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Recycling and reuse of wastewater after purification will reduce the environmental pollution as well as
fulfill the increasing demand of water. Adsorption-based water treatment process is very popular for
dye-house wastewater treatment. The present study deals with treatment of wastewater contaminated
by reactive dye. TiO, is used as adsorbent and the spent adsorbent has been regenerated by Advanced
Oxidation Process (AOP), without using any other chemicals. TiO, adsorbs dye molecules and then those
dye molecules have been oxidized via a photocatalytic reaction in presence of UV irradiation. Kinetics
of dye adsorption and photocatalytic oxidation reaction has been developed in this study. Photocatalyst
adsorbent (TiO, ) has been reused several times after regeneration. The activity of catalyst decreases after
each cycle; due to poisoning cause by intermediate by-products. Kinetic of this catalyst deactivation has
been incorporated with L-H model to develop the photocatalytic reaction kinetic model.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Demand of water is increasing day by day, accordingly recy-
cling and reuse of water from various sources are being given
due priority in recent times. Wastewater from industries, domes-
tic wastewater, and municipal wastewater can be recycled after
proper purification. Recycling of textile effluent is very essential
because, dyeing 1 kg of cotton with reactive dyes requires an aver-
age of 70-150 Lwater[1]. Various research works have been carried
out on dye-house wastewater purification by Advanced Oxidation
Process employing TiO, catalyst under UV irradiation. The advan-
tages of UV/TiO, process are manifold; it produces less residual
pollutants compared to other conventional processes and reduces
the disposal cost, consequently water treatment cost [2]. Some
authors investigated decolorization of textile effluent using ozone,
which was found to be highly effective [3] AOP (UV/TiO, ) produces
hydroxyl radical, which is able to oxidize a range of organic com-
pounds significantly faster than ozone [4].

Decolorization of wastewater contaminated with RR198 was
studied by Robert et al. [5] in which TiO, powder was used in col-
loidal form. Result of this investigation showed that use of TiO,

Abbreviations: AOP, advanced oxidation process; RR198, Reactive Red 198; UV,
ultraviolet; L-H model, Langmuir-Hinshelwood model.
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powder in colloidal form was much more effective than the immo-
bilized system because of higher available surface area. Various
authors have investigated adsorption of reactive dyes on differ-
ent adsorbent like activated carbon [6], fly ash [7], and chitosan/oil
palm ash composite beads [8], etc. Different synthesized and com-
mercial acyclic ester resins were also used for dye adsorption
efficiently [9]. All these studies confirm that the dye removal is
possible by adsorption.

Beside these, other processes like electrochemical process [10],
coagulation/flocculation process [11], and microbial decolorization
[12] were studied by researchers. But the disposal of these spent
adsorbents and final waste cause additional environmental pollu-
tion. Hence, regeneration of spent adsorbent is the way to solve this
disposal problem. Activated carbon adsorbent can be regenerated
using some chemicals (NaOH and HCI) [13].

With reference to the previous investigations, we have empha-
sized the regeneration of TiO, catalyst without using any chemicals.
Only UVirradiation has been employed to decompose adsorbed dye
molecules by photocatalytic oxidation reaction. We also studied
the possibility of recycling and reuse of TiO, catalyst after regen-
eration. TiO, catalyst has been reused in five successive cycles and
the result shows that TiO, catalyst can be recycled after regen-
eration. A kinetic model equation of photocatalytic reaction has
been developed considering deactivation of catalyst due to effect
of intermediate product and some inorganic ions [14] on the cata-
lyst surface. Kinetic of catalyst deactivation also has been studied
in this present work.
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Fig. 1. Molecular structure of Reactive Red 198.

2. Materials and methods

Chemicals used for this study are, Reactive Red 198 (MW:
923 gmol~1), which is a diazo dye (Fig. 1). This dye was supplied
from a dye-house near Kolkata, West Bengal, India. TiO, powder
Hombikat UV-100 was used as catalyst. This catalyst was supplied
by Sachtleben Chemie GmbH. The catalyst contains 99% of anatase
with a specific surface area (BET) >250m? g~! and primary crystal
size <10 nm dia. Water used for all these experiments is deionized
water.

2.1. Experimental setup

AJar Tester manufactured by Phipps and Bird, Virginia, USA was
used for experimental purpose. The Jar Tester comprising six jars
with six stirrers (uniform speed). The volume of each jaris 1 L. AUV
illuminating bulb was placed on the top of these jars. Stirrers of this
Jar Tester consist of two flat bladed rectangular paddles with an area
1.9 x 10~3 m2. A uniform speed of 150 rpm has been maintained by
using a control panel with digital display. The schematic diagram
of the jar tester has been shown in Fig. 2.

2.2. Experimental procedure
Firstly adsorption of dye was studied to ensure the decol-

orization by photocatalytic reaction on TiO, surface, because the
substances that are adsorbed strongly degrade faster [15]. A series
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Fig. 2. Schematic diagram of Jar Tester.

of experiment were conducted to find the optimum pH and TiO,
dose for adsorption. Dark adsorption test of dye on TiO, surface
was carried out in the Jar Tester. All of these experiments were
conducted in presence of infrared light to prevent any decoloriza-
tion of dyes by photocatalytic reaction. This test was performed
with six different TiO, doses in between 1 and 5 gL~!. This test was
conducted at three different pH (pH: 3, 5.5, and 7) with an initial
dye concentration 350 mgL-'. The pH of the test solution (mix-
ture of dye solution and TiO, adsorbent) was controlled using 10 M
HCI and 10 M NaOH solution. After starting the experimental run,
samples were collected from the Jar Tester with time to time. Then
the collected samples were filtered using 0.45 m polyethersulfone
microfiltration membranes (Pall, Gelman Laboratory, Michigan)
to separate the TiO, particles. After filtration, the concentration
of dye was measured using a spectrophotometer (Jenway 6505
UV/Vis spectrophotometer; Dunmow, Essex, UK) at a wavelength
Amax =516 nm.

After completing adsorption test, decolorization test of dyes was
carried out in presence of UV ray illumination. AUV light illuminat-
ing bulb (100 W) was used for this purpose. Samples were collected
and filtered as earlier and concentrations of dyes were measured
using an UV-Vis spectrophotometer. The dye decolorization test
was also conducted without TiO, and only in presence of UV irra-
diation to verify if it is catalytic reaction. Viability of TiO, recycling
was tested after both adsorption and decolorization test. A five
cycles experiment was performed with TiO, catalyst and RR198;
the initial concentration of dye and catalyst was 350 mgL-! and
5gL-1, respectively. TiO, was filtered by 0.45 um microfiltration
membrane after each cycle and reused to the next cycle.

3. Kinetics of photo-decolorization of RR198 on TiO,
surface

In presence of UV illumination and TiO, in aqueous solution,
the azo bond (-N=N-) of RR198 breaks down and produces some
colorless intermediate product. Those colorless intermediates goes
further oxidation to produce non-toxic final product.

We consider the following reactions take place during photo-
decolorization of reactive dye. In presence of UV irradiation TiO, in
aqueous solution produces electrons (e~) and holes (h*) as:

TiO, + hv~e 4+ h* 1)

where h is Planck’s constant and v is frequency of UV irradiation.
Again some electrons and holes combine and produce heat:

e +h* 2 heat (2)

The intensity of UV irradiation was same through out the study,
so the kinetic of Egs. (1) and (2) depends only on the concentration
of catalyst.

In aqueous medium, at low pH (below pHp;¢) positively charged
active sites of TiO, surface adsorb water molecules and negatively
charged hydroxyl ions:

k
Hy0 + H* 4+ OH™ + Srig, —>H;0,45 + OHags™ + H' 3)
k .
h* + Hy0,d5—>OH" g5 + HT (4)
k .
h+ + OHad57£>OH ads (5)

As the RR198 molecules contain negatively charged sulfonate
groups (as shown by dotted circle in Fig. 1), it will be adsorbed on
positively charged TiO, surface.

Kk
Dye + Stio, —> [Dyel s (6)
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. I
OH 45 + [Dye]adsﬂcolorless intermediate product (7)

Eq. (7) represents the reactions for breaking the azo bonds by
photocatalytic reaction.

Inactive sites on TiO, surface interfere to the process by adsorb-
ing hydroxyl radicals:

. kg . . .
OH’ 145 + Sinactive—> inactive species (8)

Kinetic model equations of this photocatalytic reaction have
been developed based on the above-mentioned reactions.

The concentration of photon-induced holes (h*) can be obtained
at steady state:

d[;:] = kqI[TiO,]" — kz[th][e‘] — k4[h+][]-120]adS
—ks[h™][OH ]44s =0 (9)

d[;:] = k{I[TiO2]" — ka[hT][e"] = ko[hT] =0 (10)

ko = k4[H20] g5 + ks[OH™ Jaqs (11)

When h* trapping competes effectively with electron-hole
recombination [16]

ko[h™] > ky[h*][e"] (12)
Combining Eqs. (10) and (12):

The rate of change of hydroxyl radical (OH" ,4,) is according to

the equation:
d[OH® _
OM s _ k[ (1,0 + K[ JIOH gy

_k7[OH.]ads[Dye]ads - kS[OH.]adS[S]inactive =0 (14)

Considering deactivation of OH* with inactive surface is higher
than other process [17]
ko [h*] (15)

[OH*]qq4s =
ads kg[Slingctive

The rate of decolorization reaction according to Eq. (7) is

Tdecol = k7[OH*]4g5[Dyelqqs (16)
Combining Egs. (13), (15) and (16) we obtain:
Tdecol = ﬂ [TiOZ]n[Dye]ads (] 7)
kS[S]inactive
In presence of constant light intensity Eq. (17) becomes:
Tdecol = k[TiOZ]n[Dye]ads (]8)

Now we consider the deactivation of catalyst:
Tdecol = ka[TiOZ]n[Dye]ads (]9)

Eq. (18)is similar to an empirical relation given by Galindo et al.
[18] and at constant TiO, concentration:

T'decol = K'a[Dyelqqs (20)

Itis observed from the isotherm data that the Langmuir isotherm
fits better than the Freundlich one, and hence we get:

k'K |Dye]

Tdecol = aT[Dye] (21)
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Fig. 3. Percentage removal of dye with different TiO, concentration at different pH
(points denote experimental data and lines indicate model equations).

Eq. (21) represents the Langmuir-Hinshelwood (L-H) model
equation combined with catalyst activity (a). When dye concen-
tration reaches almost zero ([Dye — 0]) then we assume 1> b[Dye]
and Eq. (21) becomes:

d[Dye]
Tdecol = — dt

= ak'K;[Dye] (22)
Integrating Eq. (22) with respect to time (t) we get:
[Dye]

n = —ak'Kt 23)
[Dyels : (

Eq. (23) is a modified form of L-H model equation, which
describes kinetic of dye decolorization by photocatalytic oxidation
reaction.

4. Results and discussions
4.1. Dark adsorption of RR198 on TiO, surface

Results of this study show that adsorption capacity of RR198 on
TiO, catalyst surface is very high at acidic condition. The point of
zero charge of TiO; (pHpzc) is close to pH 6.8. At pH higher than 6.8
TiO, surface becomes negatively charged according to the electro-
chemical equilibrium:

TiOH + OH™ = H,0 + TiO~ (24)

And at pH lower than 6.8 TiO, surface becomes positively
charged

TiOH + H* = Ti-OH,* (25)

RR198 (Fig. 1) contains negatively charged sulfonate groups thus
at acidic condition interaction between positively charged catalyst
surface and negatively charged dyes favor the adsorption. At any
pH (pH 7) higher than pHy,c, the adsorption capacity is relatively
low whereas adsorption capacity is high at pH (pH 3 and 5.5) lower
than pHp,c; as shown in Fig. 3.

Fig. 4 shows adsorption quantity vs. time plot. This figure shows
that most of adsorption takes place within 20 min from the starting
and equilibrium reaches after 1 h.

Fig. 5 represents the Langmuir and Freundlich adsorption
isotherms; values of constants are given in Table 1. It is clear from
Table 1 that Langmuir isotherm fits experimental data better than
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Fig.4. Adsorption quantity vs. time plot at different pH (points denote experimental
data and lines indicate model equations).

Table 1
Values of Langmuir and Freundlich isotherm constants.

Freundlich isotherm Langmuir isotherm

constants constants
ke 93.029mgg! ki 0.489Lmg!
ng 4.948 Qn 217391 mgg!
R? 0.957 R2 0.988

Rp 0.006

the Freundlich isotherm. The value of dimensionless separation

factor (R;) indicates that the Langmuir isotherm is of favorable type.
According to Freundlich isotherm model equation

Q = kgCl/nF (26)

The linear form of Freundlich isotherm is

an:lnkF+llnCe (27)
ng

0.013

A Langmuir isotherm (pH 3) ‘

0.012

0.0114

® Freundlich isotherm (pH 3)

0.0104

0.009 4

1/Qeq

0.008 4
0.007 4
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0.0054

0.004 4
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Fig. 5. Langmuir and Freundlich isotherm at pH 3 (points denote experimental data
and lines indicate model equations).
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Fig. 6. Dye concentration ratio vs. time plot for photo-decolorization reaction
(points denote experimental data and lines indicate model equations).

According to Langmuir isotherm

1 1 1 1
_ 28
Qg KiQm Cog  Qm (28)

And dimensionless separation factor

1
R = 1+kCo

(29)

As the value of R; is much lower than 1, adsorption is favorable
type.

4.2. Photo-decolorization of RR198 on TiO, catalyst

Eq. (20) shows that rate of photo-decolorization depends on the
adsorbed quantity of dye on catalyst surface ([Dye]qqs)- Eq. (21) has
been developed considering Langmuir adsorption isotherm. Exper-
imental data of photo-decolorization reaction have been fitted to
Eq.(23) as shown in Fig. 6. Initially the activity of catalystis 1, as we
use fresh catalyst. Fitting the experimental data for pH 3 (R2 =0.991)
Eq. (23) becomes

[Dye]
=-0.35¢ 30
[Dyelo G0
Eq.(30) confirms that decolorization reaction follows L-H model
atlower pH. The value of k’K; from the above equation is 0.35 min~!
or 20.98 h—1. The value of the constant K; (=k; Q) is 106.304Lg™!
so the calculated value of k' is 0.197 gL-1 h~1.

4.3. Recycling of TiO, catalyst

Fig. 7 describes the dye concentration ratio vs. time (h) plot dur-
ing catalyst recycling experiment. The subsequent cycles are taking
longer time than the preceding one, because the activity of catalyst
decreases due to poising. RR198 contains sulfonate group so there
must be inorganic sulfate ion in final solution; this sulfate ions even
at low concentration reduce the oxidation rate [14].

4.4. Calculation of catalyst activity for successive cycles

Experimental results show that recycling of catalyst is possi-
ble after regeneration. Incomplete oxidation of dye causes catalyst
poisoning due to presence of intermediate product. The calculated
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Table 2

Values of starting time, initial rate constant and catalyst activity for successive cycles.

No. of cycle Starting time of each cycle (cumulative) (h) Initial rate of photo-decolorization (ro;) (molh~! gcat=1) Catalyst activity (a)
1st cycle 0.0 7.24x 1077 1.000
2nd cycle 1.0 6.65 x 107 0.919
3rd cycle 2.0 6.06 x 107 0.837
4th cycle 3.0 5.69 x 10-7 0.786
5th cycle 45 430 x 1077 0.594
st The activity of catalyst at any time can be calculated from
—m— 1" cycle . K . .
1.0 O— 2eycle Eq. (32). The value of catalyst deactivation co-efficient (k.4) is
L 0.1034h-1,
1 —A— 3 cycle
th
0.8 e hcyde 5. Conclusion
—%—5' cycle
" | The present study shows that TiO, adsorbs RR198 effectively at
E 0.6 acidic condition (pH 3) and adsorption follows Langmuir isotherm
a (R%2=0.99) better than Freundlich isotherm (R? =0.96). Regenera-
E | tion of spent adsorbent is possible by oxidizing the dye molecules
0, 044 via a photo-decolorization reaction using UV illumination. Photo-
decolorization reaction follows the L-H kinetics (R%=0.99). This
| study shows that recycling of catalyst is also possible after regen-
0.2 eration. The activity of catalyst decreases due to poising and
" deactivation which follows first order kinetics.
0.0 4
==y 1 T T T T
0 1 g 3 4 5 & Nomenclature
Time (hr)
Fig. 7. Dye concentration ratio vs. time plot for successive cycles (pH 3) (points a ?C.ti."ity Of C.atalySt
denote experimental data and lines indicate model equations). ap initial activity of catalyst
b Langmuir isotherm constant (Lmg~1)

value of initial rate of reaction (rg;) and catalyst activity (a) for each
cycle have given in Table 2.

We consider first order decay of catalyst activity, and we have
the equation:

a = age Kt (31)

where k¢4 is catalyst deactivation co-efficient. Fitting the value of
catalyst activity against starting time of each cycle (R% =0.975) from
Table 2 we get:

a=1.02e0-1034 (32)

105
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a5 slope of the curve at t=0
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85
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70
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554 |
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time, min

T
120

Fig. A1. Dye concentration vs. time plot with slope at time t=0.

Co, [Dye]o initial concentration of dye (mgL~1)
[Dyelaas concentration of adsorbed dye molecule on TiO, surface

(mgg™")
H,0,4s adsorbed water molecule on TiO, surface
I intensity of light (candela, cd)

k=Kk7k1I/(kg[Slinactive) Overall reaction rate constant with fixed
light intensity (L"~1 h—1g"-1)

ki-kg  reaction rate constants

Ked rate constant of catalyst deactivation reaction (h~1)

kr Freundlich isotherm constant (mgg~1)

K Langmuir isotherm constant (=k;Qn, as in Eq. (28)) (Lg™1)

kr Langmuir isotherm constant (Lmg~1)

k'=k[TiO,]"* reaction rate constant with fixed TiO, concentration
(gL-"h™1)

n constant

ng Freundlich isotherm constant

OH'.4s adsorbed hydroxyl radical on TiO, surface

OH,4s~ adsorbed hydroxyl ion on TiO; surface

Qnm maximum dye adsorption for monolayer formation
(mgg1)

T'decol rate of dye decolorization reaction (molh-! gcat™1)

Toi initial rate of decolorization reaction for ith cycle
(molh~!gcat1)

Ry dimensionless separation factor

Sinactive  iNActive adsorption sites on TiO, surface

Stio, active adsorption sites on TiO, surface

[TiO;]  concentration of TiO; in the solution (gL~1)
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Appendix A. Appendix: I
A.1. Calculation of initial rate of reaction and activity of catalyst

The initial rate of reaction has been calculated by the method as
described below.

We have calculated the initial rate of reaction using the equa-
tion:
0i = W dt t=0

where ry; is initial rate of reaction, W is the weight of catalyst, c is
the concentration of dye. The slope of the concentration vs. time
graph at time t=0, (dc/dt)|t=0 has been calculated from Fig. A1,
as shown below. The slope of the red line in figure represents the
initial rate of change of dye concentration. Weight of catalyst W is
known, so we can calculate the value of ry;.

Activity of catalyst has been calculated using the relation as:

(A1)

Fos

a="2 (A2)
To

where a is catalyst activity, rp; is the initial rate of reaction for ith

cycle and rg is the initial rate of reaction for 1st cycle (with fresh

catalyst).
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