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Abstract

The photo-reduction of hexavalent chromium was carried out varying different parameters such as pH, titania loading on zirconium phosphate
(ZrP) and titanium phosphate (TiP), initial substrate concentration, irradiation time and catalyst dose. The reduction rate of chromium was favorable
u etes with
t rP and TiP
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nder acidic pH than in the alkaline pH. The dissolved oxygen imparts the minimum effect on the reduction of Cr(VI) as oxygen comp
he hexavalent chromium for the electron in the acidic solutions. Hexavalent chromium was completely reduced over titania pillared Z
nder solar radiation. This process of photo-reduction follows approximately pseudo first-order kinetics.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The presence of heavy metals in aquatic bodies has been
nown to cause pollution problem. The major source of heavy
etals is the improper discharge of various industrial wastew-
ters. These metal ions are generally non-degradable. They
ave got infinite life times and build up their concentrations

n food chains to toxic levels. Among these inorganic pollutants
hromium is an important industrial metal that is considered
priority pollutant by US Environmental protection agency.
hromium occurs in two common oxidation states in nature,
r(III) and Cr(VI), out of which hexavalent chromium is 100

imes more toxic than the other (for concentrations higher than
.05 ppm). This form of chromium is known to be human car-
inogen[1] and is generally associated with the development
f various chronic health disorders including organ damage,
ermatitis and respiratory impairment[2]. In the environment
exavalent chromium salts do not readily precipitate or become
ound to components of soil[3]. It is soluble in water and

∗ Corresponding author. Tel.: +91 674 2581636x305; fax: +91 674 2581637.

forms divalent oxyanions: chromate (CrO4
2−) and dichromat

(Cr2O7
2−). Cr(VI) is mobile in nature and is only weakly sorb

onto inorganic surface. Cr(III) is readily precipitated or sor
on inorganic and organic substrates.

Cr(VI) is an important contaminant in wastewaters aris
from industrial processes such as electroplating, leather ta
or paint making, due to its carcinogenic properties, it has
controlled in many countries. The preferred treatment i
reduce the harmful Cr(VI) to Cr(III) which is less harmf
Again the removal from wastewater is generally accomplis
by employing various chemical and physical means
as hydroxide precipitation, ion exchange, adsorption,
membrane process. Recently, a new technology, base
photo-catalysis to eliminate Cr(VI) ions, a toxic pollut
in the environment was applied using solar energy[4,5].
The photocatalytic process was used for rapid and effi
destruction of environmental pollutants.

Reduction by semiconductor photocatalysis technolog[6]
is a relatively new technique for the removal or recover
dissolved metal ions in wastewater. Ultraviolet and visible l
have sufficient energy to overcome the band gap of sem
E-mail addresses: kmparida@yahoo.com (K. Parida),
asdiptiprakasini@rediffmail.com (D.P. Das).

ductors and form electron–hole pairs (e−–h+) [7–11]. These
charge carriers, which migrate to the semiconductor surface, are

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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capable of reducing or oxidising species in solution. The metal
is reduced on the semiconductor particle surface. The photocat-
alytic reduction of chromium using semiconductor particles has
been widely studied. This photo-reduction takes place at low pH
because the net reaction consumes protons. The photocatalysts
used are mainly CdS[12,13], ZnS[12], WO3 [12,14], various
types of TiO2 [14,15], ZnO [16], titania supported layered
compounds (SLCs)[17], titania modified mesoporous silicate
MCM-41 [18], sulphated titania[19]. Heterogeneous catalysis
and photochemistry principles were used to explain these
processes.

The current paper deals with photo-reduction of Cr(VI) using
the titania pillared zirconium phosphate and titanium phosphate
under solar radiation. The activities of this catalyst was studied
under different reaction conditions such as titania load, catalyst
dose, substrate concentration, pH, effect of sacrificial electron
donors like EDTA, 4-nitrophenol, effect of presence of N2, O2,
air and were correlated with surface properties.

2. Experimental

2.1. Preparation of the material

Titania pillared ZrP and TiP were prepared from Na-
exchanged ZrP and TiP following the procedure reported by
Yamanaka et al.[20]. First titania sol was prepared by dropwise
a ed
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(fresh solution of K2Cr2O7) and 0.2 g/L of catalyst. The solu-
tion was exposed to sunlight in closed pyrex flasks at room
temperature with constant stirring. The observations were com-
pared with the blank, which was done in dark. The effect of
EDTA, 4-nitrophenol, N2, O2 and air were studied keeping all
other parameters fixed. After irradiation, the suspension was fil-
tered and analysed for Cr(VI) quantitatively by measuring the
absorbance at 348 nm using CARY 1E Spectrophotometer (Var-
ian). The detail method of measurement is found in the literature
[21].

3. Results and discussion

3.1. Physicochemical characterisation

The XRD patterns (Fig. 1, the values of crystallite size were
pointed out in the figure) show that the crystallite size was found
to be less in case of 4 wt.% of titania loaded TiP (104.56Å) sup-
port than that of neat TiP (206.62̊A) calcined at 500◦C and
similar case was observed in case of 2 wt.% titania loaded ZrP

Fig. 1. The XRD pattern of 500◦C calcined (a) ZrP, (b) TiP, (c) ZrP/TiO2 2 wt.%,
(d) TiP/TiO2 4 wt.% (d = crystallite size inÅ).
ddition of titanium(IV) isopropoxide to a vigorously stirr
M HCl solution. The resulting slurry was stirred for 3 h
ive a clear titania sol and then aqueous suspension of so
xchanged ZrP or TiP was added to the sol. The suspensio
urther stirred for 3 h at 50◦C. It was filtered and washed tho
ughly with deionised water and dried at different tempera

or further studies.

.2. Physicochemical characterisation

The X-ray powder diffraction pattern was taken in Phi
W 1710 diffractometer with automatic control. The patte
ere run with monochromatic Cu K� radiation, with scan ra
f 2◦ min−1.

UV–vis DRS was taken in Varian UV–vis spectrophotom
n the range of 200–800 nm. The spectra were recorded a
oric acid reflectance standard as base line. The compute
essing of spectra with CARY 1E software consisted of ca
ation of Kebulka-munk functionF (R∞) from the absorbance

The BET-surface area analysis was carried out u
uantasorb instrument (Quantachrome, USA) by nitro
dsorption–desorption isotherms at liquid nitrogen temper
−196◦C). Prior to adsorption–desorption measurements,
les were degassed at 110◦C and 10−5 Torr for 5 h in vacuum

FT-IR spectra were taken using Jasco FT-IR-5300 in
hase in the range 400–4000 cm−1.

.3. Experimental procedure

The photo-reduction of Cr(VI) (K2Cr2O7, BDH) was per
ormed in batch process by taking 20 mg/L of the subs
m
as

st
o-
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Fig. 2. Effect of pH on the initial rate of Cr(VI) photo-reduction: catalyst
dose = 0.6 g/L; [Cr(VI)] = 20 mg/L; time = 240 min.

(174.55Å) and neat ZrP (242.47̊A) calcined at 500◦C. The
decrease in the crystallite size in presence of titania species could
possibly due to the interaction of titania species with ZrP and
TiP.

Again the values of basal spacing, UV–vis DRS spectra, FT-
IR spectra and surface area confirms pillaring, the details of
which has been published elsewhere[22].

3.2. Photo-reduction of Cr(VI)

3.2.1. Effect of pH
The photo-reduction of hexavalent chromium was strongly

dependent on pH. The highest reaction rate was obtained at lower
pH (Fig. 2). Fig. 2 depicts the initial rate (ppm/min) values of
2 and 4 wt.% titania pillared ZrP and TiP, respectively in the
pH range 1–10. Initial rate of photo-reduction was found to be
maximum in the acidic pH (pH≈ 1–2). With further increase in
the pH decreases the initial rate of the process from 0.065 to
0.015 and 0.075 to 0.0319 ppm/min for 2 wt.% titania pillared
ZrP and 4 wt.% titania pillared TiP, respectively. This can be
explained on the basis of pHpzc of the catalyst. Since pHpzc of
titania pillared ZrP and TiP is around 5–6 and consequent neg-
ative surface charge which probably repels the Cr(VI) species
at pHs higher than pHpzc [16]. Probably a similar mechanism
is operating here. The initial photo-reduction rate was dropped
m cidi-
fi t the
p ia
( tion
[

e at

Fig. 3. Effect of titania loading on the initial rate of Cr(VI) photo-reduction:
catalyst dose = 0.6 g/L; [Cr (VI)] = 20 mg/L; pH 2.0; time = 240 min.

of Munoz et al.[26] who observed a decrease in the conversion
level of Cr(VI) with increasing pH in the range 4–8 using TiO2.
A different trend was observed by the same author for ZnO[16],
where they found a maximum at pH 7.0 with the Cr(VI) photo-
reduced falling off at lower and higher pH values in the range
6–9. Due to so many inconsistencies in the previous papers, it
is preferable not to make any further comparison based on pH
effects.

3.2.2. Effect of titania load
FromFig. 3, with increase in the titania loading up to 2 wt.%

for ZrP and 4 wt.% for TiP, the initial rate of the Cr(VI) photo-
reduction increases to 0.065 and 0.076 ppm/min, respectively
and thereafter it decreases to 0.028 and 0.064 ppm/min range.
This promoting effect of titania on the activity of ZrP and TiP
could be understood by considering the following factors:

(1) Pillaring of titania resulted in higher surface area, which
allows more Cr(VI) molecules to be adsorbed on the surface
and there by facilitating the photo-reduction process.

(2) Pillaring of titania leads to lowering of crystallite size which
in turn increases the surface area and adsorption of hexava-
lent chromium and ultimately the photo-reduction of Cr(VI).

3.2.3. Effect of initial concentration
rP

a (VI)
i for
i he
arkedly with increase in pH. The catalysed effect of the a
ed pH values is in agreement with the reported results tha
hoto-reduction of K2Cr2O7 solutions, using platinised titan
Pt/P25) as photocatalyst, is more adequate for acidic solu
23,24].

It is significant that results obtained by Lin et al.[25] for pH
ffect in case of Cr(VI)/TiO2 suspension is in conflict with th
s The rate of photo-reduction of Cr(VI) over titania pillared Z
nd TiP was studied by taking the initial concentration of Cr

n the range of 2–50 mg/L. Almost all Cr(VI) was reduced
nitial concentration of 2–5 mg/L of Cr(VI) in case of both t
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Fig. 4. Effect of initial concentration of Cr(VI) on the percentage of photo-
reduction: catalyst dose = 0.6 g/L; pH 2.0; time = 240 min.

catalysts (Fig. 4). But it gradually decreases with increasing the
initial concentration of Cr(VI) from 10 to 50 mg/L. The percent-
age of Cr(VI) photo-reduction decreases from 100 to 42.5 and
65.28% for 2 and 4 wt.% titania loaded ZrP and TiP, respectively
with a fixed amount of catalyst dose. This may be due to the fact
that at higher substrate concentration, the light absorbed by the
substrate is more than that of the catalyst which may not be effec-
tive in bringing about the photo-reduction of Cr(VI). Since the
catalyst amount was fixed, the active sites remaining the same,
the substrate concentration increases for which there may be a
decrease in the initial rate of photo-reduction of Cr(VI) (Fig. 4).

3.2.4. Kinetic analysis
The variation of initial chromium concentration in the range

of 2–50 mg/L on the photo-reduction process was studied under
constant conditions of pH, catalyst dose. The photo-reduction
process at low concentration of Cr(VI) followed pseudo first-
order kinetics. Some authors reported[27,28]that below pH 4.0
the Cr(VI) photo-reduction follows half-order kinetics. Some

Fig. 5. Plot of logC0/C vs. time for photo-reduction of Cr(VI): (a) for 2 wt.%
titania pillared ZrP, (b) for 4 wt.% titania pillared TiP: catalyst dose = 0.6 g/L;
pH 2.0; [Cr(VI)] = 20 mg/L.

authors[16,29] reported this process to be first-order. In the
present work and experimental conditions, a linear relationship
was observed between Cr(VI) concentration and irradiation time
as shown inFig. 5(a) and (b) (logC0/C versus time, whereC0
is initial Cr(VI) concentration andC is the Cr(VI) concentration
at timet) for titania pillared ZrP and TiP, respectively. The data
calculated for pseudo first-order rate constants “k” at different
Cr(VI) concentration were given inTables 1 and 2for titania
pillared ZrP and TiP, respectively. The rate constant values in
both the cases were found to decrease with increase in initial
Cr(VI) concentration from 20 to 50 mg/L.

3.2.5. Effect of catalyst dose
The effect of catalyst dose on the initial rate of photo-

reduction was studied in the range of 0.2–1.6 g/L of the catalyst.
Fig. 6 shows the variation of initial rate of photo-reduction of
Cr(VI) as a function of catalyst dose (g/L). The values indi-
cated that with increase in the catalyst dose, the initial rate
of photo-reduction of Cr(VI) increases from 0.0375 to 0.065
and 0.052 to 0.076 ppm/min for 2 wt.% titania loaded ZrP and

Table 1
Rate constant values for photo-reduction of Cr(VI) over titania pillared ZrP (2 wt.%)

Time (min) Concentration, 20 mg/L
(k = 0.0064 min−1)

Concentration, 30 mg/L
(k = 0.0038 min−1)

Concentration, 50 mg/L
(k = 0.0025 min−1)

Photo-reduction (%) logC0/C Photo-redu

2

1
2
3

k

30 27.33 0.138 15.9
90 35.2 0.188 24.3
20 49.35 0.295 32.5
40 78.3 0.663 60
00 79 0.677 60.5

is the apparent rate constant.
ction (%) logC0/C Photo-reduction (%) logC0/C

0.075 10.23 0.046
0.12 17.9 0.085
0.17 25.39 0.127
0.39 42.5 0.24
0.40 42.98 0.243
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Table 2
Rate constant values for photo-reduction of Cr(VI) over titania pillared TiP (4 wt.%)

Time (min) Concentration, 20 mg/L
(k = 0.0137 min−1)

Concentration, 30 mg/L
(k = 0.0086 min−1)

Concentration, 50 mg/L
(k = 0.0055 min−1)

Photo-reduction (%) logC0/C Photo-reduction (%) logC0/C Photo-reduction (%) logC0/C

30 50.48 0.3052 35.29 0.189 26.29 0.132
90 71.71 0.548 50.35 0.304 32.38 0.169

120 78.77 0.673 62.9 0.43 46.42 0.27
240 90.75 1.057 80 0.699 65.28 0.46
300 92.3 1.113 81 0.721 66.05 0.469

k is the apparent rate constant.

4 wt.% titania loaded TiP, respectively. Thereafter, it remains
almost constant. This is mainly because with increase in the cat-
alyst dose, there is an increase in the active sites which in turn
increases the adsorption of Cr(VI) and ultimately increases the
rate of photo-reduction. The initial Cr(VI) concentration remain-
ing same further increasing the catalyst amount did not make any
difference to photo-reduction of hexavalent chromium. So with
further increase in the catalyst dose the initial rate of photo-
reduction of Cr(VI) remains constant.

3.2.6. Effect of time
Fig. 7shows that with increase in the irradiation up to 4 h, the

percentage of Cr(VI) photo-reduction increases from 27.33 to
78.3% and 50.48 to 90.75% for 2 wt.% titania pillared ZrP and
4 wt.% titania pillared TiP, respectively. Then it remains almost

F
[

constant. This may be due to increase in the photon flux with
increase in the contact time which leads to more reduction of
Cr(VI).

3.2.7. Effect of reductants
In absence of any organic species, the conjugate oxidation

reaction of metal ion reduction is the electrochemical oxidation
of water. This is a kinetically slow four-electron process
according to Chen and Ray[30] and inhibited by recombination
of photo-generated holes and electrons[31]. So we can expect
the addition of sacrificial electron donors such as suitable
organic substrates may accelerate the photocatalytic reduction
of Cr(VI). Hence we can say the reduction of organics-titania
pillared ZrP/TiP must be more efficient than simply titania
loaded ZrP/TiP. The organic species such as EDTA, methanol,
salicylic acid and 4-nitrophenol accept holes from the valence
band either directly or indirectly and subsequently oxidized and
thereby suppressing the electron–hole recombination process,
increasing the reduction efficiency. In this work the effect of
ig. 6. Effect of catalyst amount on the initial rate of photo-reduction of Cr(VI):
Cr(VI)] = 20 mg/L; pH 2.0; time = 240 min.

F (VI):
c

ig. 7. Effect of irradiation time on the percentage of photo-reduction of Cr
atalyst dose = 0.6 g/L; [Cr(VI)] = 20 mg/L; pH 2.0.
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Fig. 8. Effect of reductants on the initial rate of Cr(VI) photo-reduction:
(a) 2 wt.% titania pillared ZrP; (b) 4 wt.% titania pillared TiP: catalyst
dose = 0.6 g/L; [Cr(VI)] = 20 mg/L; pH 2.0; time = 240 min.

sacrificial electron donors such as EDTA and 4-nitrophenol
were investigated.Fig. 8shows that both reductants promote the
photo-reduction of Cr(VI), but in case of EDTA its much more
significant (the significant results, one can notice in case of
titania pillared ZrP). This is mainly due to the strong chelating
effect of EDTA which forms a stable complex with Cr(VI) in
solution. FromFig. 8(a) and (b) it was clearly observed that the
initial rate of photo-reduction in case of 2 wt.% titania pillared
ZrP increased from 0.065 to 0.074 ppm/min by addition of
EDTA where as for 4-nitrophenol the increase was from 0.065 to
0.068 ppm/min (Fig. 8(a)). One can see for each wt.% variation
the addition of EDTA showed the significant results. Similar
observations were found in case of titania loaded TiP (Fig. 8(b)).
The initial rate of photo-reduction was increased from 0.076 to
0.082 ppm/min for EDTA and for 4-nitrophenol the increase was
from 0.076 to 0.077 ppm/min in case of 4 wt.% titania loaded TiP.
Prairie et al.[32] proposed that two different electron donating
process occurred for different organic substrates during reaction,
i.e. direct and indirect donation of electron. In the former case,
electrons from organics are directly transferred to the valence
band, thereby attenuating the electron–hole recombination
process and leaving more conduction band electrons available
for the reduction of metal ions. As a consequence, addition of
these types of organics to the system has a significant effec
on the photo-reduction of Cr(VI). In case of indirect donation,
holes are transferred only through the formation of hydroxyl
r by t
o enc
t les

Fig. 9. Effect of N2, air and O2 on the initial rate of Cr(VI) photo-reduction:
(a) 2 wt.% titania pillared ZrP; (b) 4 wt.% titania pillared TiP: catalyst
dose = 0.6 g/L; [Cr(VI)] = 20 mg/L; pH 2.0; time = 240 min.

significant effect. This could be the reason that 4-nitrophenol
plays a less significant role towards the photo-reduction
of Cr(VI).

3.2.8. Effect of dissolved oxygen
Experiments were carried out by varying the atmosphere

of the photo-reduction process by bubbling N2, O2 and air.
This can be observed that oxygen has got the minimum effect
on the photo-reduction of Cr(VI) (Fig. 9). In case of 2 wt.%
titania loaded ZrP the initial rate of Cr(VI) photo-reduction
was increased to 0.069 ppm/min in case of N2 bubbling,
0.066 ppm/min in case of air bubbling and in case of O2 bub-
bling the initial rate remains almost the same, i.e. 0.065 ppm/min
(Fig. 9(a)). The similar type of trend was observed for differ-
ent wt.% of titania loaded ZrP. In case of 4 wt.% titania loaded
TiP, the initial rate of Cr(VI) photo-reduction was increased to
0.082 ppm/min in case of N2 bubbling, 0.077 ppm/min in case
of air bubbling and the value remains unchanged in case of O2
bubbling (Fig. 9(b)). This is due to the reason that the presence
of oxygen molecule dissolved in aqueous solutions is assumed
to be the electron scavenger which compete with Cr(VI) for elec-
trons. FromFig. 9, it was observed that N2 has got the maximum
promoting ability than air and oxygen for both the catalysts.
Some controversial results are obtained by different authors;
some authors found the negative effect[33] and no effect of
o al.
[ the
e

oto-
r with
l ergy
adicals and these radicals are subsequently consumed
xidation of added organics. So organics in this class influ

he photo-reduction process indirectly, hence it shows
t

he
e
s

xygen[34]. The result of this work agrees with Khalil et
29]. This may be due to varying conditions under which
xperiments were carried out.

From all these observations it was found that the ph
eduction takes place when the catalyst was illuminated
ight having photon energy greater than the band gap en



D.P. Das et al. / Journal of Molecular Catalysis A: Chemical 245 (2006) 217–224 223

of the semiconductor itself. During this photo-catalysis first
adsorption takes place which is a reversible process and also
takes place even in absence of light illumination. During the
light illumination electron–hole pairs are produced inside the
semiconductor catalyst. The species migrate to the surface of
the catalyst out of which electron reduces Cr(VI) to Cr(III) and
holes oxidize water:

ZrP or TiP/TiO2 (semiconductor)
hν−→e− + h+ (1)

h+ + H2O(OH−) → OH• (2)

Since all the experiments were carried out at pH 2.0, only
CrO4

2− and Cr2O7
2− species can exist[35]. Irrespective of the

species involved and expressing the species simply as CrO4
2−,

the net photocatalytic reaction is a three electron-reduction of
Cr(VI) to Cr(III) with oxidation of water to oxygen:

CrO4
2− + 8H+ + 3e− → Cr3+ + 4H2O (3)

2H2O → O2 + 4H+ + 4e− (4)

The net reaction is as follows:

4CrO4
2− + 20H+ → 4Cr3+ + 10H2O + 3O2 (5)
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