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of dyes by nanophotocatalysis using immobilized titania. Three textile dyes, Remazol Red RB (RR), Rema-
zol Brilliant Blue BB (RBB) and Cibacron Blue TGRE (CB), were used as model compounds. UV-vis, ion
chromatography (IC) and chemical oxygen demand (COD) analyses were employed to obtain the details
of the photocatalytic degradation of dyes. Numerical finite volume model was used to solve the mathe-
matical equation describing decolorization process. The results showed that the dyes were decolorized
and mineralized. The model predictions were compared to those results obtained from experimental tests
and close agreement was achieved.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The presence of harmful compounds in water supplies and
wastewater from chemical industries such as textile, power plants,
and agricultural sources is a global concern. Waste effluents ema-
nating from textile industry create serious problems to various
segments of the environment. Dyes in waters affect the nature of
the water, inhibiting light penetration into the streams and reduc-
ing the photosynthetic reaction. Some dyes are toxic and even at
very low concentrations may significantly affect aquatic life. Some
other dyes may cause allergy, skin irritation and cancer to humans
[1-7].

Processes based on aqueous phase hydroxyl radical chem-
istry are powerful oxidation methods to destroy toxic organic
compounds present in water [8-29]. Nanophotocatalysis using
titania is one of the advanced oxidation processes that cou-
ples low-energy ultraviolet light with semiconductors acting
as photocatalysts. During the photocatalytic reactions, valence
band hole (hy,") and hydroxyl radical (OH®) are produced
[30,31]. The hy,* is a strong oxidant, which can either oxi-
dize a compound directly or react with electron donors like
water or hydroxide ions to form hydroxyl radicals, which react
with pollutants such as dyes. Hydroxyl radicals react with
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organic pollutants leading to the total mineralization of most of
them.

In numerous investigations, an aqueous suspension of the cata-
lyst particles in immersion or annular-type photoreactors has been
used. However, the use of suspensions requires the separation and
recycling of the ultrafine catalyst from the treated liquid. These pro-
cesses are usually inconvenient, time-consuming and expensive. In
addition, the depth of penetration of UV light is limited because of
strong absorption by catalyst and dissolved pollutants. One solu-
tion to the above problem is to immobilize the catalyst onto a fixed
transparent support [32].

Literature review showed that numerical finite volume mod-
eling of photocatalytic decolorization of dyes using immobilized
titania was not done. The main objective of this paper is to
investigate the numerical finite volume model for photocatalytic
decolorization of dyes using immobilized titania. A multi-purpose
CFD package called PHOENICS [33] incorporating the numerical
finite volume approach was used to simulate the photocatalytic
decolorization process. lon chromatography (IC) and chemical oxy-
gen demand (COD) analyses were employed to obtain the details of
the photocatalytic degradation of dyes.

2. Experimental

Remazol Red RB (RR), Remazol Brilliant Blue BB (RBB) and
Cibacron Blue TGRE (CB) were obtained from Hoechst and Ciba.
Other chemicals were of analar grade and purchased from Merck.
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Nanosized titania (Degussa P25) was utilized as photocatalyst. Its
main physical data are as follows: average primary particle size
30 nm, purity above 97% and with 80:20 anatase to rutile.

Experiments were carried out in an immersion rectangular
immobilized TiO, nanoparticle photocatalytic reactor made of
Pyrex glass [1,3,5]. Two UV-C lamps (15W, Philips) were used as
the radiation source. An air pump was utilized for the mixing and
aeration of dye solution.

Photocatalytic decolorization and mineralization processes
were performed using a 6 L solution containing specified concen-
tration of dye. Solutions were prepared using distilled water to
minimize interferences. The initial dye concentration was 50 mg/L.
The photocatalytic degradation was carried out at 298 K. Samples
were withdrawn from sample point at certain time intervals and
analysed for decolorization and mineralization.

Decolorization of dye solutions were checked and controlled by
measuring the absorbance of dyes at their maximum wavelengths
at different time intervals by UV-vis CECIL 2021 spectrophotome-
ter. The maximum wavelength (Amax) of RR, RBB and CB were 520,
608 and 580 nm, respectively.

Computational fluid dynamics based on finite volume
descretization scheme was used to numerically solve the
mathematical equation describing decolorization process.

Ion chromatograph (METROHM 761 Compact IC) was used to
assay the appearance and quantity of formate, acetate, oxalate,
S042~ and NO3 ™~ ions formed during the decolorization and miner-
alization of dyes using a METROSEP anion dual 2, flow 0.8 ml/min,
2mM NaHCO3/1.3 mM Na,COs as eluent, temperature 20°C, pres-
sure 3.4 MPa and conductivity detector.

The COD tests were carried out according to close reflux, col-
orimetric method [34] using a DR/2500 spectrophotometer (Hach,
USA) and COD reactor (Hach, USA).

3. Results and discussions
3.1. Decolorization process

Figs. 1-3 (dots) show the dye concentration as a function of the
irradiation time for RR, RBB and CB, respectively. Different H,0,
concentrations were used. It is shown to be exponential to time at
each concentration of H,0,. This means that the first order kinet-
ics relative to dye is operative. The correlation coefficient (R?) and
decolorization rate constants (k, min—1) of dye for the various H,0,
concentrations were shown in Table 1. Apparently, as H,O, con-
centration increases from 0 to optimal concentration (450, 450
and 300mg/L for RR, RBB and CB, respectively), the decoloriza-
tion rate is greatly enhanced because more hydroxyl radicals are
formed at higher hydrogen peroxide concentrations in solution.
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Fig. 1. Comparison of concentrations of RR versus irradiation time in aqueous phase
for different concentrations of hydrogen peroxide and an initial dye concentra-
tion (Cp) 50mg/L predicted by numerical model (solid lines) and determined at
laboratory (dots).
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Fig. 2. Comparison of concentrations of RBB versus irradiation time in aqueous
phase for different concentrations of hydrogen peroxide and an initial dye concen-
tration (Co) 50 mg/L predicted by numerical model (solid lines) and determined at
laboratory (dots).

However, when H,0, concentration is larger than optimal concen-
tration, the decolorization rate slows down. This can be explained
by the scavenging effect when using a higher H,0, concentration
on the further generation of hydroxyl radicals in aqueous solution
[1,3,10].

3.2. Computational fluid dynamics modeling of decolorization
process

In this paper a computational fluid dynamics based on finite
volume descretization scheme was used to numerically solve
the mathematical equation describing decolorization process. The
partial differential equation describing the photocatalytic decol-
orization process is given in the following equation. This equation
was numerically solved using PHOENICS package and incorporating
finite volume integration scheme in order to simulate the decol-
orization from aqueous solution.

2
% = 83X7CZ] — kC1 (1)
where C; is the dye concentration in aqueous system (mg/L), k
the first-order rate constant (1/s), t the time (s), x the Cartesian
coordinates (m) and D is the diffusion coefficient (m?/s).

To produce a CFD modeling, a number of key steps should be fol-
lowed in order to generate an exact picture of a particular problem.
The main steps for a CFD analysis are [33]:

e Start
e [dentification of the problems to be analysed and derivation of a
conceptual model
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Fig. 3. Comparison of concentrations of CB versus irradiation time in aqueous phase
for different concentrations of hydrogen peroxide and an initial dye concentra-
tion (Cp) 50 mg/L predicted by numerical model (solid lines) and determined at
laboratory (dots).
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Table 1
First-order kinetics rate constants for photocatalytic decolorization of dyes
H,0, (mg/L) RR RBB CB
k (1/min) R? k (1/min) R? k (1/min) R?

50 0.028 0.999 0.032 0.994 0.029 0.991
150 0.067 0.990 0.043 0.993 0.044 0.992
300 0.085 0.993 0.051 0.991 0.076 0.990
450 0.135 0.990 0.067 0.990 - -
600 0.132 0.996 - - 0.066 0.992
900 - - 0.068 0.990 0.107 0.991

1200 0.139 0.991 0.069 0.993 - -

e Pre-processing phase (1. Construction of the problem domain and
grid generation; 2. Specification of boundary conditions and fluid
properties)

e Solution phase (Numerical solution of the problem)

e Pre-processing phase (Result evaluation).

The equation describing photocatalytic decolorization of dyes
in solution phase was solved using the PHOENICS CFD package.
PHOENICS is a general-purpose CFD package that can be used for
the simulation of fluid flow, heat transfer and mass transfer pro-
cesses. In the case of a single-phase problem, the partial differential
equation solved by PHOENICS has the following general form [33]:

d
(PUJ‘P— F¢8:z> =S¢

where ¢ is any of the dependent variable, t the time, p the PHOENICS
term for density, U; the velocity component in the x; direction, "¢
the diffusive exchange coefficient for ¢ and S is the source rate of

¢

0 0

&(p¢)+ % (2)

The general source term Sy can include all terms other than
diffusion, convection and transient terms in the equation.
Boundary conditions and sources or sinks (S,.) are treated in
PHOENICS as linearized sources having the following form [33]:

(3)

where (' is the coefficient, V the value and T is the type, a geomet-
rical multiplier.

The PHOENICS computer model has a few different modules
for performing all of the different phases of a numerical anal-
ysis, namely SATELLITE (definition of geometry, grid generation,
selection of the physical and chemical phenomena that need to
modelled, definition of fluid properties and specification of bound-
ary conditions), EARTH (descretization of finite volume equations,
iterative solution of finite volume equations, output of results) and
post-processing facilities including VR VIEWER (viewing stream-
lines, vectors, iso-surfaces and contour plots), PHOTON (viewing
grid streamlines, vector plots, surface plots and contour plots),
AUTOPLOT (plot x-y graphs for comparison of PHOENICS solutions
with field data) and RESULT (drawing tabular plots of unknown
variables) [33].

Spe = TC'(V - ¢)

Table 2

Model input data used for the simulation of photocatalytic decolorization of dyes
Input parameter Value
Initial dye concentration (mg/L) 50
Kinetic rate constant (1/min) Table 1
Molecular diffusion (m?/s) 1x107?
Number of iterations 1000
Number of time steps 12
PHOENICS-term for density (g/cm?) 1.0
Differencing scheme Hybrid

Since the model equation may contain terms, which are not
included in the PHOENICS general equation, they are implemented
in PHOENICS by introducing the appropriate setting for each term
in the Q1 file and applying extra FORTRAN coding in the GROUND
subroutine.

In order to model the photocatalytic decolorization of textile
dyes from the solution phase, a one-dimensional simulation was
performed using PHOENICS package. The model input data are
given in Table 2.

A one-dimensional finite volume model with a reactor length
of 380 mm was divided into 50 equal size control volumes. The x-
direction of Cartesian coordinate was used to simulate horizontal
batch system in which photocatalytic decolorization process takes
place. The number of time steps used was 12. Total iteration of
1000 was assigned to the simulation. The model was then run for
a simulation time of 60 min. A molecular diffusion coefficient of
1 x 1072 m?/s was assigned for all dyes dissolved in solution sys-
tem. All model input data were set through the Q1 file of PHOENICS
package.

Figs. 1-3 compare experimental data and model predictions for
the relative concentrations of RR, RBB and CB as a function of irra-
diation time respectively. The agreement between the predicted
results and measured data are close. These figures were plotted for
different H,O, concentrations.

3.3. Mineralization of dyes

During the photocatalytic decolorization and mineralization of
dye, various organic intermediates were produced. Consequently,
destruction of the dye should be evaluated as an overall degradation
process, involving the degradation of both the parent dye and its
intermediates.

Further hydroxylation of aromatic intermediates leads to the
cleavage of the aromatic ring resulting in the formation of oxygen-
containing aliphatic compounds [10,16]. Carboxylic acids were
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Fig. 4. Formation and disappearance of aliphatic carboxylic acids during the photo-
catalytic degradation of RR (Dye 50 mg/L, H,0, 450 mg/L).
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Fig. 5. Formation and disappearance of aliphatic carboxylic acids during the photo-
catalytic degradation of RBB (Dye 50 mg/L, H,0, 450 mg/L).
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Fig. 6. Formation and disappearance of aliphatic carboxylic acids during the photo-
catalytic degradation of CB (Dye 50 mg/L, H,0, 300 mg/L).

detected as important aliphatic intermediates. Figs. 4-6 show the
formation and disappearance of carboxylic acids with the irradia-
tion time during the degradation of RR, RBB and CB, respectively.
After 240 min of irradiation, carboxylic acids disappeared, indicat-
ing the mineralization of dye into CO, [35,36].

The chemical oxygen demand (COD) gives a measure of degra-
dation of dye and generated intermediates during the irradiation
[37] and also a measure of the oxygen equivalent of the organic con-
tent in a sample that is susceptible to oxidation by strong oxidant.
After 3 h of irradiation, the COD removal efficiency of RR, RBB and
CB were achieved 90, 91 and 90%, respectively.

4. Conclusion

This paper presents a computational fluid dynamics model using
a multi-purpose commercial package called PHOENICS to simu-
late photocatalytic decolorization of textile dyes from aqueous
solution by nanophotocatalysis using immobilized titania nanopar-
ticle. The governing equation based on finite volume descretization
scheme was used to numerically solve the mathematical equa-
tion describing decolorization process. Both experimental and
modeling process showed that the dyes including CB, RR and
RBB were successfully decolorized and degraded by this pho-
tocatalytic process. The rate of decolorization increased as the
concentration of H, O, increased from 50 to 1200 mg/L. A first-order
model describes well the photocatalytic decolorization kinetics.
The results of the model and the experimental method incorpo-
rating nanophotocatalysis using titania nanoparticle can help to

design an appropriate environmental management strategy to min-
imize the adverse impacts caused by industrial wastes.
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