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A B S T R A C T

This paper presents photocatalytic decolorization, computational fluid dynamics (CFD) modeling
of decolorization and mineralization of textile dyes, Astrason Blue FGGL (AB) and Solophenyl
Yellow FFL (SF), by photocatalysis using immobilized titania nanoparticle. UV-Vis
spectrophotometry, Ion chromatography (IC) and total organic carbon (TOC) analyses were
employed to obtain the details of the photocatalytic decolorization and mineralization of AB and
SF. The CFD model was used to solve the mathematical equation describing decolorization process
numerically taking into account finite volume descretization scheme. The CFD model predictions
were compared to those results obtained from experimental tests for the decolorization of dyes by
photocatalysis and close agreement was achieved. Ninety-five percent total organic carbon of
both dyes can be eliminated after 240 min of irradiation time.
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1. Introduction

The problems associated with the discharge of waste-
water from various industries such as textile, paper, food,
plastics and cosmetics have concerned both industrial
and academic scientists. These wastewaters cause many
significant problems such as increasing the toxicity of
the effluent, skin irritation and cancer to humans, also
reducing the light penetration that has a derogatory ef-
fect on photosynthesis phenomenon. From the aesthetical
point of view, the presence of organics in particular, car-
cinogenic compounds in the receiving surface and un-
der ground waters are not safe, pleasant and welcome
[1–10].

Photocatalysis constitutes one of the emerging tech-
nologies for the degradation of organic pollutants [11–
24]. Several advantages of this process over competing

processes are: complete mineralization, no waste-solids
disposal problem, and only mild temperature and pres-
sure conditions are necessary [11–14]. Titania is a mate-
rial with excellent merits in UV energy transferring and
photocatalysis of poison compounds in environment.
Further, the strong oxidizing power of the
photogenerated holes, the chemical inertness, and the
non-toxicity of TiO

2
 has also made it a superior photo-

catalyst [25–29].
Although many experimental works have been con-

ducted to assess the capability and the performance of
photocatalysis for the degradation of dyes from the tex-
tile industry, little research has been done to model dye-
removal process from the textile wastewaters and to
evaluate the significance of the effect of major param-
eters on the percent of dye adsorption. There are more
recent papers involving model on the other area [30–32].

The aim of the present study is to investigate the pho-
tocatalytic decolorization, computational fluid dynam-
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ics modeling of decolorization and minerlization of
Astrason Blue FGGL (AB) and Solophenyl Yellow FFL
(SF) using an immobilized TiO

2
 particle photocatalytic

reactor. The CFD model was used to solve the mathemati-
cal equation describing decolorization process numeri-
cally taking into account finite volume descretization
scheme.

2. Experimental

Astrason Blue FGGL (AB) and Solophenyl Yellow FFL
(SF) were obtained from Bayer AG and Ciba respectively.
The descriptions of AB and SF are shown in Table 1.

Titania (Degussa P25) was utilized as a photocata-
lyst. Its main physical data are as follows: average pri-
mary particle size around 30 nm, purity above 97% and
with 80:20 anatase to rutile. Other chemicals were pur-
chased from Merck.

Experiments were carried out in an immersion rect-
angular immobilized TiO

2
 particle photocatalytic reac-

tor made of Pyrex glass. A simple and effective method
was used for the immobilization of TiO

2
 particles as fol-

lows: Inner surfaces of reactor walls were cleaned with
acetone and distilled water to remove any organic or in-
organic material attached to or adsorbed on the surface
and was dried in the air. A pre-measured mass of TiO

2

(16 g) was attached on the inner surfaces of reactor walls
using a thin layer of a UV resistant polymer. Immedi-
ately after preparation, the inner surface reactor wall–
polymer–TiO

2
 particle system was placed in the labora-

tory for at least 60 h for complete drying of the polymer
[33–35]. Two UV-C lamps (15 W, Philips) were used as
the radiation source. An air pump was utilized for the
mixing and aeration of dye solution.

Photocatalytic decolorization and mineralization pro-
cesses were performed using a 7 L solution containing
specified concentration of dye. Solutions were prepared
using distilled water to minimize interferences. The ini-
tial concentration of AB and SF were 0.11 and 0.073 mM
respectively. The photocatalytic degradation processes
were carried out at 298 K. Samples were withdrawn from
sample point at certain time intervals and analyzed for
decolorization and mineralization.

AB and SF are azo dyes, which have strong absor-
bances in the UV-visible region. The chromophore part
containing azo linkage (–N=N–) has an absorption in the

Table 1
Properties of AB and SF

Parameter AB SF 

Empirical formula  C20H26N4O6S2 C28H18N4O6S4Na2 

Formula weight (g/mol) 482  680 

Company Bayer AG  Ciba 

visible region while benzene and heterocyclic rings in
the UV region. Decolorization of dye solutions were
checked and controlled by measuring the maximum ab-
sorbance at λ

max
 (600 and 387.5 nm for AB and SF respec-

tively) of dye solutions at different time intervals by UV-
Vis CECIL 2021 spectrophotometer.

Computational fluid dynamics modeling incorporat-
ing the finite volume descretization scheme is used to
simulate the photocatalytic decolorization of the selected
dyes.

Ion chromatograph (METROHM 761 Compact IC)
was used to assay the appearance and quantity of for-
mate, acetate, oxalate, SO

4
2– and NO

3
– ions formed during

the decolorization and mineralization of the selected dyes
using a METROSEP anion dual 2, flow 0.8 mL/min, 2
mM NaHCO

3
/1.3 mM Na

2
CO

3
 as eluent, temperature

20°C, pressure 3.4 MPa and conductivity detector.
The total organic carbon (TOC) of the reaction solu-

tion was measured by a digester and Spectrophotom-
eter DR/2500 (Hach).

3. Results and discussion

3.1. Decolorization and computational fluid dynamics modeling

Figs. 1a and 1b (dots) show the dye concentration as
a function of the irradiation time when different H

2
O

2

concentrations were used. It is shown to be exponential
to irradiation time at each concentration of H

2
O

2
. This

means that the first order kinetics relative to AB and SF
is operative. The correlation coefficient (R2) and degra-
dation rate constants (k, 1/min) for the various H

2
O

2
 con-

centrations are shown in Table 2. Generally, the degra-
dation rate of dye increases as the H

2
O

2
 concentration

increases until an optimal concentration is achieved.
However, at high concentration, H

2
O

2
 can also become a

scavenger of valence bond holes and hydroxyl radicals
[36].

Table 2
Parameters (k and R2) for the effect of different H

2
O

2
 concen-

trations on the decolorization rate of AB and SF

AB SF H2O2 (mM) 

k (1/min) R2 k (1/min) R2 

0.5 — — 0.002 0.982 

1.5 0.012 0.994 — — 

2.5 — — 0.012 0.987 

4.5 0.041 0.994 — — 

5.0 — — 0.050 0.988 

7.3 0.052 0.993 — — 

7.5 — — 0.054 0.993 

9 — — 0.058 0.980 

10.5 0.057 0.998 — — 

13.5 0.058 0.995 — — 
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Fig. 1. Photocatalytic decolorization of (a) AB (b) SF (dots: experimental data, solid lines: model predictions for the relative
concentrations of hydrogen peroxide) at different time intervals of irradiation (C

0
 initial dye concentration and C dye concen-

tration at time t).

In this paper a computational fluid dynamics model
incorporating the finite volume descretization scheme is
presented to simulate the photocatalytic decolorization
of selected dyes using photocatalysis process. The par-
tial differential equation describing the photocatalytic
decolorization process is given in Eq. (1). This equation
was numerically solved using PHOENICS package and
incorporating finite volume integration scheme in order
to simulate the decolorization from aqueous solution.

2 2
1 1 1/ /C t D C x kC      (1)

where C
1
 = dye concentration in aqueous system (mM), k

= first-order rate constant  (1/min), t = time (min), x =
Cartesian coordinates (m) and D = diffusion coefficient
(m2/min).

The equation describing photocatalytic decolorization
of dyes in solution phase was solved using the
PHOENICS CFD package. PHOENICS is a general-pur-
pose CFD package that can be used for simulation of fluid
flow, heat transfer, and mass transfer processes. In the
case of a single-phase problem, the partial differential
equation solved by PHOENICS has the following gen-
eral form [37]:

   / / /j j jt u x x S              (2)

where ψ = any of the dependent variable, t = time, ρ =
PHOENICS-term for density, u

j
 = velocity component in

the x
j
 direction, Γψ = diffusive exchange coefficient for ψ

and Sψ = source rate of ψ.
The general source term Sψ can include all terms other

than diffusion, convection and transient terms in the
equation.

Since the model equation may contain terms which
are not included in the PHOENICS general equation, they

are implemented in PHOENICS by introducing the ap-
propriate setting for each term in the Q1 file and apply-
ing extra FORTRAN coding in the GROUND subrou-
tine.

In order to model the photocatalytic degradation of
dyes from the solution phase, a one-dimensional simu-
lation was performed using PHOENICS package. The
model input data are given in Table 3.

A one-dimensional finite volume model with a reac-
tor length of 380 mm was divided into 50 equal size con-
trol volumes. The x-direction of Cartesian coordinate was
used to simulate horizontal batch system in which pho-
tocatalytic decolorization process takes place. The num-
ber 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 minutes. A molecular diffusion
coefficient of 1×10–9 m2/s was assigned for selected dyes
dissolved in solution system. All model input data were
set through the Q1 file of PHOENICS package.

Figs. 1a and 1b compare experimental data (dots) and
model predictions (solid lines) of decolorization rates of

Table 3
Model input data used for the simulation of photocatalytic
decolorization of dyes

Input parameter Value 

Initial dye concentration (mM) AB: 0.11, SF: 0.073 

Kinetic constant (1/min) Table 2 

Molecular diffusion (m2/min) 1×10–9 

Number of iterations 1000 

Number of time steps 12 

PHOENICS-term for density (g/cm3) 1.0 

Differencing scheme Hybrid 
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AB and SF, as a function of irradiation time at different
hydrogen peroxide concentrations. The simulation re-
sults were then compared to those results obtained from
experimental tests for the higher concentrations of H

2
O

2

and close agreement was achieved. This can be explained
by the scavenging effect of hydrogen peroxide when us-
ing a higher H

2
O

2
 concentration on the further genera-

tion of hydroxyl radicals in aqueous solution (7.3 and
5.0 mM for AB and SF respectively).

3.2. Mineralization of dyes

During the photocatalytic decolorization and miner-
alization of dye, various organic intermediates were pro-
duced. Consequently, destruction of the dye should be
evaluated as an overall degradation process, involving
the degradation of both the parent dye and its interme-
diates.

Further hydroxylation of aromatic intermediates leads
to the cleavage of the aromatic ring resulting in the for-
mation of oxygen-containing aliphatic compounds [38].
Formate, acetate and oxalate were detected as important
aliphatic carboxylic acid intermediates during the deg-
radation of AB and SF (Figs. 2a and 2b respectively). The
formation of oxalate initially increased with the irradia-
tion time, and then sharply dropped. After 240 min of
irradiation, carboxylic acids (formate, acetate and oxalate)
disappeared, indicating the mineralization of AB into
CO

2
.

Also, the photocatalytic mineralization of AB implies
the appearance of inorganic products, mainly anions,
since hetero-atoms are generally converted into anions
in which they are at their highest oxidation degree. The
removal of TOC (total organic carbon) is commonly em-
ployed to indicate the mineralization of organic pollut-
ants. To quantitatively characterize the mineralization of

Fig. 2. Formation and disappearance of aliphatic carboxylic acids in the solution during the photocatalytic degradation of (a)
AB (Dye: 0.11 mM, H

2
O

2
: 7.3 mM) and (b) SF (Dye: 0.073 mM, H

2
O

2
: 5.0 mM).

(a) (b)

AB and SF in the solution, the removal TOC ratio was
used in this study. The TOC removal ratio is about 95 %
after 240 min of irradiation. The overall stoichiometry
for mineralization of AB and SF can be written as

(AB)

2
20 26 4 6 2 2 2 2 3 4

+
2

C H N O S 63H O 20CO 4NO 2SO

72H O 8H

    

   (3)

(SF)

28 18 4 6 4 2 2 2 2 3

2 + +
4 2

C H N O S Na 82H O 28CO 4NO

4SO 86H O 10H 2Na





  

    (4)

Mineralization of AB and SF is reported for an irra-
diation period of 240 min. The formation of SO

4
2– and NO

3
–

from AB and SF mineralization was shown in Figs. 3a
and 3b, respectively. It can be seen from Figs. 3a and 3b
that the amount of SO

4
2– and NO

3
– anions increased and

gradually reached to a maximum as the irradiation time
increasing, indicating that the selected dyes were miner-
alized. However, the quantity of sulfate ions released
(0.18 and 0.26 mM for AB and SF, respectively) is lower
than that expected from stoichiometry (0.22 and 0.29 mM
for AB and SF, respectively). This could be first explained
by a loss of sulfur-containing volatile compounds such
as H

2
S and/or SO

2
. However, this is not probable since

both gases are very soluble in water and known as readily
oxidizable into sulfate by photocatalysis. The more prob-
able explanation for the quantity of SO

4
2– obtained smaller

than that expected from stoichiometry is given by the
partially irreversible adsorption of some SO

4
2– ions at the

surface of titania as already observed. However, this par-
tial adsorption of SO

4
2– ions does not inhibit the photo-

catalytic degradation of pollutants [39]. Also, the quan-
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tity of nitrate ions released (0.35 and 0.25 mM for AB
and SF, respectively) is lower than that expected from
stoichiometry (0.44 and 0.29 mM for AB and SF, respec-
tively) indicating that N-containing species remain
adsorbed in the photocatalyst surface or most probably,
that significant quantities of N

2
 and/or NH

3
 have been

produced and transferred to the gas-phase. In azo bond
each nitrogen atom is in its +1 oxidation degree. This
oxidation degree favors the evolution of gaseous
dinitrogen by the two step reduction process expressed
previously. N

2
 evolution constitutes the ideal case for a

decontamination reaction involving totally innocuous
nitrogen-containing final product [12].

4. Conclusions

The AB and SF dyes could be successfully decolorized
and mineralized by photocatalysis in an immobilized
TiO

2
 particle photocatalytic reactor. Also, this paper pre-

sents a computational fluid dynamics model to simulate
photocatalytic decolorization of AB and SF dyes from
aqueous solution. The agreement between the predicted
results and measured data are close. The photocatalytic
decolorization kinetics follows a first-order model for
both dyes. This technique may be a viable one for treat-
ment of large volume of aqueous colored dye solutions.
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