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Abstract

Comparative performance studies between different photocatalysts for reduction reactions are scarce. Here, Millennium PC500 and
PC50 photoreactivities were investigated for selenite (Se(IV)) and selenate (Se(VI)) reduction to their elemental form (Se(0)) and
compared with that of Degussa P25 3iMillennium PC500, with the highest surface area demonstrated the fastest photoreduction of
Se(lV) and Se(VI), compared to P25 and Millennium PC50. Millennium PC50 and P25, which have comparable surface areas, showed
similar photoreactivities. UV-Vis reflectance measurements and XRD characterisation revealed that the Se(0) deposits underwent phase
transformation from amorphous to stable crystalline Se(0) during the drying and ageing process. Overall, the Millennium PCs appear to
be promising photocatalysts for the photoreduction process.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction Of the two crystalline forms, anatase has typically
shown a better photocatalytic activity than rutiec(afani
Titanium dioxide (TiQ)-based photocatalysis is a tech- et al., 1990a; Sclafani and Herrmann, 1R9%his has
nology of strategic and economic importancBefpone been attributed to the slower charge carrier recombina-
et al., 1988. This method has the advantage of destroying tion rates of anatase and its more negative conduction
organic pollutants and/or transforming inorganic ions into band position. In addition, for some reactions thg &@i-
less toxic forms Chen and Ray, 2001; Howe, 1998; Litter, sorbed on the Ti@ surface is important as an electron
1999. Furthermore, as photocatalysis can reduce metals toacceptor and can affect the activity., @dsorption de-
their elemental form, the metals can be readily recovered pends on the surface properties of the catalyst such as
(Litter, 1999. degree of hydroxylation and surface are®rapatzis et
The photocatalytic process involves the activation of a al., 2002; Campostrini et al., 19R4These are typically
semiconductor catalyst with light. This produces photoex- lower for rutile TiQ,, which is often prepared at high
cited electrons and holes that can participate in different re- temperatures.
dox reactions. Among various semiconductor oxides com-  While Degussa P25 Tiphas in the past been considered
monly used in photocatalysis, Tiin both anatase and rutile  the benchmark photocatalyst, more recently various new
forms has been found the most suited for the degradation ofTiO, photocatalysts have been produced at a commercial
various environmental contaminants, including organic and scale and their photocatalytic activities are being gradually
inorganic compounds. assessed. New commercially available photocatalysts that
have been mentioned in the literature include Millennium
* Corresponding author. Tel.: +61293854361; fax: +61293855966. PCs and Hombikat UV10®\¢slan et al., 2000Herrmann et
E-mail addressr.amal@unsw.edu.a(R. Amal). al., 2002 Hufschmidt et al., 2002; Wang et al., 2002, 2D04
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Tioxides Sclafani et al., 1990a;5clafani and Herrmann, 2. Experimental
1996 and Ishihara ST-01Almquist and Biswas, 2002

Degussa P25 was found to perform better than Hom- 2.1. Chemicals
bikat UV100 for the mineralisation of phendlghiri et al.,
1996 and 4-chlorophenolTheuric et al., 1996 Interest- TiO2 Degussa P25 and Millennium PC500 and PC50 were
ingly, Hombikat UV100 outperformed Degussa for the pho- used as photocatalysts. Sodium selenite, sodium selenate,
tooxidation of methanol at a catalyst loading of more than formic acid, perchloric acid and sodium hydroxide were all
2.5g1~1 and vice versa below.2gl~! (Wang et al., 200R of reagent grade and used without further purification. Water
Studying the photoreduction of Hg(lljVang et al. (2004) used was Milli-Q deionised water.
have also found that Hombikat UV100 performed better than
Degussa P25 at a loading of greater than ZigThese dif- 2.2. Apparatus
ferences were attributed to the light absorption properties
of the two catalysts. Hombikat UV100 was also found to  Photocatalytic experiments were performed in a glass re-
perform better than Degussa P25 for the simultaneous pho-actor. This has been described in greater detail elsewhere
toreduction of Cr(VI) and photooxidation of salicylic acid (Tan et al., 200 It had a lid equipped with sample ports,
(Colon et al., 2001 which could be sealed. Oxygen was evacuated from the

When comparing Degussa P25 and Millennium PC500 system by purging with nitrogen. The contents of the re-
for the photodegradation of simulated dyehouse effluents, actor were stirred throughout the experiment. For each ex-
Arslan et al. (2000pbserved no clear correlation between periment, a 1000 ml reaction solution was employed and
initial dark adsorption of the reactants and the photonic ef- jlluminated by a 200W Hg lamp, providing UV light of
ficiency, suggesting that not only the catalyst but also the wavelength below 380 nm with the main emission peak at
physical-chemical properties of the degraded compounds253.7 nm. The pH of the solution was controlled manually
affected the removal efficiency. Howeveguillard et al.  with HCIO4 and NaOH to maintain pH 3.5 for the photocat-
(2003) observed a correlation between higher dark adsorp- alytic reduction of selenium ions. As the reduction of Se(IV)
tion of different dyes on PC500 compared to P25 and better and Se(VI) could result in the production of toxie Sk gas,
photoreactivities, indicating that these photocatalytic reac- the reactor system was connected to two scrubbers in series,
tions essentially occurred in the adsorbed phase at the surcontaining CuS@and NaOH to capture thej3e gas.
face of TiG. A better performance of the Millennium PCs
(PC10, PC25 and PC50) compared to Degussa P25 TiO 2 3. procedure
was also found for the photodegradation of 4-chlorophenol

(Herrmann et al., 2002 Our previous studies found that in the presence of P25

The abOVe StudieS ShOW that phOtocatalytiC I‘eaCtionS areas the photocata|yst and formic acid as a hole Scavenger’
inherently complex and involve many parameters, a num- gt pH 3.5, Se(IV) and Se(VI) could be photoreduced to the
ber of which originate with the chosen photocatalyst. While elemental form (Se(0)) according to the overall reactions (1)

most of these studies have focused on the degradation ofyng (2), respectivelyNguyen et al., 2004; Tan et al., 2003
organic compounds, little information is available to guide

the selection of a photocatalyst for photocatalytic reduction HS€G; +2HCOO™ + 3H"

regctions fpr which different issues gnd con§iderations may hv.TiO, sé + 3H,0 + 2COy, )

arise. In this report, the photocatalytic reduction of selenium

ions (selenite (Se(lV)) and selenate (Se(VI))) was studied SeCﬁ_ +3HCOO + 5H"

using TiG& Millennium PC samples (PC500 and PC50) as hv,TiO2

photocatalysts. The results were compared to those obtained "7 S€ +4H,0 + 3CO, 2)

using TiG; Degussa P25. The identified optimum conditions of 300 mg Cof formic
Selenium was chosen in this study, as it is one of the el- acid and reaction pH of 3.5 were used in this study. Prior

ements of environmental concern on which we have carried to irradiation, a solution containing selenium ions (either as

out a number of studiedNguyen et al., 2004; Tan et al., sodium selenite or sodium selenate), formic acid and the

2002, 2003 The pollution of selenium is largely due to TiO, photocatalyst (at a loading of8gl~1) were allowed

its release from waste materials from mining, agricultural, to equilibrate for 20 min (these will be referred to in the text

petrochemical and industrial manufacturing operations as the dark adsorption experiments). An aliquot of this sus-

(Lemly, 2009. In the environment, selenium commonly pension was collected and immediately filtered through a

exists in four different oxidation states: selenide (&59), 0.22um membrane filter. The filtrate was then analysed for

elemental selenium (Se(0)), selenite (Se(IV)) and selenateselenium and total organic carbon (TOC). This concentration

(Se(VI)). Depending on pH of the solution, these species was taken as the initial concentration in solution at the be-

can be present as %e Secif and Se@, and their pro- ginning of the photoreduction reaction. Dark adsorption was

tonated anions as HSeHSe(Q, and HSeQ, respectively taken as the difference between the concentration of sele-

(Seby et al., 2001 nium added to the system and the concentration of selenium
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at the beginning of the photoreduction reaction. At the end whereRr is the diffuse reflectance, arid and S are absorp-

of the dark adsorption period, the Hg lamp was switched on. tion and scattering coefficients, respectively.

The photoreaction period was determined according to the Thermogravimetric analysis (TGA) was conducted using

initial Se precursor and concentration. Aliquots were taken a Hi-Res Modulated TGA 2950 Thermogravimetric Ana-

at time intervals and then used to measure the selenium andyzer (TA instrument). The crystalline phases of samples

TOC remaining in solution. were determined by powder X-ray diffraction (XRD), using
a Siemens Diffractometer D5000 with CuKadiation.

2.4. Analysis
A Perkin-Elmer Optima 3000 ICP-OES spectrometer was 3. Results and discussion
used for the Se analysis. TOC analysis (mg¥ was ob-

tained using Shimadzu TOC-V CSH analyser. Each sample

was apalysed in trlpllca}te: All analyses were obtained with Degussa P25 and Millennium PC photocatalysts are pro-
a relative standard deviation (RSD) of less than 3% for the . : .
duced by different routes. P25, which generally contains

i 0, -
2ﬁlreérr1]|1tér;]1t;neasurements and less than 2% for the TOC mea99.5% pure TiQ, is produced in a high-temperature (greater

The photon flux in the reaction system was found to be thrzzelnzc?;) PE) rgfoesznbg:dargi hﬁﬁ) E/S;gf; 'Cll_?u:::
3.08 x 10 8 einsteint1s1 using ferrioxalate actinometry b yarog ygenilf !

. ) 1997. PC500 and PC50 on the other hand are produced
(Calvert and Pitts, 1966; Hatchard and Parker, }956 by the sol-gel methodlable 1shows some of the physical

properties of the Degussa and Millennium photocatalysts.
PC500 and PC50 contain mainly anatase while P25 con-
sists of 80% anatase and 20% rutile. PC500 has the small-
The Brunauer-Emmett-Teller (BET) surface area was de- est crystallite size and a surface area almost sixfold that of
termined using a Micromeritics ASAP 2000 BET surface pcs50 and P25. When comparing the dispersive particle size,
analyser. Zeta potentials and dispersed particle size were dez)| the particles were found to be aggregated with PC500
termined using ZetaPALS from Brookhaven Instrument Co. gnd PC50 being more compact compared to P25. This was
High resolution transmission electron microscopy (HRTEM) 3150 observed under the TEM as showrFig. 1 P25 and
images were obtained using a Philips CM200. Samples for he pCs had similar zeta potentials at pH 3.5 even though
electron microscopy were prepared by suspending smallth(__,y were prepared by different methods.
amounts of the photocatalysts in ethanol in an ultrasonic Fig. 2 shows the absorbance spectra of P25, PC500 and
bath and three droplets of the suspensions were placed inbC50. These spectra were derived from diffusion reflectance
carbon-coated copper grids. measurements using the Kubelka—Munk relationship. The
UV-Vis diffuse reflectance was carried out using Varian zpsorbance spectrum obtained for Degussa P25 Tl
Carry 5 UV-Vis-NIR spectrometer and employing BaSO  an apsorbance onset at around 380 nm with no absorption in
as reference. The resulting diffuse reflectance spectra wergne visible range. Compared to P25, PC500 and PC50 had
then related to absorption and scattering parameters using, sharper absorbance edge, which was slightly blue shifted.
Kubelka—Munk remission function (Eq. (3.3)D€lgass  This could be due to the fact that PC500 and PC50 have a

3.1. Characteristics of Ti@materials

2.5. Characterisation studies

etal., 1979 smaller crystallite size compared to P25 and that the PCs
K 1— R2 contain only anatase TigQwhile P25 consists of both anatase

F(Ry) = — = Q (3) and rutile. It should be noted that the absorbance onset
S 2Roo indicates the bandgap energy of the semiconductor, which

Table 1

Physical characteristics of TiOcatalysts

Catalyst P25 PC500 PC50

Surface aream?g~1) BET 48 374 53

Particle size (crystallites) (nm) 80 10-1% 20-3¢

Pore size R) 104 54 219

Composition 80% anatase, 20% rulile > 99.5% anatade > 99% anatade

Dispersive particle size (nm) 200-215 600-700 700-800

Zeta potential at pH 3.5 (mV) +9.1 +10.8 +8.8

aadopted fromMills and Le Hunte, 1997
bprovided by the particle manufacturer.
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Fig. 1. TEM images the different T¥Dphotocatalyst powders in suspension (A) PC500; (B) PC50; and (C) P25.
4 - Table 2
Adsorption of selenium at pH 3.5
Catalysts P25 PC500 PC50
Set 1: Se(IV) 20mg1*
3 Adsorption(mg g~ Lcatalys) 6.9 (£0.4) 12.9(+0.8) —
Set 2: Se(IV) 40mg1*
PC500 Adsorption(mg g‘lcataLys) 8.3(+£05) 23.9(+14) 7.3(+0.4)
X~ Set 3: Se(Vl) 20mgl?
5 Adsorption(mg g~ lcatalys) 2.5(+02) 6.4 (+£04) —
?;, 5 | Set 4: Se(Vl) 40mg1*
% Adsorption(mg gflcatalys) 45 (+£0.3) 11.9(+£0.7) 3.9(+0.2)
a PC50
2 nitial concentrations of selenium ions.
1 7 . -
P25 and selenite ions than P25 and PC50. P25 and PC50 adsorbed
a similar amount of Se(IV) and Se(VI) ions. As was noted
earlier, all three photocatalysts had a comparable surface
charge at pH 3.5. Based on this, it is concluded that the
0

greater adsorption of PC500 is due to its higher surface

area, while the comparable adsorption of PC50 and P25 is

due to their similar surface areas. A greater adsorption of

Fig. 2. Absorbance spectra of TjiOnaterials of interest. Se(lV), compared to that of Se(VI), was obtained for all

three TiQ materials. This can be attributed to the different
chemical structures of the two ions, which affects the nature

should not be different whether the particles are present asof the bonds formed during the sorption proce3stfon and

dry solid or suspended in an agueous medium. Wilkinson, 1988; Sharmasarkar and Vance, 2002

T T T U T T
300 350 400 450 500 550 600
Wavelength (nm)

3.2. Effect of different photocatalysts on dark adsorption  3.3. Effects of different photocatalysts on photoreduction
of selenium ions of selenium ions

Our previous studyTan et al., 200Pfound that using P25 In the following, photocatalytic activities of the catalysts
as the photocatalyst for 15 min was sufficient for Se(IV) and of interest were tested and compared to examine the impli-
Se(VI) to reach adsorption equilibrium. Hence, in this study, cations of particle properties and preparation methods. The
dark adsorption experiments were carried out for 20 min results are presented kigs. 3and4.
to ensure that the equilibrium was obtained. The results of From Figs. 3and 4, it can be seen that for all cases,
the dark adsorption studies are showriTable 2in which PC500 showed better performance than P25 and PC50 for
PC500 demonstrated much greater adsorption for selenateéSe(1V) and Se(VI) photoreduction. In order for selenium
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(B) lllumination time (min) Fig. 4. Photocatalytic reduction of selenate (Se(VI)) using P25, PC500 and

PC50 as catalysts. Conditions: catalyst Ioadin@:g]l—l; dark adsorption:

Fig. 3. Photocatalytic reduction of selenite (Se(IV)) using P25, PC500 and 20 min; hole scavenger: 300 mg Cl of formic acid; pH: 3.5; ¥ purging;
PC50 as catalysts. Conditions: catalyst loading:gll—1; dark adsorption: initial Se(VI) concentrations: (A) 20mgtf; (B) 40mgI-L.

20 min; hole scavenger: 300 mgC]1 of formic acid; pH: 3.5; N purging;

initial Se(IV) concentrations: (A) 20mgt; (B) 40mgl2.

ions to be photoreduced, they must first be adsorbed on thePC50, whose adsorption capacities were comparable, also
surface of the photocatalyssénuki et al., 1999 hence the displayed similar photocatalytic activities for the reduction
greater adsorption capacity of PC500 for selenium ions is of Se(IV) and Se(VI).

believed to have led to the improved performance of thiscat- On the other hand, it is noted froffig. 4 that although
alyst. The correlation between higher photoreduction ratesthe adsorption of Se(VIl) on PC500 was much greater than
and enhanced adsorption can be observed when comparthat on P25, the initial photoreduction rate of Se(VI) in the
ing the photoreduction of Se(lV) with Se(VI). For all the presence of PC500 was not much different from that in the
TiO2 materials used, the photoreduction of Se(IV) proceeded presence of P25. To confirm whether in fact the removal
much faster than that of Se(VI). Starting with the same ini- of Se ions was due to photocatalytic reduction rather than
tial concentration, 20mgf of Se(IV) needed 2h for its  adsorption, after 140 min of illuminating the solution, the
complete removal from solution while 4 h were needed to light was turned off, the particles were recovered and re-
remove 20 mgt! Se(VI). Similarly, it took 8h to remove  suspended in 0.1 mM NaOH solution for 2h. This was to
40mg 1 of Se(VI) while only 4 h were needed to remove desorb any Se(VI) that had not been reduced by the photo-
40mg 1 Se(lV). This is also attributed to the fact that to catalytic reduction process. This analysis was carried out for
reduce Se(IV) to Se(0), only 4 electrons are needed while experiments with P25 and PC500 using Se(VI) concentra-
6 electrons are required to reduce Se(VI) as has been distion of 20 mg I in the presence of 300 mg C} of formic
cussed in our previous studi@uyen et al., 2004 P25 and acid.
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Table 3
Photocatalytic reduction activities of TiOmaterials of interest 1 —— 25mgC [
Catalysts P25 PC-500 A 100mgC [
Se(VI) 20 mg ol 08 —+— 600mgC I
Se(VI) remaining in solution 6.10 (+£0.30) 0.86 (+0.05) =
after 140 min illumination (mg) E
Se(VI) adsorbed on catalyst af- 0.20 (£0.01) 0.10 (£0.01) 3
ter 140 min illumination (mg) o
Se(VIl) deposited on catalyst 13.7 (+1.4) 19.0 (£1.9) =
surface (mg) 'g
&

0 . .
The results (presented ifable 3 show that with an ini- 0 40 80 120

tial Se(VI) amount of 20 mg after 140 min of illumination (A lllumination time (min)
0.86 mg of selenium remained in the solution when using
the PC500 photocatalyst, compared to 6.1 mg when P25 was
used. When the particles were collected and washed with —— 25mgC I
NaOH, only 0.1 and 0.2 mg of Se ions were desorbed from o— 100mgC It

the surface of PC500 and P25, respectively. This indicates < 4
that the removal of Se ions from the solution under illumina- —+— 600mgC
tion was due to the photocatalytic reduction process which =
converted the Se ions to Se(0) deposits. It can also be seen ‘g
from the mass balance that after 140 min of illumination up £
to 19 mg of selenium was photoreduced using PC500, com- s
pared to only 13.7 mg when P25 was used. This indicates g

. . . . o
that PC500 was more effective in photoreducing selenium
ions to their elemental form than P25. . .

0 40 80 120 160 200 240

3.4. Optimisation of formic acid hole scavenger (B) lllumination time (min)

concentrations for the photoreduction of selenium ions in

. ) . ~1. 1 \ai
the presence of PC50 and PC500 Fig. 5. Photoreduction of Se(IV): (A) 20 mg]r, (B) 40mg I~ using

PC500 in the presence of various formic acid concentrations (25, 100, and
600 mgCFl). Conditions: catalyst Ioading:.aglfl; dark adsorption:
The photoreduction of Se(VI) in the presence of formic 20min; pH: 3.5; N purging.

acid has been shown to involve a competitive adsorption
process Tan et al., 2002, 2003 Given that PC500 has a
higher surface area and different adsorption properties to
P25, it was of value to investigate the effect of formic acid ence of formic acid>100mgCt™. In addition, the lower
concentrations on selenium photoreduction using PC500 andformic acid concentrations of 25mgCl (Figs. 5and 6)
PC50 as photocatalysts. and 50 mg Ct?! (Fig. 7) resulted in incomplete removal of
The results for the photocatalytic reduction experiments Se(IV) and Se(VI) for the allowed illumination periods. We
in the presence of different formic acid concentrations using have previously shown that the adsorption of both formic
PC500 and PC50 are presented-igs. 5, 6 and /respec- acid and selenium ions on the surface of the P25 o-
tively. The concentrations of selenium ions at time O were tocatalyst is important for the photoreduction of selenium
the difference between the initial and the remaining selenium ions (Tan et al., 2008 This was further explored in the fol-
concentrations in solution after the dark adsorption period. lowing studies on the adsorption of formic acid on the PC
As can be seen from these figures, an increase in the formicphotocatalysts. The results are showTable 4
acid concentration from 25 to 600 mgCHled to a slight It can be seen fronTable 4that as the initial Se ions
decrease in the dark adsorption of Se(IV) and Se(VI). This concentration increased from 20 to 40 m§,lthe amount
could be due to the fact that a higher concentration of formic of selenium adsorbed on the surface of the PC500 photo-
acid had resulted in a greater amount of formate ions avail- catalyst also increased; however, with an initial concentra-
able to be adsorbed on the surface of the catalysts, leavingtion of 100 mg C1* the adsorption of formic acid remained
fewer adsorption sites for selenium ions to adsorb. mostly unchanged. This was true for both the Se(lV) and
Despite the highest adsorption of selenium ions in the Se(VI) ions and also when PC50 was used as the photocat-
presence of 25 mg Ct of formic acid, the faster photore-  alyst. Furthermore, even though PC500 has a surface area
duction rates of selenium ions were observed in the pres-sixfold that of PC50, the two photocatalysts had comparable
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Fig. 6. Photoreduction of Se(Vl): (A) 20mgt; (B) 40mgl1 using 0 80 160 240 320 400

PC500 in the presence of various formic acid concentrations (25, 100, and (B)
600mg CI1). Conditions: catalyst loading:.3gl~1; dark adsorption:
20 min; pH: 3.5; N purging.

Ilumination time (min)

Fig. 7. Photoreduction of 40 mgi: (A) Se(lV); (B) Se(VI) using PC50

in the presence of various formic acid concentrations (50, 100, and
600 mgCI’l). Conditions: catalyst Ioading:.!igl‘l; dark adsorption:
adsorption of formic acid. This shows that under the reac- 20min; pH: 3.5; N purging.

tion conditions, only a limited amount of formic acid could

be adsorbed on the surface of the catalyst. This could be-

come a limiting factor for the photoreduction of selenium 3.5. Characterisation of the resulting powders

ions as both formic acid and selenium ions need to be ad-

sorbed on the surface of the TiCHence, the decrease in the During the photocatalytic reduction of Se(lV) and Se(VI)
overall removal of selenium ions at formic concentrations using P25, PC500 and PC50 as the photocatalysts, the white
lower than 100 mg Ci* (Figs. 5-7 is postulated to be due  colour of TiO; changed to orange-pink as Se(0) was de-

to insufficient formic acid in the system. posited. Samples for the UV-Vis reflectance measurements
Table 4
Adsorption of formic acid (100 mgCT)
Precursor/concentration (mg*) mg C formic g’l catalyst mg Se gl catalyst

PC500 PC50 PC500 PC50
Se(lV)20 7.93(+0.48) 12.9 (+0.9)
Se(IV)40 6.93(+0.42) 6.60 (+0.40) 24.1(+1.7) 7.4 (+0.5)
Se(V1)20 7.85(£0.47) 8.4 (+0.6)

Se(VI1)40 7.13(£0.43) 6.56 (+0.40) 12.5(0.9) 3.7 (£0.2)
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were collected by filtration and the wet filtered powders 2 1
retained the orange-pink colour. After the Se-P25 and Se-
PC50 powders were dried in an oven overnight &t@their
colour changed to purple and grey, respectively, while the
Se-PC500 particles remained orange pink. The colour of Se-
PC500 did, however, change to grey after 2 weeks of ageing
at room temperature.

The absorbance spectra from the UV-Vis reflectance anal-
ysis of the dried Se-PC500 (orange-pink), aged-dried Se-
PC500 (grey) and the dried Se-PC50 (grey) are shown in
Figs. 8A, 8B and 9respectively. The optical properties of
Se-P25 particles (purple) were investigated in our earlier
publication (Nguyen et al., 2004and typical absorbance
spectra of this system were includedRigs. 8A, 8B and 9
for comparison. The absorbance spectra were obtained from
the reflectance measurements using the Kubelka—Munk re-
lationship.

In Figs. 8and9, the absorption spectra of the dried Se-
PC500 particlesKig. 8A), aged-dried Se-PC500 particles 0 - -
(Fig. 8B) and dried Se-PC50F{g. 9 can be divided into 330 430 530 630 730
three regions< 400, 400-580 and 580730 nm. The region (a) Wavelength (nm)
below 400 nm with an absorbance onset at around 380 nm
can be assigned to the Ti(particles. A difference in the 2 -
spectra between the dried Se-PC500, the aged-dried Se-
PC500 and the dried Se-PC50 was observed in the regions
400-580 and 580-730 nm. The absorbance spectrum of the
dried Se-PC500HFig. 8A) showed a steep absorbance in-
crease from 580 to 400 nm, while in the same region, the
aged-dried Se-PC50Fig. 8B) had a constant absorbance.
The dried Se-PC50 had a small hump at around 450 nm (in-
set,Fig. 9). Additionally, the aged-dried Se-PC50&d. 8B)
and the dried Se-PC5Fig. 9) showed a sharp absorbance
onset around 680 nm with a strong absorbance within the
region of 580-730 nm, while the dried Se-PC56@y( 87)
sample had weak absorbance in this 580-730 nm region.

Red amorphous Se does not have a sharp absorption edge
(Mandough, 1998 Its activation has been approximated
to be between 1.9 (650nm) and 2.1eV (580 nil-Ani
et al., 1990; Mandough, 1993; Peled and Perakh, 1985
addition, on studying the optical absorption of a red Se(0)
solution, Rajalakshmi and Arora, 199und that the red 0 T T 7
Se solution had an absorbance onset at 2.69eV (460 nm). 330 430 530 630 730
Hence, the absorbance of the dried Se-PC500 starting at (B) Wavelength (nm)

580 nm can be attributed to the presence of amorphous Se. In

addition, the small hump at around 450 nm in the absorbanceF'9: 8- Absorbance spectra of (A) dried PC500; (B) aged-dried PC500
' obtained after selenium ion photoreduction. (a) Initiall8¢=20 mg~1;

of the dried Se-PCS(Hg. 9, inset) may also be suggestive ) iia Saiv) = 40mgL; () initial SaVi) = 20mg-L; (d) initial

of the presence of a small fraction of amorphous Se. SeVl) =40mg1; Samples (e,f) are included for comparison on both
On examining the absorbance spectra obtained for thegraphs, (e) P25 after photoreduction of 20 Mg Se(1V); (f) pure PC500

Se-TiG powders recovered from the photoreduction of sele- and (g) pure P25.

nium ions using the P25 photocatalyst (sampleEigs. &\,

8B and 9), an absorbance onset at around 680 nm (1.82 eVhblack Se) and that the amorphous Se can be transformed to

and a hump at around 450 nm were observed. In our previousthe stable grey form with the heat energy of 5-10 kJthol

study on these Se-Ti®ystems, these peaks were assigned of Se atomsGreenwood and Earnshaw, 199Ih addition,

to absorption by Se(0) depositddguyen et al., 2004 It is on studying the ageing of amorphous $&ndough (1993)

known that elemental selenium has different allotropes (red found that the energy gap for amorphous Se (2.05eV) was

monoclinic, red amorphous, grey “metallic’ hexagonal and shifted to 1.65eV for metallic Se. Furthermore, it has been

1.5

Kubelka-Munk

0.5 A

Kubelka-Munk

® ©@ @ @© © @
0.5 A




V. Nu Hoai Nguyen et al. / Chemical Engineering Science 60 (2005) 5759—-5769 5767

5. -
0.85
0.75+ - - -
1.5 330 430 530 630
Wavelength (nm) ‘2
]
© ]
X (@)
]
= 1
[
o
=)
~
05- \ ()
Degree 2 Theta
(e)
Fig. 10. XRD patterns of (A) pure P25; (B) wet Se-P25; (C) dried Se-P25.
0 Note: The powder diffraction file cards were used for identification of

330 430 530 630 730 anatase (a), rutile (r) and selenium phaema(der Diffraction File, 1995
Wavelength (nm)

Fig. 9. Absorbance spectra of dried PC50 obtained after photoreduc-
tion of selenium ions. (a) Initial &) = 40mgr1 and (b) initial
SeVIl)=40mg r1; Samples (c—e) are included for comparison; (c) P25
after photoreduction of 20mgt Se(1V); (d) pure PC50; (e) pure P25.
Inset: sample (a) with an expandeeaxis, showing the hump at around
450 nm. A similar hump was also observed for sample (b).

Counts

reported that the metallic Se has the activation value ranging
from 1.85 to 1.95eV Nlort, 1968; Rajalakshmi and Arora,

LA
LA
AL

1999; Tuthasi and Chen, 196ur values of 2.1eV for | Se

amorphous Se and 1.82eV for the stable form compared | > Se Sese Se D

well with these values. 20 25 30 35 40 45 50 55 60
As was mentioned earlier, the Se-LiPowders changed Degree 2 Theta

colour from orange-pink (wet Se-P25, wet PC50 and dried .
Se-PC500 pOWderS) to purp|e (drled Se_P25) or grey (drled Fig. 11. XRD patterns of (A) pure PC500; (B) wet Se-PC500; (C) dried

PC50 and aged-dried Se-PC500 powders). Hence, it is pDS_Se—PCSOO; (D) aged-dried Se-PC500. Note: The powder diffraction file

) “=cards were used for identification of anatase (a) and selenium phases
tulated that the Se deposits had undergone a transformationpowder Diffraction File, 1995
to a crystalline form during the drying and ageing process.
This also suggests that the dried Se-P25 and Se-PC50 pow-
ders contained a large amount crystalline Se with a small To verify the phase transformation of the Se(0) deposits,
admixture of amorphous phase while the dried Se-PC500the wet and dried Se-P2%if). 10 and the wet, dried and
consisted of mostly amorphous Se and a small amount ofaged-dried Se-PC500Fig. 11) were subjected to XRD
the crystalline form. analysis. The XRD patterns for P25 and PC500 were also
The colour change of the Se-PC500 sample took a longerobtained.
time to occur than for the Se-P25 and Se-PC50 samples. First, it is noted that as P25 consists of anatase and rutile,
Quenching an amorphous Se colloid at room temperature,the peaks characterised for both phases were observed in
Gates et al. (2002jound the complete conversion of the the XRD pattern (line AFig. 10 while the XRD pattern
amorphous form to the stable crystalline form of Se only for PC500 showed only peaks for anatase, indicating that
after 10-20 days. A TGA analysis of the dried Se-P25 and PC500 contains mainly anatase (linefAg. 11). It is also
dried Se-PC500 (not shown here) revealed that only 1% observed that the anatase peaks in the XRD spectrum for
of the dried Se-P25 weight was lost when the temperature P25 is sharper than those in the PC500 XRD spectrum due
increased to 300C while the dried Se-P500 lost approxi- to larger crystal size of Ti@in P25 compared to that in
mately 9% of its weight. It is therefore postulated that the PC500.
delayed colour change of the Se-PC500 sample is due to its As discussed earlier, the P25 and PC500 are white in
higher water content due to the porous structure of PC500colour while the wet Se-P25 and wet Se-PC500 powders
compared to P25 and PC50 which slowed down the trans-had an orange-pink colour, indicating the presence of Se(0)
formation process of the amorphous Se(0) deposits to theirdeposits. As can be seenkigs. 10and 11, the XRD pat-
crystalline form. terns obtained for the wet Se-P25 (lineg. 10 and wet
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Se-PC500 (line BFig. 11) resembled those of P25 (line Australian Research Council under the ARC Centres of Ex-

A, Fig. 10 and PC500 (line AFig. 11), respectively. This cellence Program.

suggests that the freshly deposited Se(0) was amorphous

in nature, which could not be detected by XRD. When the
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