury lamp
the photocatalytic reduction of selenate ions. (Oriel 66001-373). Gas exhausted from the reactor
was introduced into two traps in series, containing
5x 1073M CuSQ; and 0.1 M NaOH, respectively to
remove possible toxic hydrogen selenide gas generated
from the reduction process. The solution in the reactor
was agitated by the combined action of air or nitrogen
bubbling (1.51/min) and magnetic stirrer (250 rpm).
The required Se(VI) ions (10-40 ppm Se) and formic
acid (20-600 ppmC) (ppmC: parts per million carbon)
concentrations were then made into a test solution of
volume 0.5 or 11, followed by pH adjustment and the

2. Experimental
2.1. Catalyst and reagent

Degussa P25 titanium dioxide was used as the
photocatalyst. It is composed of approximately 70%
anatase and 30% rutile, and has a specific surface
area of about 59 Aig obtained from BET analysis.

The primary particle is 20-30 nm in diameter. Sodium

selenate was used as the Se source and formic acigfddition of titanium dioxid_e powder (1.1 gTiD). The_
(77%) as the organic reductant (hole scavenger). reported pH of the experiments was the one obtained

Copper(ll) sulfate and sodium hydroxide were used after the addition of Ti@. The suspension was stirred

to trap hydrogen selenide gas which escaped from ];(')r: 30hmin bf(laforg illurr]nination by th% UV—ra}dia(;ion.b
the reactor. Sodium hydroxide and perchloric acid € photon flux into the reactor was determined to be

were used to adjust the pH. Deionised pure water 3.8pmol photon/s by chemical actinomet43,44]

was used for the preparation of all solutions. For col- ) ) o
orimetric analysis of Se(IV), 2,3-diaminonaphthalene 2-3- Adsorption data and isotherm determination
(DAN), cyclohexane, hydroxylamine chlorohydrate ©f S€ ions on Ti@

and EDTA were used. . o ) .
Solutions containing sodium selenate with Se con-

2.2. Apparatus and procedure centration ranging from 2 to 80 ppm (0.025-1 mM)
and formic acid concentration ranging from 20 to

The schematic of the experimental set-up is shown 500 ppmC (1.67-42 mMC) were subjected to adsorp-
in Fig. 1 It consists of a cylindrical glass reactor tion isotherm analysis. 11 of these solutions was put
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Fig. 1. Schematic illustration of the experimental set-up. P: power supply, L: lamp housing with Hg lamp, R: glass reactor, M: magnetic

stirrer, Q: quartz-window, S: sampling port, Pr: pH probe, S1: CuS@ubber for HSe, S2: NaOH scrubber forJSe.
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on titanium dioxide was determined by digesting the
metals using concentrated nitric acid and analyzing
the digested Se ions by Varian ICP-AES. Zeta poten-

in the reactor mixed with 1.1 gTi®powder added

and stirred continuously with nitrogen bubbling for
30min at atmospheric conditions. From the kinetics
of adsorption, it was found that 15 min was sufficient tial and particle size of the TiOsuspensions were

to reach adsorption equilibrium. After the 30 min, the determined by electrophoresis and Photon Correlation
suspension was filtered, the concentration of Se and Spectroscopy (PCS) techniques, respectively using the
the total organic carbon (TOC) in the filtrate were Brookhaven 3-in-1 system. The surface area of De-
analysed. The amount of Se or formic acid adsorbed gussa P25 was obtained by Micromeritics ASAP 2000

onto the TiQ particles was calculated from the dif-
ference between the initial and residual Se(VI) ions or

formic acid concentrations. Separate experiments ver-

ified that the amount Se(VI) or formic acid adsorbed
onto the reactor surface was insignificant.

2.4. Analysis

All samples were withdrawn from the sample port
using a syringe and then immediately filtered using
0.22pm Millipore membrane by Millipore. The to-
tal Se concentration (Se(VI)) in the filtrate was de-
termined by Varian Induced Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) while Se(lV) was
determined colorimetrically by methods developed by
Holtzclaw et al.[45]. The amount of HSe generated
was determined by analysing the amount of Cu(ll) re-
maining in the trap using Varian ICP-AES. The formic

acid concentration was determined by analysing the
total organic carbon in the solution using a Shimadzu ge =
TOC-5000 A analyser. The amount of Se deposited

BET surface analyser.

3. Results and discussion
3.1. Adsorption studies

Prior to the adsorption studies, the point of zero
charge (pHpc) of Degussa P-25 TiPwas determined
to be 5.6. The individual adsorption isotherms of
Se(VI) and formate ions onto the TiGurface were
then investigated. The adsorption isotherm of Se(VI)
conforms to the trend of multi-layer adsorption for a
non-porous particle, which can be described by the
Brunauer—-Emmett—Teller (BET) multi-layer adsorp-
tion isotherm model&q. (1)). This is shown irFig. 2
This model assumes that the layers beyond the first
have equal energies of adsorptidi®]:

BCeQo
(Ce— Co[1+ (B—1)(Ce/Cy)]

1)
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Fig. 2. Adsorption isotherm of Se(VI). Experimental conditions: pH 3.5, 11 test solution, 1.L4,TN} purging, 293 K. Insert: linearised

BET model plot.
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whereCs is the saturation concentratiap,the amount

of solute adsorbed per unit weight of adsorbety,

the residual solute concentration at equilibrilBrthe
constant expressive of energy of adsorption @yds

the solid-phase concentration corresponding to com-
plete coverage of available sites.

By linearisingEq. (1) a plot of Ce/(Ce— Cs)ge Ver-
susCe/Cs should yield a straight line if the adsorption
isotherm obtained follows the BET model. The insert
in Fig. 2 shows that the isotherm fits well to the BET
model with the sum of residual squai®?) of 0.988.

The adsorption isotherm of formic acid is shown in
Fig. 3. It follows the Langmuir adsorption isotherm
which can be expressed as:

Ce _ KgCe
Cr-m 1+ KgCe

where Cg-y is the monolayer saturation concentra-
tion, Cg the amount of solute adsorbed per unit weight
of adsorbentCe the residual solute concentration at
equilibrium andKg is the adsorption constant.
Comparing the adsorption isothermsHigs. 2 and
3, the adsorption of formic acid onto TiOwvas not
as significant as Se(VI) adsorption at pH 3.5. Only
3.0mgC/gTiQ of formate ions were adsorbed when
the amount of formic acid added into 1.1 g/l Ti®as
300 mgC. However, when the amount of Se(VI) added
in solution was 70 mg, about 11.3 mg/gTiof Se(VI)

)

77

ions were adsorbed, forming multi-layers of Se(VI)
ions. This indicated a higher affinity of Se(VI) ions to
the TiO, surface, which. This could be attributed to
the higher negative charge of Se(VI) ions.

The competitive adsorption of Se(VIl) and formic
acid on TiQ at various pH values and initial solute
concentrations were also investigatédg. 4 shows
the adsorption of Se(VI) ions onto Tiparticles in
the absence and presence of formic acid at various
pH values. The adsorption of Se(VI) ions was found
to reach equilibrium within 1-2 min. In the investi-
gated pH range of 1.5-6.5, sodium selenat&«p=
0.02) [47] was completely dissociated while formic
acid (pKa = 3.77)[48] was increasingly ionised to the
negatively-charged formate ions as the pH increased.
Se(VI) is mostly present as the negatively-charged
SeQ? ions at pH 2 and above @$eQ;, pKa =
—2.01+0.06 and HSe@, pKa = 1.8+ 0.1) [47].

The negatively-charged nature of the selenate and for-
mate ions enabled the adsorption of these ions onto
the positively-charged Ti©below its pHpc.

Also shown inFig. 4, at pH 1.5 and 2.5, the amount
of Se(VI) ions adsorbed was not affected by the pres-
ence of formic acid. This was due to the low formate
ionisation at high H concentration (low pH). As the
pH increased, the amount of Se(VI) ions adsorbed de-
creased since the Tgurface became less positively
charged. At pH higher than 2.5 and in the presence
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Fig. 3. Adsorption isotherm of HCOOH. Experimental conditions: pH 3.5, 11 test solution, 1.24,T purging, 293 K. Insert: linearised

LH adsorption model plot.
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Fig. 4. Effect of pH on Se(VI) adsorption. Experimental conditions: 11 test solution, [Se(\2)]ppm (0.256 mM), [HCOOH} 100 ppmC
(8.3mMC), 1.1gTiQ/l, N, purging, 293 K.

of formic acid, less Se(VI) ions were adsorbed onto Se(VI) ions. From pH 5.5-6.5, once the gilof TiO;
TiO2 at pH higher than 2.5, indicating a competition was reached, very little Se(VI) ions were adsorbed.
between the two negatively-charged Se(VI) and for-  The competitive adsorption of the Se(VI) and for-
mate ions for the positively-charged adsorption sites mate ions at various pH is further depictedHiy. 5.

on the TiQ particles. As the pH was raised, formate Besides further consolidating the finding that increas-
ions concentration increased due to a greater extenting pH resulted in the decreased adsorption of Se(VI)
of formic acid ionisation, formate ions adsorption in- but the increased adsorption of formate ions, the data
creased, which further depressed the adsorption offrom Fig. 5 also enables the determination of the
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Fig. 5. The simultaneous adsorption of Se(VIl) and HCOOH at various pH. Experimental conditions: 11 test solution, S2Q\IPM,
[HCOOH]p: 100 ppmC, 1.1gTi@/l, N2 purging, 293 K.
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Fig. 6. Adsorption of Se(Vl) and HCOOH at various initial HCOOH Concentration. Experimental conditions: pH 3.5, 11 test solution,

1.1gTiG/l, N2 purging, 293 K.

formate:selenate ratio adsorbed onto the ;TEDir-
face. The molar adsorption ratios were calculated to
be 0.012, 0.152, 2.75 and 16.8 at the pH of 1.5, 2.5,
3.5 and 4.5, respectively. The relationship of these
ratios and the photocatalytic reduction of Se(VI) will
be discussed in the later sections.

The adsorption of Se(VI) and formic acid at dif-
ferent initial solute concentrations was also investi-
gatedFig. 6(a) and (byhows the adsorption of Se(VI)
and formic acid for an initial Se(VI) concentration of
20 and 40 ppm, respectively at varying formic acid
concentrations. As the formic acid concentration in-

a result of the 100 ppmC formic acid added in to the
system. For experiments in which formic acid was not
added, perchloric acid was used to adjust the pH to 2.6.
This acid was used since perchlorate ions were found
to have minimal impact on adsorption of other ions
and photocatalysigl9]. The results are summarised in
Table 1 In the absence of UV irradiation and formic
acid (Experiment 1), about 28% of Se(VI) ions were
removed from the solution and this was attributed to
dark adsorption of the Se(VI) ions onto TiGurfaces.

A similar observation was encountered when formic
acid was added to the solution in the absence of UV

creased, the amount of Se(VI) adsorbed decreased,rradiation (Experiment 2) as well as in the presence

showing the competitive adsorption of these two so-
lutes.

3.2. Preliminary Se(VI) reduction studies

Preliminary studies of Se(VI) reduction were con-

of UV irradiation but with no formic acid added (Ex-
periment 3).

When formic acid was introduced into the solu-
tion in the presence of UV irradiation (Experiment 4),
about 92% of Se(VI) was removed from the solution
after 60 min of irradiation. The colour of the test sus-

ducted in the presence and absence of UV irradiation pension changed from white to an intense orange due

and formic acid. The pH of the solution was 2.6 as

to the deposition of elemental Se on the Ti€urface,

Table 1

Preliminary experiments of Se(VI) reduction

Experiment UV irradiation Formic Sparging Se(VI) dark Total Se(VI) removed  Colour H,>Se
acid gas adsorption (%) after illumination (%) change formed

1 No No [\ 28.0 28.0 No No

2 No Yes N 27.0 27.0 No No

3 Yes No N 26.9 26.9 No No

4 Yes Yes N 26.9 91.6 Yes Yes

5 Yes Yes Air 26.7 62.5 Yes No

Experimental conditions: [Se(Vh] 20 ppm (0.256 mM), [HCOOH} 100 ppmC (8.3 mMC), 11 test solution, pH 2.6+ 0.1, 1.1g TiQ/l,
293 K. lllumination time: Experiments 1 and 2: 30 min, Experiments 3-5: 60 min.
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before changing back to white again due to the fur- HCOO™ + OH®* — CO; + H20 (6b)
ther photoreduction of Se tod3e. In the presence of
formic acid, the photogenerated holes were effectively
scavenged from the Tiparticles, preventing recom-

The formation of a black precipitate was started to ap-
pear in the clear-blue copper sulphate solution used

bination with the photogenerated electrons and hence @S the hydrogen selenide trap when the most intense
allowing electrons to reduce Se(VI) ions. This ex- ©°range colour of_ the suspension was observed in the
plained why Se(VI) reduction was not observed when photoreactor. This corresponded to the near complete

formic acid was not added to the UV/Ti®ystem (in  reduction of Se(Vl) to elemental Se on the 3i€ur-
Experiment 3). face [42]. The black precipitate formed is believed

When the reaction suspension was sparged with ©0 & copper (Il) selenide (CuSe), although in this
air (seeTable 1 Experiment 5), Se(VI) removal af- study, no te_st was _done to confirm this as it had been
ter 60 min was about 62%, as compared to 92% for conf!rmed in the literaturg12,13] The further re-
the continuous nitrogen sparging experiment. It is duction of elemental Se to4%$e occurs according to
postulated that the dissolved oxygen in the suspen- Eq. (7
sion competed with Se(VI) for the electrons, forming s 4+ 2H* + 26~ — H,Se 7)
superoxide radical anions ¢©°). This competition
between oxygen and Se(VI) for electrons is believed A mass balance on Se (as showTable 9 confirmed
to have impeded the reduction of Se(VI). the reduction of Se(VI) to elemental Se and the further

During the UV illumination of Se(VI)/TiQ sus-  reduction of elemental Se to;8e gas.
pension in the presence of formic acid, the following
reactions are suggested to occur. In acidic solutions, 3.3. Effect of pH
Se(VI) can be reduced to Se(IV) and then to elemental

selenium according t&qgs. (3) and (4)respectively Following the adsorption and the preliminary
[12]: Se(VI) reduction experiments, the Se(VI) photoreduc-
SeQ? + 3H + 26~ — ASeO;™ + H,0 3) tion reaction was s_:tu_died at various pH values._ The
results presented ifig. 7 shows the concentration
HSeQ™ +5H" +4e” — S& + 3H,0 4 profiles of Se(VI) as the photoreduction proceeded

(following dark adsorption) at pH 2.2, 3.0 and 6.4.
The initial Se(VI) concentration (at time: Omin) is
reflective of the Se(VI) dark adsorption. Se(VI) dark
adsorptions at pH 2.2, 3.0 and 6.4 were 5.42, 3.68 and
0.12mg/gTiQ, respectively. These results consoli-

Since Se(1V) ions were not detected in the bulk of the
solution for all the experiments performed above, it is
suggested that the Se(lV) ions were strongly adsorbed
on the TiQ surface after being formed, and were sub-

seduenty reduoed to elemental Se. The overall 120U g the previously presented resuis that an increase
' in pH leads to a decrease in Se(VI) adsorption. Once
SeQ? +8H" + 66 — S& + 4H,0 (5) the solution was exposed to UV illumination, the de-
crease in Se(VI) concentration was attributed to the
reduction of Se(VI) to Se. Froffig. 7, the zero order
rate represented the Se(VI) photoreduction rates well
and hence was used for the rate estimation. Compar-

The mineralisation of formic acid to carbon dioxide
either by direct holes or hydroxyl radicals oxidation
can be described biqgs. (6a) and (6byespectively:

HCOO™ + 2h* — CO, + H* (6a) ing the Se(VI) photoreduction rates at the different
Table 2

Mass balance of selenium species before and after photoreduction

Mass of Se added (mg) Mass of Se after reduction (mg) Error (%)
Se(VI) in suspension Se(0) on TiO Se(VI) in suspension Se(0) on TiO Se as HSe

20.5 0 0.5 14.3 45 5.8

TiO; loading: 1.1 g/l, reaction volume: 11, residence time: 65 min, pH: 3.5.
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Fig. 7. Concentration profile of Se(VI) with time. Insert: experimental data fitted by zero order[tpH 2.2 (R2 = 0.996), (x) pH 3.0
(R? = 0.996), ©O) pH 6.4 (R? = 0.854). Experimental conditions: 11 test solution, [Se(¥1)20 ppm, [HCOOH}: 100 ppmC, 1.1 gTig/l,
N2 purging, 293K, photon intensity 3.8 mmol/s.

pH values, it can be seen that the rate was the fastestreached a maximum value at pH 3.5, followed by a
at pH 3.0 and the slowest at pH 6.4. decrease until the photoreduction ceased at pH 6.5.
In order to further evaluate the effect of pH, Se(VI) This observed trend can again be correlated with the
photoreduction experiments were carried out at other effects of pH on Se(VI) and formate adsorption shown
pH values. These results, presented as the Se(VI) pho-in Fig. 5. It is interesting to note that the observed rate
toreduction rates as a function of pH are shown in peak at pH 3.5 corresponded to a formate-to-selenate
Fig. 8 The Se(VI) photoreduction rate increased and molar ratio of 2.75. This is very close to the stoi-
chiometry of 3:1 of the overall reaction as determined
from balancing the number of eand b~ generated in

0.35 - : Egs. (5) and (6a)
g 030
& 3HCOO™ + SeQ?™ + 5H"
§ =025
8o — S& + 4H,0 + 3CO, ®)
% 5 020 |

|-

8 E 015 | This finding may be suggestive of the importance of a
£ E’ G near stoichiometric adsorption of formate and Se(VI)
3 ’ ions on the TiQ surface in order to achieve the highest
g 005y efficiency in capturing the photogenerated electrons

0.00 s : | and holes by Se(VI) and formate ions, respectively.

0.0 2.0 4.0 6.0 8.0 The importance of stoichiometric adsorption is

pH demonstrative that the redox reaction took place on the
Fo 8. The ef { bH on Se(vl) ph duct Evoer TiO2 surface, of which the surface sites for the adsorp-
1g. o. e effect o pR on Seée P otoreduction rate. Xperi- H H— . H
mental conditions: 11 test solution, [Se(Vi)}20 ppm, [HCOOH: tion of bo_th solutes could be limited. _The limitation of _
surface sites was demonstrated earlier by the competi-

100ppmC, 1.1gTi@l, N2 purging, 293K, photon intensity > : :
3.8mmol/s. tive adsorptions between the Se(VI) and formate ions.
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Fig. 9. The effect of initial HCOOH concentrations on Se(VI) photoreduction rates. Experimental conditions: pH 3.5, 11 test solution,
1.1gTiG/l, N2 purging, 293 K.

3.4. Effects of initial solute concentration tio of formate:Se(VI) ions, resulting in more efficient
traps for both photogenerated electrons and holes. The
In the next series of experiments, the effect of initial same value for the maximum photoreduction rates of
Se(VI) and formic acid concentrations on the Se(VI) about 0.3 mg/min gTi@ obtained at 20 and 40 ppm
photoreduction rates were studied. The experimental Se(VI) concentration is also highly supportive of
conditions were similar to those described earlier for the occurrence of optimum conditions which closely
the adsorption experiments-i§. 6). The photore- corresponded to a stoichimetric adsorption ratio.
duction results, represented by the zero order rates, The maximum photoreduction rates were also
are shown inFig. 9. It can be observed frorkig. 9 manifested in the results of the investigations by
that increasing the formic acid concentrations from Chenthamarakshan and Rajeshwa®] during the
10 to 300 ppmC resulted in the increase in reduction photocatalytic reduction of chromate using 3iO
rates until a maximum value was reached. Beyond In their study, it was found that by increasing the
this maximum value, a higher formic acid concen- concentration of organic additives, even though the
tration was found to depress the reduction rate. The adsorption of chromate was decreased, the reduction
optimum formate ion concentrations corresponding rate was significantly enhanced, indicating the exis-
with an initial Se(VI) concentration of 20 and 40 ppm tence of an optimum organic concentration.. However,
were 100 and 200 ppmC, respectively. The adsorption no explanation was provided as to why an optimum
tests Fig. 6(a) and (b) showed that as the formic  concentration existefb0].
acid concentration increased from 15 to 300 ppmC,
Se(VI) adsorption onto Ti@surface decreased. From 3.5. Validation of the significance of optimum
the adsorption data presentedriy. 6(a) and (h)the adsorption
formate:Se(VI) molar adsorption ratios for the two
optimum conditions discussed above were 2.6 and To further validate the importance of stoichiomet-
2.7. These two values are again comparable to theric adsorption, four different sets of adsorption and
stoichiometric ratio of 3:1 in the reaction described in photoreduction experiments (Sets A-D) of different
Eqg. (8) Hence, the existence of an optimum formate initial Se(VI) and formic acid concentrations. The ex-
ions concentration (as observedHiy. 9) may also be periments of Set A had initial Se(VI) and formic acid
attributed to the near 3:1 stoichiometric adsorption ra- concentrations of 10 ppm and 50 ppmC, respectively,
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Table 3
Effect of formate:Se(VI) molar adsorption ratio on Se(VI) photoreduction rate

pH Adsorption experiments Photoreduction experiments

Se(VI) (mg/gTiQ) Formate (mgC/gTiQ) Formate:Se(VI) molar ratio Se(VI) photoreduction rate (mg/min gJiO

Set A
3.5 1.91 0.102 0.351 0.229
3.9 1.62 0.211 0.856 0.253
4.4 0.851 0.432 3.32 0.303
4.8 0.301 0.502 11.0 0.263
Set B
3.5 2.86 1.35 3.10 0.309
4.0 2.58 1.61 4.27 0.263
4.4 2.21 2.48 7.34 0.187

Experimental conditions for Sets A and B: 11 test solution, 1.1gM93K, Ny purging, 60 min residence time. Set A: [Se(\l)]
10ppm, [HCOOH}j: 50 ppm, Set B: [Se(VI}: 40 ppm, [HCOOH]: 200 ppm.

while those of Set B were 40 ppm and 200 ppmC, re- was 3.5. Again, the maximum rates were also found
spectively. Experiment Sets A and B were carried out to be close to the value of 0.3 mg/min gBiGtrongly

at various pH values. The results are summarised in supporting the existence of optimum conditions at a
Table 3 stoichiometric adsorption ratio.

By adjusting the pH of the solution, the amount of Another sets of experiment (Sets C and D) were
Se(VI) and the formate ions adsorbed onto theTiO performed by varying the order of Se(VI) and formic
surface was varied. The two different starting initial re- acid addition into the Ti@ suspension. The results
actant concentrations (i.e. the difference between Setsare summarized ifable 4 These experiments were
A and B) were used since this allowed for a wider carried out at a different catalyst loading and reaction
range of adsorbed molar ratios of formate to Se(VI) volume to test the validity of the above mentioned
ions. As can be seen from the presented results, whenpostulation under a different condition. The order
the adsorption of formate and Se(VI) ions was near the of addition was as follows—Method 1: addition of
stoichiometric molar ratio, the optimum Se(VI) pho- formic acid and stirred for 30 min, followed by the
toreduction rate was encountered. The optimum pH addition of Se(VI) ions and stirred for 30 min, Method
for Set A was found to be 4.4 while that of Set B 2: addition of Se(VI) ions followed by the formic

Table 4
Effect of varying the order of Se(VI) and formic acid addition into the Ji€uspension

Method Adsorption experiments Photoreduction experiments

Se(VI) (mg/gTiQ) Formate (mgC/gTiQ) Formate:Se(VI) molar ratio Se(VI) photoreduction rate (mg/min gJiO

Set C
1 3.40 0.352 0.682 0.470
2 3.62 0.101 0.183 0.372
3 3.55 0.301 0.557 0.446
Set D
1 2.52 1.21 3.16 0.588
2 3.18 0.542 1.12 0.492
3 2.61 1.11 2.79 0.593

Experimental conditions for Set C and D: pH 3.5, 0.51 test solution, 0.5@/iQ93K, N, purging, 60 min residence time. Set C:
[Se(VD)]o: 20 ppm, [HCOOH}: 20 ppmC, Set D: [Se(VI}} 20 ppm, [HCOOHy: 100 ppmC.
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