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Water pollution due to effluents from dyes and printing industries poses a serious problem for aquatic life.
Photocatalysis has attracted the attention of chemists all over the world because it is an efficient and ecofriendly
process to combat the problem of water pollution. Photocatalytic bleaching of tolonium chloride on zirconium phos-
phate was carried out in presence of light. The progress of the reaction was monitored spectrophotometrically, and it
follows pseudo first order kinetics. The effect of variation of different parameters, like concentration of tolonium
chloride, pH, amount of semiconductor and light intensity on the rate of bleaching, was also studied. A tentative
mechanism for the photocatalytic bleaching of tolonium chloride has been proposed.
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KOPUCTEIE HA IUPKOHUYM®OC®PAT KAKO ®OTOKATAJIU3ATOP:
BEJIEIbE HA TOJIOHNYMXJIOPU |

3araz[yBa}LeT0 Ha BOAUTC CO UHAYCTPUCKHU oou NpEeTCTaByBa CEpHO3HA 3aKaHa 3a BOAHUOT XKUBOTHHCKHU U
PaCcTUTCIICH CBET. 3a peuraBame Ha HpO6JIeMI/ITe, KOHU C€ OJHECYBaaT Ha 3aragyBarb€ Ha BOAUTE, (1)0TOKaTaHPI3aTa
HNPUBJICKYBA BHUMAHUE Ha XEMHUYapUTE O LCIUOT CBET, KAKO CKOJIOUIKH H e(i)I/IKaCGH mnpouec. Bo OBOj pya €
HpUKakaHa NpUMEHa Ha MPpOUECOT Ha q)OTOKaTaJII/ITI/I‘lKO Oeneme Ha TOJIOHHUYMXJIOpUZ CO IIPpUMEHA Ha HUPKOHUYM-
q)OC(i)aT KaKO KaTaJIM3aTop BO IMMPUCYCTBO Ha CBETJIMHA. PeaKL[I/IjaTa € CliIcaACHa CHeKTpO(l)OTOMeTpI/ICKI/I " IIOKa)XaHoO €
JI€Ka € 0] ICEBO-IIPB pEA. YTBpI[eH (S e(i)eKTOT oI MpoMEHa Ha noBeke IpoHEeCHU MPOMEHIIUBH, KaKO MITO CE€ KOHICH-
Tpa].[I/Ija Ha TOJIOHUYMXJIOPUL, pH, KOJIM4YECTBO Ha q)OTOKaTaJII/I?)aTOp U UHTCH3UTET Ha CBETJIMHATa BP3 6p3I/IHaTa Ha

peaKL[I/Ija. HpennomeH € MCXaHU3aM Ha peaKnHja Ha q)OTOKaTa.III/ITI/I‘{KO Oelnermbe Ha TOJIOHUYMXJIOpHUA.

K.]'Iy‘l]-l](l 360pOBPI! TPETMaH Ha CTaHAapJAHU BOIU; q)OTOKaTa.HI/ITI/I‘{KO 6CJ'ICH>G; TOJIOHUYMXJIOPpUI;

IUpKOHUYM(ochaT; MOITyCIPOBOIHUK

INTRODUCTION

As we stepped into the twenty-first century,
we are facing the challenge of purification of wa-
ter and air resources. On one hand, we are enjoy-
ing the comforts and benefits that chemistry has
provided to us, e.g. from drugs to dyes, from com-
posites to computer chips, etc. On the other hand,
we are facing with the problem of proper disposal
of various products and byproducts of dye indus-
tries. Inspite of many uses, the dyes are toxic and

carcinogenic in nature and environmental con-
tamination by these toxic chemicals is emerging as
a serious global problem. Coloured solution con-
taining dyes from industrial effluents of textile,
dyeing and printing industries may cause skin can-
cer due to photosensitization and photodynamic
damage. On the other hand, bleached dye solution
is less toxic and almost harmless. Secondly, dye
containing coloured water is of almost no use, but
if this coloured solution is bleached to give colour-
less water, then it may be used for washing, cool-
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ing, irrigation and cleaning purpose. The photo-
catalytic bleaching seems to be quite promising
and can provide a low cost method to solve this
problem.

The field of photocatalysis has been excel-
lently reviewed by Ameta et al. [1, 2]. Photo-
catalytic degradation of cetylpyridinium chloride
over TiO, has been reported by Singhal et al. [3].
Similar photocatalytic reaction of xylidine pon-
ceau and orange-G dyes by ZnO powder has been
reported by Sharma €t al. [4]. Yoneyama et al. [5]
studied the photocatalytic reduction of dichromate
ions using WO; powder in acidic range. Costa et
al. [6] proposed the mechanism of gas phase deg-
radation of cyclohexanol and methylcyclohexanol
catalyzed by zirconium phosphate and phosphite.
Shyama and Arakawa [7] have used zirconium di-
oxide as photocatalyst. A composite system of
polycrystalline ZnO/TiO, and its photocatalytic
activity was studied by Marci et al. [8].

TiO, sol-gel deposited over glass and its ap-
plication as a photocatalyst for water decontamina-
tion has been reported by Gelover et al. [9]. Kako
et al. [10] suggested some preventive methods
against catalytic poisoning of TiO, photocatalyst
by H,S. The effect of TiO, acidic pre-treatment on
the photocatalytic phenol degradation was reported
by Colon et al. [11] whereas photodegradation of
lignin from black liquor using a UV/TiO, system
was investigated by Ksibi et al. [12]. Enhanced
efficiency of unsymmetrical versus symmetrical
squaraine dyes sensitized nanocrystalline TiO, was
reported by Alex et al. [13]. Morwetz and Selli
[14] investigated the effect of iron species in
photocatalytic degradation of azo dye in TiO, sus-
pension.

Kim et al. [15] used ZnO coated TiO,
nanoparticles for the flexible dye-sensitized solar
cells. Use of semiconducting iron(Il) oxide in
photocatalytic bleaching of some dyes (malachite
green, crystal violet and methylene blue) has been
reported by Ameta €t al. [16]. Photocatalytic deg-
radation of brilliant red dye and textile waste water
has been suggested by Martins et al. [17]. Photo-
catalytic degradation of acid blue-62 over CuO-
SnO, nanocomposite photocatalyst under simu-
lated sunlight has been reported by Xia et al. [18].
The photocatalytic bleaching of tolonium chloride
in presence of zirconium phosphate photocatalyst
is being reported in the present investigation.
Bleaching of some dyes using zirconium phos-

phate photocatalyst have been studied by Panwar
etal. [19].

EXPERIMENTAL DETAILS

Preparation of photocatalyst (zirconium
phosphate)

Zirconium phosphate was prepared by the re-
action between zirconium oxychloride (LOBA,
1.610 g) and disodium hydrogen phosphate (Ran-
baxy, 1.595 g). Zirconium oxychloride and diso-
dium hydrogen phosphate were dissolved in dis-
tilled water separately. The disodium hydrogen
phosphate solution (aqueous) was added slowly to
the aqueous zirconium oxychloride solution under
agitation, at room temperature. Zirconium phos-
phate precipitated out. To ensure complete precipi-
tation, excess amount of disodium hydrogen phos-
phate solution was added to the supernatant layer.
If there was no further precipitation, the solution
was filtered. After several washes with water, the
product was dried at room temperature under vac-
uum. Zirconium phosphate was used as a semicon-
ductor (photocatalyst) in the present investigations
for the degradation of tolonium chloride (Ran-
baxy) dye. The reaction was observed spectropho-
tometrically, in which optical density (O.D.) of the
solution at different time intervals was measured.
The optical density was measured by placing an
aliquot of 2 ml dye solution in a cuvett and putting
the cuvett in the spectrophotometer.

Degradation of tolonium chloride using
Zirconium phosphate

Tolonium chloride is 3-amino-7-(dimethyl-
amino)-2-methyl-phenothiazin-5-ium chloride. It is
known as tolonium blue-O or tolonium blue.

N\ CHg
cl
-
.
(H3C)oN S NH,

Tolonium Chloride
kmax =640 nm
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Its solution in water is blue in color. A 0.0682 g
of tolonium chloride was dissolved in 500.0 ml of
doubly distilled water so that the concentration of
the dye solution was 2.0x10~ M. This solution
was used as stock solution. The photocatalytic
degradation of tolonium chloride was observed on
a 30 ml dye solution (5.00x107 M), which was
prepared in doubly distilled water, and adding 0.10 g
zirconium phosphate (photocatalyst). Irradiation
was carried out by keeping the whole assembly
exposed to a 200 W tungsten lamp (Philips, light
intensity = 50.0 mWcm ). The intensity of light at
various distances from the lamp was measured
with the help of a Solarimeter (SM CEL 201). A
water filter was used to cut out the thermal radia-
tions. A digital pH meter (Systronics Model 106)
was used to measure the pH of solution. The de-
sired pH of solution was adjusted by the addition
of previously standardized sulphuric acid and so-
dium hydroxide solutions. The necessary condition
for the correct measurement of the optical density
is that the solution must be free from semiconduc-
tor particles and impurity and therefore, a centri-
fuge (REMI — 1258) was used to remove these par-
ticles by centrifugation, followed by decantation of
the supernatant liquid.

The progress of the reaction was monitored
spectrophotometrically by measuring the optical
density (O.D.) of the dye solution at various time
intervals. Controlled experiments were also carried
out to confirm that the reaction is neither photo-
chemical nor thermal, but it is photocatalytic.

RESULTS AND DISCUSSION

The photocatalytic degradation of tolonium
chloride was observed at A, = 640 nm. The re-
sults of a typical run are graphically represented in
Fig. 1. The plot of log O.D. v/s exposure time is a
straight line. This indicates that the photocatalytic
degradation of tolonium chloride in presence of
zirconium phosphate follows pseudo first order
kinetics and the rate constant for this reaction was
determined using the expression k=2.303 x slope.
The first point (at 0 min) in the typical run (Fig. 1)
is out of the trend because initially some dye
molecules will be absorbed on the surface of the
photocatalyst and therefore, it was excluded from
the trend observed for the whole reaction.
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A Typical Run
(Progress of the Photocatalytic reaction)

0.25 ‘ ‘ ‘ T T T T ‘ ‘ ‘ ‘
n o n o n o n o n o n o
— ™ < © N~ (o] o N ™ n © [ee]
— — — — — —
Time (min)

Fig. 1. Variation of dye concentration with time of exposure.
Conditions: [Tolonium chloride] = 5.00x10 M, pH = 7.5,
Zirconium phosphate = 0.10 g and light intensity = 50.0 mW cm >

Effect of the pH
The effect of pH on photocatalytic degrada-

tion was also investigated. The results are reported
in Table 1 and are graphically presented in Fig. 2.

Table 1

Effect of pH on the rate of photocatalytic
degradation of tolonium chloride

[Tolonium chloride] = 5.00x10™ M Light intensity = 0.0 mW cm™
Zirconium phosphate =0.10 g

pH kx10°(s™
7.00 4.94
7.25 5.16
7.50 5.24
7.75 4.60
8.00 4.24
8.25 3.99
8.50 3.72
8.75 3.41
9.00 3.17
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Fig.2. Effect of pH on the rate of photocatalytic degradation
of tolonium chloride.
Conditions: [Tolonium chloride] = 5.00x107 M,
Zirconium phosphate = 0.10 g and light intensity = 50.0 mW cm >

It was observed that with an increase in pH,
the rate of photocatalytic degradation of the dye
increases from 7.00 to 7.50. On further increasing
the pH, a decrease in the rate of photocatalytic
bleaching was observed. This behaviour can be
explained on the basis that as the pH of the solu-
tion increases, more OH™ ions are available. OH™
ions will generate more *OH radicals by combining
with the hole of the semiconductor and these “OH
are considered responsible for the photocatalytic
bleaching. After a certain pH value, more OH  ions
in the bulk will retard the approach of the dye
molecules towards the semiconductor surface in
the desired time limit due to the decrease in the
movement of the large dye molecules. This will
result in a decrease in the rate of photocatalytic
bleaching of tolonium chloride. The participation
of *OH radicals in the reaction was confirmed by
carrying out the reaction in presence of oxalate
ions, which act as hole (h") scavenger through the
following reaction.

h*+(C00),”> ————» CO,

Effect of the tolonium chloride concentration

The effect of variation of dye concentration
was also studied by taking different concentrations
of tolonium chloride. The results are tabulated in
Table 2 and graphically presented in Fig. 3.

Table 2

Effect of concentration of tolonium chloride
on the rate of photocatal ytic degradation

Light intensity = 50.0 mW cm™2 Zirconium phosphate =0.10 g
pH=7.5

[Tolonium chloride] x 10° M kx10° (s ™)
3.00 4.62
3.50 4.74
4.00 5.05
4.50 5.13
5.00 5.25
5.50 4.92
6.00 4.64
6.50 4.37
7.00 4.14

5.25
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k x 10° st

4.5

4.25 -

4 T T T T T T T 1
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Tolonium chloride x 10° M
Fig. 3. Effect of concentration of tolonium chloride on the rate
of photocatalytic degradation.

Conditions: Light intensity = 50.0 mW c¢m 2,
Zirconium phosphate = 0.10 g and pH = 7.5

From the data presented, it is clear that the rate
of photocatalytic degradation increases with increas-
ing concentration of the dye (up to 5.0x107° M).
This may be attributed to the fact that as the con-
centration of tolonium chloride was increased,
more dye molecules were available for excitation
followed by inter system crossing and hence, there
was an increase in the rate. Further increase in the
concentration of the dye (i.e. above 5.00x107° M)
resulted in a decrease in the rate of reaction. This
may be explained on the basis that at higher con-
centrations, the dye starts acting as a filter for the

Maced. J. Chem. Chem. Eng., 27 (2), 133—139 (2008)
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incident light and it does not permit the desired
light intensity to reach the semiconducting parti-
cles and thus, the rate of the photocatalytic bleach-
ing of tolonium chloride decreases.

Effect of the amount of semiconductor

The amount of semiconductor is also likely to
affect the rate of photocatalytic degradation of
tolonium chloride. Different amounts of photocata-
lyst (zirconium phosphate) were used and the re-
sults are summarized in Table 3 and graphically
presented in Fig.4

It was observed that as the amount of semi-
conductor increased, the rate of photodegradation
of tolonium chloride also increased, but ultimately
the reaction rate become constant after a certain
amount (0.10 g) of semiconductor. This may be
due to the fact that as the amount of semiconductor
was increased, the exposed surface area also in-
creased, but after a certain limit (a point of satura-
tion), if the amount of zirconium phosphate was
further increased, there will be no increase in the
exposed surface area of the photocatalyst. It may
be considered like a saturation point above which
any increase in the amount of semiconductor has
negligible or no effect on the rate of photocatalytic
bleaching of tolonium chloride because any in-
crease in the amount of semiconductor after this
saturation point will only increase the thickness of
the layer at the bottom of the vessel. This behav-
iour was confirmed by using reaction vessels of
different dimensions and taking several solutions
of different dye concentrations.

Table 3

Effect of amount of semiconductor on the rate of
photocatal ytic degradation of tolonium chloride

[Tolonium chloride] = 5.00x107° M pH=7.5
Light intensity = 50.0 mW cm *
Zirconium Phosphate(g) kx 10°s™)
0.04 2.51
0.05 3.22
0.06 441
0.07 4.57
0.08 4.80
0.09 5.02
0.10 5.24
0.11 5.23
0.12 5.24
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Fig. 4. Effect of amount of semiconductor on the rate of
photocatalytic degradation of tolonium chloride.
Conditions: [Tolonium chloride] = 5.00x10-5 M, pH = 7.5
and light intensity = 50.0 mW cm™

Effect of the light intensity

The effect of the variation of light intensity
on the rate was also investigated and the observa-
tions are reported in the Table 4 and graphically
presented in Fig.5

The results indicate that the bleaching action
was accelerated as the intensity of light was in-
creased, because any increase in the light intensity
will increase the number of photons striking per
unit area of semiconductor powder. An almost lin-
ear dependence between the light intensity and rate
of reaction was observed. However, higher intensi-
ties were avoided due to thermal effects.

Table 4

Effect of light Intensity on the rate of photocata-
Iytic degradation of tolonium chloride

[Tolonium chloride] = 5.00x10-5 M Zirconium phosphate = 0.10 g

pH=75
Intensity of light (mW cm™) kx10°s™
20.0 3.46
30.0 3.96
40.0 4.26
50.0 4.60
60.0 4.72
70.0 5.21
80.0 5.54
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Fig. 5. Effect of light Intensity on the rate of photocatalytic
degradation of tolonium chloride.
Conditions: [Tolonium chloride] = 5.00x107 M,
Zirconium phosphate = 0.10 g and pH =7.5.

MECHANISM

On the basis of the experimental observa-
tions, a tentative mechanism for photocatalytic
bleaching of tolonium chloride may be proposed as

Dye —— > "'Dye (1)
'Dye ————> “Dye )
SC———> ¢ (CB)+h" (VB)orSC" (3)
h"+OH —— > OH’ 4)
“Dye + OH' ———> Colorless Product (5)

The dye (tolonium chloride) absorbs radiation
of suitable wavelength and it is excited to its first
singlet state followed by intersystem crossing
(ISC) to triplet state (Eq. 1 and 2). On the other
hand, the semiconducting zirconium phosphate
(SC) also utilized the incident light energy to ex-
cite its electron from valence band to conduction
band (Eq. 3), thus leaving behind a hole. This hole
may abstract an electron from the OH™ ions to gen-
erate "OH radicals (Eq. 4). The excited dye may be
oxidized to products by "OH radicals (Eq. 5). The
participation of "OH radicals as an active oxidizing
species was confirmed using its scavenger, i.e. 2-

propanol, where the rate of bleaching was drasti-
cally reduced.

CONCLUSION

The photocatalytic decolourization of tolo-
nium chloride over zirconium phosphate provides
an ecofriendly method for degradation of the dye.
The photocatalytic process may be utilized for the
treatment of effluents from dyes and printing in-
dustries.

The decolourization efficiency increases with
increasing in pH, attaining maximum value at pH
7.50.

The photocatalytic degradation of follows
pseudo first order kinetics.

The principal oxidizing species responsible
for the dye decolourization is the hydroxyl radicals
("OH radical).
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