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bstract

The toxic Cr(VI) in industrial wastewaters can be removed by a reduction from Cr(VI) to Cr(III) and a followed precipitation treatment. The
eduction of Cr(VI) to Cr(III) is able to be achieved by a photocatalytic process. Thus, photocatalytic reduction of Cr(VI) over TiO2 catalysts
as investigated in both the absence and presence of organic compounds. The TiO2 catalyst was pre-calcined at different temperatures to tune

he photocatalytic activity and surface area of the photocatalyst. Under the tested conditions, the photocatalytic reduction of Cr(VI) behaved as
pseudo-first-order reaction in kinetics. In the absence of any organic species, the rate constant (kCr) for the photocatalytic reduction of Cr(VI)
as found to be increased initially, passing a maximum, and then decreased, as calcination temperature was increased. In the presence of organic

ompounds, however, kCr was decreased with the increase of calcination temperature. A marked synergistic effect between the photocatalytic

eduction of Cr(VI) and organic compounds was observed over the photocatalyst with the largest specific surface area. These results demonstrated
hat the photocatalytic reduction of Cr(VI) alone was dependent on both of specific surface area and crystalline structure of the photocatalyst in
he absence of any organic compounds, but was dominated by the specific surface area of the photocatalyst in the presence of organic compounds
ecause of the synergistic effect between the photocatalytic reduction of Cr(IV) and the photocatalytic oxidation of organic compounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductor photocatalysis has been intensively investi-
ated for its application to environmental pollutants degradation.
t has been found that a variety of organic and inorganic pollu-
ants can be oxidized or reduced by photogenerated holes and
lectrons over semiconductors [1]. Of all semiconductors, TiO2
s the most widely investigated one because of its favorable
hemical property, high stability and low cost. Since hetero-
eneous photocatalytic reactions take place on the surface, the
urface properties of TiO2 such as surface hydroxyl groups, sur-
ace area, particle size, crystalline phase, surface defects and

urface metal deposits play a critical role in determining the
fficiencies and mechanisms of the photocatalytic reaction. TiO2
urfaces have been actively modified through manipulating the
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stic effect

bove parameters in order to improve the photocatalytic activ-
ty [2–8]. Liu et al. [2] reported enhancement of photocatalytic
ctivity of silver-loaded TiO2, and found that deposited silver on
iO2 surface acts as a site where electrons accumulate, leading

o better separation between electrons and holes on the modi-
ed TiO2 surface. Toyoda et al. [3] observed the crystallinity of
natase was an important factor in order to get high photocat-
lytic activity for the decomposition of methylene blue in water.
ur group have recently observed the activity of TiO2 toward

he photocatalytic degradation of azo dye and phenols is signifi-
antly enhanced by coating a thin layer of polyaniline [4], a layer
f molecular imprinted polymer [5], and by in situ surface modi-
cation via adsorption of cupric and fluoride ions [6]. Navı́o et al.
7] found that the activity is dependent on not only the structural
ifferences but also the type of redox reaction involved. Lu et
l. [8] investigated the enhancement of �-cyclodextrin on TiO2

hotocatalytic oxidation of azo dyes and reduction of Cr(VI) in
queous solutions, and proposed the mechanism as the forma-
ion of complexes of �-cyclodextrin with the dyes and Cr(VI)
nions on the TiO2 surface.

mailto:lhzhu63@yahoo.com.cn
mailto:hqtang62@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2007.06.063
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Recently, increasing attention has been paid to the photocat-
lytic reduction of inorganic contaminants. The application of
he TiO2 photocatalytic reduction process is reported to effec-
ively remove various toxic metal ions, such as Hg(II) [9,10],
e(IV) [11], Se(VI) [12,13], Cd(II) [14,15], Zn(II) [14], Cu(II)
16,17] and Cr(VI) [18–20]. Here, the photocatalytic system
annot be used directly to remove a toxic metal from a wastew-
ter, but should be followed by an effective separation method
e.g. precipitation) for the reduced forms of the metal. Cr(VI) is
toxic, carcinogenic and mobile contaminant originating from

ndustrial processes such as electroplating, pigment production,
eather tanning, or paint manufacture. Its concentration in water
s necessarily restricted to be less than 0.05 ppm by the envi-
onmental quality standards for water pollution control. The
referred treatment is reduction of Cr(VI) to the less harmful
r(III), which can be precipitated in neutral or alkaline solutions
s Cr(OH)3 [21,22].

The photo-reduction of Cr(VI) to Cr(III) can be achieved via a
hotocatalytic process with a simplified mechanism as follows:

iO2 + hν → h+ + e− (1)

r2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O (2)

H2O + 4h+ → O2 + 4H+ (3)

2O + h+ → •OH + H+ (4)

OH + Organics → · · · → CO2 + H2O (5)

+ + Organics → · · · → CO2 + H2O (6)

UV light illumination on TiO2 produces hole–electron pairs
reaction (1)) at the surface of the photocatalyst. After the
ole–electron pairs being separated, the electrons can reduce
r(VI) to Cr(III) (reaction (2)), and the holes may lead to gen-
ration of O2 in the absence of any organics (reaction (3)).
herefore, in a completely inorganic aqueous solution, the
et photocatalytic reaction is the three-electron-reduction of
r(VI) to Cr(III) with oxidation of water to oxygen, which is
kinetically slow four-electron process [23,24]. And hence the
hotocatalytic reduction of Cr(VI) alone is quite slow. Alterna-
ively, the photocatalytic reduction of Cr(VI) can be carried out
n couple with the photocatalytic oxidation of organic pollutants
y adding some amount of organic pollutants in solution. In the
resence of degradable organic pollutants, the holes can produce
OH radicals (reaction (4)), which can further degrade the organ-
cs to CO2 and H2O (reaction (5)). Of course, the holes can also
irectly oxidize the organic molecules (reaction (6)). In other
ords, in the presence of organic species, the photogenerated
oles are rapidly scavenged from the TiO2 particles, suppress-
ng electron–hole recombination on TiO2 and accelerating the
eduction of Cr(VI) by photogenerated electron [25]. One of the
mportant strategies of promoting the photocatalytic reduction
f Cr(VI) (and the photocatalytic degradation of organic pollu-
ants) is enhancing the charge separation, which can be achieved

y improving the structure of the photocatalyst and by introduc-
ng scavengers of holes and/or electrons in the solution. It has
een reported that the presence of organic species as sacrifi-
ial electron donor can accelerate the photocatalytic reduction
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f Cr(VI) [26–28]. However, it is yet unknown how the nature
f the TiO2 photocatalyst influences the reduction of Cr(VI)
oupled with photocatalytic oxidation of organic pollutants, and
hat is the key point of selecting a TiO2 photocatalyst being

uitable for coupled photocatalytic degradation of inorganic and
rganic pollutants. In the present work, therefore, the photo-
atalytic reduction of Cr(VI) was systematically investigated
ver anatase-type TiO2 catalysts in the absence and presence
f organic species, where the TiO2 photocatalysts were pre-
alcined to possess different crystallinity and specific surface
reas.

. Experimental

Commercial anatase-type TiO2 nanoparticles (referred to
s A000) were obtained from Zhoushan Nano Company,
nd P25 nanopowders were supplied by Degussa. To obtain
iO2 photocatalysts with different crystalline phases, the A000
anoparticles were calcined in air for 2 h at temperatures of 200,
00, 500, 600, 700, 800 and 900 ◦C, respectively. The resultant
atalysts were accordingly referred to as A200, A400, A500,
600, A700, A800 and A900. All other chemicals were of

nalytical reagent grade, and were used as received. Distilled
ater was used to prepare of all solutions. Cr(VI) stock solu-

ion (0.02 mol L−1) was prepared by dissolving K2Cr2O7 into
istilled water.

Photocatalytic experiments were carried out in a 150 mL
eactor at room temperature (25 ± 2 ◦C). For all photocatalytic
uns, 100 mL solution containing 0.4 mmol L−1 Cr(VI) with or
ithout the addition of organic compounds was maintained in

uspension by a magnetic stirrer. In each experiment, the cata-
yst was suspended with a load of 1 g L−1, the solution pH was
djusted to pH 2.0 with H2SO4 solutions, and the concentration
f the organic compound, if added, was 0.4 mmol L−1 except
or formic acid (4.35 mmol L−1). A 20-W UV lamp with a max-
mum emission at 253.7 nm was positioned about 10 cm above
he photo-reactor. Prior to irradiation, the suspension was ultra-
onicated for 1 min and magnetically stirred for 30 min in dark
o ensure adsorption–desorption equilibration. The concentra-
ion of Cr(VI) after equilibration was measured and taken as
he initial concentration (c0), to discount the adsorption in the
ark.

During the given time intervals, 2 mL of solution was taken
rom the suspension and centrifuged at 14,000 rpm for 15 min
o remove TiO2 nanoparticles. The concentration of Cr(VI)
fter illumination (ct) was determined spectrophotometrically
y measuring the absorbance at 349 nm on a Cary 50 UV–vis
pectrophotometer (Varian). When salicylic acid was used as
organic pollutant, the Cr(VI) concentration was analyzed by

iphenylcarbazide photometric method at 540 nm, which can
ffectively diminish the interference from the absorption of sal-
cylic acid and its degradation intermediates. Concentration of
henol was obtained with a PU-2089 high-performance liquid

hromatographer (JASCO), equipped with a C18 ODS column.
he detection wavelength was 270 nm, and the effluent consists
f a mixture of water and methanol (65:35). At least duplicated
uns were carried out for each condition.
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ig. 1. XRD patterns of P25 (a) and TiO2 nanoparticles before (b) and after
eing calcined for 2 h at 200 ◦C (c), 400 ◦C (d), 500 ◦C (e), 600 ◦C (f), 700 ◦C
g), 800 ◦C (h), and 900 ◦C (i).

In order to determine the amount of Cr(VI) adsorbed on
ifferent catalysts, 0.3 g of catalyst was dispersed and stirred
ith a magnetic stirrer in 100 mL of 0.4 mmol L−1 Cr(VI) with

nd without the addition of organic compounds for an hour in
he dark. After centrifuging, the concentration of Cr(VI) was
nalyzed in the same way as mentioned above.

The crystalline structure of the photocatalyst was investigated
y using X-ray diffraction (XRD) technique. The XRD patterns
ere obtained by using an X’Pert PRO X-ray diffractometer

PANalytical) with a Cu K� radiation source. The accelerat-
ng voltage and the applied current were 40 kV and 40 mA,
espectively. The Brunauer–Emmett–Teller (BET) surface area
as determined via low-temperature N2 adsorption–desorption

xperiments by using a micrometrics ASAP2020 automated
pparatus. All samples were degassed for 3 h at 353 K before
he analysis. The specific surface area was calculated using the
ET method based on the N2 adsorption isotherm.

. Results and discussion

.1. Crystalline structure and specific surface area of
hotocatalysts

It is known that the preparation of efficient TiO2 photocatalyst
ia a sol–gel process requires a calcination treatment to achieve
n appropriate crystalline structure. XRD analysis was made
or TiO2 nanoparticles A000 before and after being calcined,

ogether with P25 as a control. As shown in Fig. 1, P25 shows
ell-defined diffraction peaks corresponding to a phase mixture
f anatase and rutile (curve a), where the anatase peak appears
t 2θ = 25.4◦ and the rutile peak at 27.5◦ [29,30]. The intensity

w
f
p
s

able 1
ET surface areas of photocatalysts

Catalyst

A000 A200 A500

rystal phase Anatase Anatase Anata
urface area (m2 g−1) 180.9 145.2 63.2
s Materials 152 (2008) 93–99 95

atio of the main diffraction peak for anatase at 2θ = 25.4◦ to
hat for rutile at 27.5◦ is evaluated as 80:20 approximately. The
iO2 nanoparticles from Zhoushan (A000) have a structure of
ure anatase (curve b), but a rather amorphous diffraction pat-
ern with wider peaks was observed for the powders without
eat treatment, indicating poorer crystallinity. When A000 was
alcined, a higher calcination temperature was generally favor-
ble to the improvement of the crystallinity of TiO2 powders.
s calcination temperature was increased from 200 to 800 ◦C,

he peak at 2θ = 25.4◦ increased in intensity along with sharp-
ning of the peak (curves c–h), demonstrating a pure anatase
tructure with improved crystallinity. At a temperature as high
s 900 ◦C, the peak at 25.4◦ disappeared, and the peak at 27.5◦
as observed instead (curve i). This suggests that the phase

ransforms completely from anatase to rutile structure at this
emperature, which is in agreement with that the phase change
rom anatase to rutile ranges from 600 to 1100 ◦C, depending
n the preparation conditions [31].

Specific surface area is one of the important properties of
hotocatalyst. A greater specific surface area is generally favor-
ble to yielding a higher photocatalytic activity. As-received
000 has a BET specific surface area as high as 180.9 m2 g−1.
fter it is calcined, its specific surface area becomes smaller
enerally with increasing of calcination temperature as shown
n Table 1. For example, after being calcined at 200, 500 and
00 ◦C, the specific surface area is rapidly decreased from initial
80.9–145.2, 63.2 and 15.9 m2 g−1, respectively. For a compar-
son, the BET surface area of P25 was measured as 49.6 m2 g−1,
pproaching to the values of A500 and A600.

.2. Photocatalytic reduction of Cr(VI) in the absence and
resence of organics

At first, it was experimentally found that the chemical reduc-
ion of Cr(VI) in both the absence and the presence of organic
ompounds was negligible when the Cr(VI) solution was not
rradiated with UV light or no TiO2 catalyst was added into the
olution. For example, a 120-min UV irradiation converted only
.2% of the added Cr(VI) in the absence of TiO2 photocatalyst,
nd a 120-min treatment in the presence of TiO2 but without the
V illumination produced a conversion of less than 0.9% for
r(VI). This means that both the direct photolysis and chemical

eduction of Cr(VI) are negligible.
Then, the kinetics of the photocatalytic reduction of Cr(VI)
ere investigated. As shown in Fig. 2, the kinetic data obtained
or the Cr(VI) reduction over A000 in both the absence and the
resence of organic compounds can be fitted to a rate expres-
ion of a pseudo-first-order reaction: ln(ct/c0) = −kCrt, where c0

A600 A700 Degussa P25

se Anatase Anatase Anatase/rutile = 4/1
39.7 15.9 49.6
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ig. 2. Kinetic data for the photocatalytic reduction of Cr(VI) over A000 in the
bsence (1) and presence (2) of formic acid.

nd ct represent the Cr(VI) concentrations before and after the
rradiation, t is the irradiation time, and kCr is the apparent rate
onstant of the photocatalytic reduction of Cr(VI) as a pseudo-
rst-order reaction. It is seen from Fig. 2 that the addition of
ormic acid significantly enhances the photocatalytic reduction
f Cr(VI). By alternating the organic compounds, the kinetics
f the photocatalytic reduction of Cr(VI) were further investi-
ated over different photocatalysts. Under normal conditions in
ur work, the photocatalytic reduction of Cr(VI) over each of
he used photocatalysts was observed to exhibit the kinetics of
pseudo-first-order reaction in both the absence and presence

f the organic compounds. Therefore, kCr is able to be used
or evaluating the effects of some factors on the photocatalytic
eduction of Cr(VI).

Fig. 3 shows the dependence of kCr in the absence of any
rganics over different TiO2 photocatalysts. As calcination

emperature is increased, the rate constant of photocatalytic
eduction of Cr(VI) increases initially, passes a maximum at
00 ◦C, then decreases rapidly. It is interesting that the calci-
ation at 500 ◦C yields photocatalytic activity as high as P25

ig. 3. Values of the apparent rate constant kCr of photocatalytic reduction of
r(VI) in the absence of any organics over different TiO2 photocatalysts.
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ig. 4. Values of the apparent rate constant kCr of photocatalytic reduction of
r(VI) in the presence of formic acid over different TiO2 photocatalysts.

oward the photocatalytic reduction of Cr(VI) in the absence of
ny organics.

Fig. 4 represents the values of kCr in the presence of formic
cid over different TiO2 catalysts. By comparing with Fig. 3,
e can conclude that the photocatalytic reduction of Cr(VI) is
enerally accelerated by adding formic acid into the Cr(VI) solu-
ion, which is in agreement of the observations on the literature
26–28]. For the catalyst A000 without the calcination treat-
ent, the addition of formic acid increases the value of kCr from

.00287 to 0.01886 min−1 with a factor of about 6.6 times. As
he calcination temperature is increased, the values of kCr are
ecreased in the presence of formic acid, although most of which
re correspondingly greater than that in the absence of formic
cid. Being similar to the case in the absence of any organics,
he rate constant for A500 (calcined at 500 ◦C) was almost the
ame as that for P25 in the presence of formic acid.

In order to further investigate the effect of organics on the
hotocatalytic reduction of Cr(VI), citric acid, salicylic acid, p-
ydroxybenzoic acid and phenol were used instead of formic
cid. Table 2 tabulates the values of kCr obtained in the presence
f different organic compounds. In spite of different organic

ompounds, the rate constant of the photocatalytic reduction
f Cr(VI) over A500 (TiO2 calcined at 500 ◦C) was found to be
early the same as that of P25. Table 2 reveals again that A000 is

able 2
alues of the apparent rate constant kCr of photocatalytic reduction of Cr(VI)
btained in the presence of different organic compounds

rganic compound kCr (min−1)

A000 A500 P25

lank 0.00287 0.00586 0.00598
ormic acid 0.01886 (6.6)a 0.00837 (1.4) 0.00841 (1.4)
itric acid 0.06058 (21.1) 0.02412 (4.1) 0.02439 (4.1)
alicylic acid 0.02742 (9.6) 0.01302 (2.2) 0.01267 (2.1)
-Hydroxybenzoic acid 0.01097 (3.8) 0.00637 (1.1) 0.00646 (1.1)
henol 0.01583 (5.5) 0.00902 (1.5) 0.00870 (1.4)

a The values in the parentheses are the ratio of kCr in the presence of the
rganics to that in the absence of any organics.
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Table 3
Values of the apparent rate constant kphenol of photocatalytic oxidation of phenol
in the absence and presence of Cr(VI) over TiO2

Catalyst kphenol (min−1)

Phenol alone Phenol + Cr(VI)

A000 0.00195 0.01066
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ig. 5. Values of the apparent rate constant kCr (1, 2) and the dark adsorption
1′, 2′) of Cr(VI) in the absence (1, 1′) and presence (2, 2′) of formic acid over
ifferent TiO2 catalysts. The lines are only for guidance of eye light.

he best photocatalyst for the photocatalytic reduction of Cr(VI)
n the presence of organic compounds, and it also demonstrates
hat the addition of any of the tested organic compounds can sig-
ificantly promote the photocatalytic reduction of Cr(VI) over
000. The enhancing effect of the added organics is observed

o be dependent on nature of added organic compounds. As can
e seen, kCr in the presence of different organics increases in
he following order: p-hydroxybenzoic acid < phenol < formic
cid < salicylic acid < citric acid, being roughly consistent with
hat reported by Prairie et al. [32]. Of the tested organics, addition
f citric acid is the most efficient, increasing kCr from 0.00287 to
.06058 min−1 by a factor of 21.1 relative to that in the absence
f organics.

.3. A comparison between kCr and the adsorption of
r(VI) over different photocatalysts

Adsorption process plays an important role in photocatalytic
eaction [33]. Thus, Fig. 5 compares the photocatalytic activ-
ty of the catalyst and the dark adsorption of Cr(VI) in the
bsence and presence of formic acid over various catalysts. In the
bsence of formic acid, the dark adsorption of Cr(VI) decreases
ith increasing calcination temperature (curve 1), while kCr first

ncreases and then decreases (curve 1′), reaching a maximum at
00 ◦C, which was almost the same as that over P25. Because
he change tendency of kCr value (curve 1) is rather different
rom that of the adsorption of Cr(VI) (curve 1′) when the calci-
ation temperature is lower than 500 ◦C, we can conclude that
he photocatalytic reduction of Cr(VI) is not governed by the
dsorption step of Cr(VI) over TiO2 catalysts in the absence of
ny organics.

In the presence of formic acid, however, both kCr and the
ark adsorption of Cr(VI) over TiO2 catalysts are decreased
s calcination temperature is increased. The same change ten-
ency for k (curve 2) and the Cr(VI) adsorption (curve 2′)
Cr
ay suggest that the photocatalytic reduction of Cr(VI) is gov-

rned by the adsorption step of Cr(VI) over TiO2 catalysts in
he presence of formic acid, which is general for other tested
rganics.

t
P
r
(

500 0.00604 0.00527
25 0.00734 0.00564

.4. Photocatalytic oxidation of phenol by adding Cr(VI)
ver different TiO2 photocatalysts

We have also monitored the photocatalytic oxidation of the
resent organic compounds in our experiment. For the tested
rganic compounds in the present work, all their photocatalytic
xidation over TiO2 catalysts has been observed to behave like a
seudo-first-order reaction in kinetics. Thus, we can also use the
pparent rate constant korganic to evaluate the variations in the
hotocatalytic activity of the photocatalysts toward the oxidation
f the organic compounds. Table 3 gives values of the apparent
ate constants kphenol of photocatalytic oxidation of phenol in the
bsence and presence of Cr(VI) over TiO2 catalysts. The pho-
ocatalytic oxidation of phenol over P25 and A500 is slightly
indered by adding Cr(VI), which is similar to the observation
eported on the literature [34]. However, the addition of Cr(VI)
ncreases the apparent rate constant kphenol of photocatalytic oxi-
ation of phenol over A000 from 0.00195 to 0.01066 min−1 with
factor of about 5.5 times. From Table 2, we can know that

he addition of phenol increases the apparent rate constant kCr
f photocatalytic reduction of Cr(VI) over A000 from 0.00287
o 0.01583 min−1 with a factor of about 5.5 times. Such a great
ynergistic effect between the photocatalytic reduction of Cr(VI)
nd the oxidation of organic compounds are very exciting from
he view point of the photocatalytic treatment of organic and
norganic waste waters. If we appropriately select the photocat-
lyst, the photocatalytic efficiency can be increased greatly by
sing a simultaneous photocatalytic reduction of Cr(VI) and the
xidation of organic compounds.

.5. Synergistic effect in coupled photocatalytic
egradation of Cr(VI) and organic pollutants

As described in Section 1, the mechanism the photo-reduction
f Cr(VI) over TiO2 may follow a general mechanism being
omposed of reactions (1)–(6). In this mechanism, the presence
f Cr(VI) may enhance the photocatalytic oxidation of organic
ollutants, and the addition of organic pollutants may promote
he photocatalytic reduction of Cr(VI) to Cr(III).

P25 is known as one of the best TiO2 photocatalysts and used
requently as a benchmark in photocatalysis. It exhibits high
ctivity because of the interaction of anatase and rutile phases
n its TiO2 particles, which enhances the electron–hole separa-

ion and increases the total photoefficiency [35,36]. Therefore,
25 yields the highest photocatalytic activity toward the Cr(VI)
eduction in the absence of any organics (Fig. 3), and fairly high
although not the highest) photocatalytic activity in the pres-
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nce of organic compounds (Fig. 4 and Table 2). In general,
dding some organic compounds into the solution is favorable
o further increasing of the charge separation by scavenging
oles via reactions (4)–(6). But the further increasing is not
xpected to be so great for P25 because it originally provides
fficient charge separation. This is confirmed in Table 2, which
hows that the addition of the organic compounds increases
Cr by only a factor of 1.1–4.1. As for the influence of adding
r(VI) on the photocatalytic oxidation of organic compounds,

he enhancing effect is also much less efficient over P25.
n the case of photocatalytic oxidation of phenol, the addi-
ion of Cr(VI) as electron scavengers even decreases kphenol
lightly (Table 3). This deceleration of phenol oxidation may
e attributed to catalyst deactivation in the presence of Cr(VI)
34]. In our opinion, because the charge separation over P25 is
fficient and the generation of O2

•− radicals (O2 + e− → O2
•−;

2
•− + H+ → •OH) is fast in acidic solutions, the addition of

r(VI) as electron scavengers could not considerably promote
he charge separation. Under this condition, competitive adsorp-
ion of Cr(VI) may decrease the adsorption of phenol molecules
n the surface of P25 particles, resulting in a deceleration of
he phenol oxidation. Therefore, P25 is not a good photocat-
lyst for treatment of organic waste water in coupled with
r(VI)-containing inorganic waste water, because this com-
ination will not produce a marked synergistic effect in the
hoto-degradation of both the specified organic and inorganic
ollutants.

Beside the crystalline structure, the specific surface area is
nother important factor influencing the TiO2’s activity. In gen-
ral, better anatase phase and greater surface area are favorable
o higher photocatalytic activity. Heat treatment will change
oth the crystalline structure and specific surface area of the
hotocatalyst, leading to a complicate effect of calcination tem-
erature on the photocatalytic activity of TiO2 (Figs. 3 and 4).
efore the heat treatment, catalyst A000 has a rather poorer
rystalline structure of anatase phase, along with a very large
pecific surface area of 180.9 m2 g−1. For the heat treated photo-
atalysts, the crystallinity of anatase phase is improved (Fig. 1),
ut the specific surface area is decreased (Table 1) as calci-
ation temperature is increased. When calcination temperature
s lower than 500 ◦C, the improvement in the crystallinity of
natase phase is more important, resulting in an increased kCr
or higher calcination temperature in the absence of organ-
cs; When calcination temperature is higher than 500 ◦C, the
ecreased specific surface area dominates the photo-reduction
f Cr(VI), leading to a decreased kCr for higher calcination
emperature in the absence of any organics (Fig. 3). Because
f the reversed effects of the two factors, the 500 ◦C calcina-
ion yields the best photocatalyst (A500), being as excellent as
25.

Unlike in P25, there is no anatase/rutile structure in A000.
he charge separation in A000 and the calcined photocatalysts
hould be not so efficient as in P25. The addition of organic com-

ounds as hole scavengers will favor to promoting the charge
eparation and accelerating the photo-reduction of Cr(VI) over
uch photocatalysts. As experimentally observed, the addition of
rganic compounds significantly enhances the photo-reduction

t
p
t
s

s Materials 152 (2008) 93–99

f Cr(VI) over A000 (Fig. 4 and Table 2), increasing kCr value
y a factor of 6.6 times in the presence of formic acid. In this
ase, therefore, the specific surface area is more important than
he crystalline structure of the photocatalyst in the photocatalytic
eduction of Cr(VI). This is further supported by the observation
hat related to the value of kCr in the absence of any organics, the
ddition of the tested organics can increased kCr by a factor of
bout 4–21 over A000 (Table 2), being much greater than that
ver P25.

When the calcinations temperature is increased, the BET spe-
ific surface area of the photocatalyst becomes smaller, leading
o a decreased dark adsorption of Cr(VI). Because the enhanced
r(VI) reduction requires a rapid proceeding of the photocat-
lytic oxidation of organics in parallel, a smaller specific surface
rea is unfavorable to the Cr(VI) reduction. This accounts for the
act that in the presence of organic compounds, kCr is decreased
s calcination temperature is increased. The dominant role of
he surface area is further supported by the observation that both
500 and P25 display similar photocatalytic activities for the

eduction of Cr(VI) because their BET surface area are com-
arable to each other, although their crystalline structures are
ery different. Our observations are similar to that reported
y Colón et al. [34] and Siemon et al. [37], who found that
ombikat UV100 (with a surface area being ca. 5 times of

hat of P25) performed better than P25 for the photoreduc-
ion of Cr(VI) in the presence of salicylic acid [34] and EDTA
37].

. Conclusions

It was confirmed that the photocatalytic reduction of Cr(VI)
s influenced by the nature of TiO2 photocatalysts. The effects
f the photocatalysts’s nature on the photocatalytic reduction of
r(VI) is further dependent on the existence of photocatalytic
xidizable organics. In the absence of any organic compounds,
he photocatalytic reduction of Cr(VI) alone is dependent on
oth specific surface area and crystallinity of the photocatalyst.
n the presence of appropriate organic compounds, however,
he photocatalytic reduction of Cr(VI) couple with the photo-
xidation of the added organics, leading to a great promotion of
he photocatalytic reduction of Cr(VI) due to the significant syn-
rgistic effect of photocatalytic treatment of Cr(VI) and organic
ollutants. This synergistic effect is increased with increase of
he BET specific surface area of TiO2 photocatalyst, being less
ependent on its crystalline structure. Therefore, the TiO2 pho-
ocatalyst (A000) having the largest specific surface area among
he tested photocatalysts has been observed to show the best
ctivity for the photocatalytic reduction of Cr(VI) in the pres-
nce of organic compounds, increasing the reduction rates of
r(VI) by more than 20 times in the presence of citric acid, rel-
tive to the reduction of Cr(VI) alone. These findings indicate
hat the photocatalytic reduction of Cr(VI) alone requires the use
f TiO2 photocatalysts with a appropriate combination of crys-

alline structure and specific surface area, and a simultaneous
hotocatalytic treatment of inorganic Cr(VI) and organic pollu-
ants needs the use of TiO2 photocatalysts with a large specific
urface area.
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