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ABSTRACT

The photocatalytic efficiency of three TiO2 photocatalysts; Degussa P25, Qualigens, and
Hombikat UV 100 has been investigated on the degradation kinetic of congo red dye.
The crystal phases, structures, and crystallite sizes of the catalysts were analyzed by X-
ray diffraction, microstructure, and morphology by transmission electron microscopy, and
surface area and pore-size distributions by nitrogen physisorption. The results of the
kinetic study revealed that the activities of the photocatalysts were dependent on their
particle sizes, and the best activity was obtained with Hombikat UV-100, which was of
the smallest particle size, was mesoporous, and had the largest surface area. The activa-
tion energy required for the degradation of the congo red dye was found to increase
proportionately with the particle size of the catalysts. The effects of various operational
parameters such as catalysts dosages, initial dye concentration, and temperature were sys-
tematically studied in order to achieve maximum degradation efficiency. The results of
the investigations suggest that Hombikat, another model photocatalyst, can be used more
effectively in the place of Degussa P25 in photocatalytic degradation of congo red dye.

Keywords: Congo red dye; Photocatalyts; Photocatalysis; Adsorption; Dye removal; Dye deg-
radation

1. Introduction

Wastewaters generated by the textile industries
contain considerable amount of nonfixed dyes, espe-

cially azo dyes, and a huge amount of inorganic salts
that represent an increasing environmental danger.
Azo dyes with aromatic moieties linked together by
azo (–N=N–) chromophores represent the largest class
of dyes used in textile, processing, and other indus-
tries. Approximately 50–70% of the dyes are aromatic
azo compounds [1,2]. It is well known that some azo
dyes are highly carcinogenic [3,4], and hence must be
removed from the wastewater before being dis-
charged.
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Much effort has been made to remove these sub-
stances from wastewaters before discharge into water
channels. Such methods as traditional physical tech-
niques: adsorption by activated carbon/other adsor-
bents, biological treatments, etc proved to be
inadequate for the treatment of wastewaters contain-
ing azo dyes [5,6]. This has diverted the focus from
these methods to a newly emerging technique, photo-
catalysis [7–9], as the latter brings about a complete
mineralization of the target pollutant [10,11]. Many
semiconductor photocatalysts [12–15] have been
employed in the photocatalytic degradation of various
pollutants, but TiO2-based photocatalysts enjoyed a
wider application [16,17] possibly because of some
advantages such photocatalysts have over others [18].

Titanium dioxide has two important crystalline
phases (anatase and rutile) and an amorphous phase
(brokite). The pure anatase and rutile have band gap
energies of 3.2 and 3.0 eV, respectively [19], which are
very important parameters that regulate their photocat-
alytic potentialities. Pure anatase and mixed (anatase
+ rutile) phases have been reported to show high pho-
tocatalytic activity [20,21]. Various commercial TiO2

photocatalysts with different sizes, surface area, and
crystalline phases/phase compositions are available in
the market. The list includes but is not limited to
Degussa P25, Hombikat UV-100, Qualigens, PC500,
TiO2-Sigma product, anatase TiO2-British Drog House.
It is noted with interest that many works have been
reported on the effectiveness of Degussa P25 in photo-
catalytic processes [22,23] and doping/compositing
[24,25] to make it more active in environmental decon-
tamination. The activity of catalyst varies from pollu-
tant to pollutant. Similarly, the degradation of a
particular pollutant varies with catalysts. However,
particle size of the catalyst is an important parameter in
the photocatalytic process, since it has a direct effect on
the surface area of the catalyst. With a smaller particle
size, the number of active surface sites increases, and
so does the surface charge carrier transfer rate in photo-
catalytic processes. Earlier published results [22,34]
indicated a decrease in the activation energy with
increase in particle sizes of the catalysts. The trend that
may be expected here is an increase in the difficulties of
a reaction to start up with increase in particle sizes of
the catalysts. This will therefore mean an increase in
the activation energy with increase in particle sizes of
the catalysts. This present work was therefore designed
to study the photocatalytic activities of three commer-
cially available TiO2, Degussa P25, Hombikat UV 100,
and Qualigens (which are of different particle sizes);
compare their activities vis-à-vis their particle sizes and
proffer recommendations as to why some other photo-
catalysts other than Degussa P25 could be considered

for compositing in photocatalytic reactions. It is the
intention of this study to also verify the effects of parti-
cle size on the activation energy required for the photo-
catalytic degradation of congo red (CR) dye.

2. Materials and methods

2.1. Catalyst and organic dye

In the present work, TiO2 of different types:
Degussa P-25 (P-25, International Chemical, India);
Qualigens (Qualigens, Fine Chemicals, India); and
Hombikat UV-100 (H UV-100, Sachtleben Chemie,
Duisburg, Germany) were used as the photocatalyst,
while the organic dye, congo red (CR, S.D. Fine-Chemi-
cal Ltd., India), was used as a pollutant. Stock solutions
of different concentrations (35–175mgL�1) were pre-
pared with distilled water. All chemicals were used as
received without further purification in this study.

2.2. Reactor

Fig. 1 shows the experimental setup of batch-type
UV photoreactor. A 125W medium pressure UV lamp
(SAIC, Chennai, India) with a peak at 360 nm was
used as a photon energy source. The intensity of UV
light radiation was 1.320� 10�3W/cm2 determined by
a research radiometer (International light IL-1700,
USA) with a UV detector (SED-005 range 200–400 nm).

2.3. Experimental procedure

The stock solution of the organic dye loaded with
the catalyst was stirred thoroughly for about 30min in
the dark to establish adsorption–desorption equilib-
rium. Thereafter, it was irradiated, while the stirring
of the slurry was maintained. Samples were drawn
from the solution at preset time intervals. The samples
were centrifuged at 1,200 rpm (REMI, India) for

Fig. 1. Experimental setup of a batch-type UV
photoreactor.
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sufficient time (30min), and the clear solution was
then analyzed using UV–Visible spectrophotometer
(UV-1601 Shimadzu, Japan) at CR maximum absor-
bance, kmax = 498 nm.

2.4. Characterization

Powder X-ray diffraction (XRD) patterns of the cat-
alysts were measured by D8 Advanced X-ray solution
with an a1 configuration using Cu Ka radiation
(1.5,406 Å) in a wide-angle range (2h) from 20˚ to 80˚
with a step size of 0.0342. The average particle size
(Dp) was determined from Scherrer’s equation using
the broadening of the (1 0 1) anatase and (1 1 0) rutile
peaks’ reflection [17]:

Dp ¼ 0:94k=b cos h ð1Þ

where k is the wavelength of X-ray, h is the diffraction
angle, and b1/2 is full-width at half-maximum (FWHM)
of a characteristic diffraction peak. The amount of
rutile phase content in Degussa P-25 catalyst sample
was estimated using the Spurr equation [26]:

FR ¼ 1þ 0:884IAð101Þ=IRð110Þ
� �� ��1 ð2Þ

where FR is the mass fraction of rutile in the sample
and IA(101) and IR(110) are the integrated main peak
intensities of anatase and rutile, respectively.

Transmission electron microscopy (TEM) was per-
formed using Techni-20 Philips model, operating at
200 kV electron beam, and having 65� 106 magnifica-
tion capacity. Nitrogen adsorption–desorption iso-
therms of catalysts were collected on ASAP 2020 V3.02
H Micromeritics surface area and porosity analyzer at
77K. The Brunauer–Emmett–Teller (BET) surface area
was calculated from the linear part of the BET plot. The
pore-size distribution plots were obtained by using the
Barret–Joyner–Halenda (BJH) model.

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. X-ray diffraction

Fig. 2 shows the XRD patterns of the three com-
mercial TiO2 powders taken at room temperature. The
anatase phase characteristic peaks were identified at
2h= 25.3˚ (1 0 1), 36.9˚ (1 0 3), 37.8˚ (0 0 4), 38.5˚ (1 1 2),
48.0˚ (2 0 0), 53.8˚ (1 0 5), 55.0˚ (2 1 1) 62.2˚ (2 1 3), 62.6˚
(2 0 4), 68.7˚ (1 1 6), 75.0˚ (2 1 5), and 76.0˚ (3 0 1); while
the rutile phase characteristic peaks were identified at
2h= 27.5˚ (1 1 0), 36.2˚ (1 0 1), and 41.2˚ (1 1 4). It is clear

from Fig. 2 that H UV-100 and Qualigens exhibited a
uniform anatase phase, whereas P-25 is a mixture of
anatase and rutile phases. The estimated values of
anatase and rutile phases are recorded in Table 1.

The FWHM of the reflection is the characteristic
of the particle size of the corresponding phase (for
anatase (1 0 1) and rutile (1 1 0)). By the results
(Table 1), H UV-100 is of the smallest particle size
among the understudied photocatalysts, followed by
P-25, while Qualigens has the largest size. The XRD
results correlate well with the results obtained by the
TEM analysis. Since P-25 is anatase and rutile mixed
crystals, the percentage of rutile phase present was
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Fig. 2. X-ray diffraction pattern of P-25, Qualigens, and H
UV-100 catalysts powder samples.

Table 1
Properties of the various catalysts employed in the study

TiO2

catalysts
Particle
size by

XRD (nm)

Particle
size by

TEM (nm)

BET
surface
area

(m2 g�1)

Crystal
forms

P-25 20.8 (A)
and 42.9
(R)

30 52 85%
(A)
+ 15%
(R)

Qualigens 55.5 60 13 100%
(A)

H UV-100 8.2 610 255 100%
(A)

Note: A, anatase phase; R, rutile phase.
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estimated by the Spurr equation to be 15%, while
anatase was 85%.

3.1.2. BET surface area

Fig. 3 depicts N2 adsorption–desorption isotherms
for the three commercial TiO2; P-25, Qualigens, and H
UV-100 powders. The adsorption–desorption iso-
therms of P-25 and Qualigens powders are clearly
indicating type II adsorption–desorption isotherms
with negligible H3-type hysteresis loop for the relative
pressure P/P0 in the range of 0.9–1 and 0.95–1, respec-
tively. These are typical characteristics of nonporous
or macroporous materials according to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)
classification [27]. Nevertheless, the isotherms of the
H UV-100 powder are indicating type IV adsorption–
desorption isotherms with long H3-type hysteresis
loops at 0.4–1 relative pressure (P/P0) range, which
are the characteristics of mesosporous materials [22].
Pore-size distributions of the three commercial TiO2

powder samples were determined using the desorp-
tion branch of the nitrogen-desorption isotherms by
the BJH model. Fig. 3 (inset) shows pore-size distribu-
tion curves of these catalysts. The pore size for H UV-
100 is in the range of 2.74–5.26 nm, with a maximal
point at 4.26 nm. This range is indicative of a narrow
size mesospore. On the other hand, there are no
maximal points observed in the case of P-25 and
Qualigens. Nevertheless, after 50 nm pore size; there
was a slight increase in the pore volume for P-25 and
Qualigens powders. The estimated BET surface areas
of all the samples are presented in Table 1. The BET
surface area of H UV-100 catalyst is 255m2 g�1 and
this shows that it has a very large surface available
for photocatalysis. The surface areas of P-25
(52m2g�1) and Qualigens (13m2 g�1) are very much
smaller than that of H UV-100. This, in addition to
good pore-size distribution, is responsible for the high
performance of the H UV-100 over other catalysts in
the UV light degradation of the CR dye.

3.1.3. Transmission electron microscopy

TEM analysis was performed for each of the com-
mercial TiO2 samples to confirm their nano-size of
particles and the morphological structure of the sam-
ple. Fig. 4 shows the TEM images of P-25, Qualigens,
and H UV-100. It can be seen that the crystals of all
samples are spherical in shape having different nano-
size particles. The average particle sizes of P-25 and
Qualigens samples are about 30 and 60 nm, respec-
tively, whereas the particle size of H UV-100 is found
to be 610nm, which is in accordance with the particle
size evaluated by Scherrer’s formula. Small particle
size results typically result in an enhanced surface
area, TEM and XRD results thus confirming the BET
measurements.

3.2. Adsorption, photolysis, and photocatalytic study

In the preliminary experiment, adsorption and
photolysis were performed on the CR dye using the
commercial TiO2 P-25, Qualigens, and H UV-100. This
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Fig. 3. N2 adsorption–desorption isotherms and BJH pore-
size distribution (inset) of P-25, Qualigens, and H UV-100
catalysts powder samples.

Fig. 4. TEM images of P-25, Qualigens and H UV-100 TiO2 catalyst powder.
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was done to study the effects of each or a combination
of these processes on the photocatalytic degradation
of CR dye. During the initial dark periods (lamp off)
indicated by a negative time scale, it takes 30min to
establish the adsorption–desorption equilibrium
(Fig. 5). As it can be seen in Fig. 5, the adsorption
properties of different commercial powders were dif-
ferent. In the case of H UV-100, nearly 23% of the
available CR dye was adsorbed, while in the case of
P-25 and Qualigens only 11 and 9% were adsorbed,
respectively. The high adsorption capacity of H UV-
100 correlates well with its surface morphology, parti-
cle size, and high surface area. There was no evidence
of the CR dye removal in the dark experiment carried
out without photocatalyst. These results indicate that
the adsorption of CR dye on the catalysts surface
increases with increasing surface area of the catalyst.

Direct photolysis of the CR dye was also checked
under the adopted UV irradiation conditions, in the
absence of catalysts. It is observed that the CR dye
can be slightly removed by direct photolysis, but at a
significantly lower rate compared to the photocatalytic
process. From Fig. 5, it can be seen that photocatalytic
degradation of CR dye is significantly faster in the
presence of H UV-100 (97% within 25min) than P-25
(85%) and Qualigens (80%) after 60min. The faster
degradation of CR dye in the presence of H UV-100
could be attributed to its large surface area and smal-
ler crystallite size. It must be noted that the photocata-
lytic process occurs as the pollutant is adsorbed on

the surface of the catalyst; hence, a catalyst with high
adsorptivity is expected to favor the photocatalytic
degradation.

A similar effect of the crystal size and crystal phase
on the degradation of 4-chloronitrobenzene under UV
light irradiation was observed for hydrothermally syn-
thesized TiO2 hollow microspheres and P-25 [28].
Smaller particle sizes are usually associated with
higher surface areas, which could be the influential fac-
tor in photocatalytic degradation reactions because a
large contact surface exposed to organic pollutant mol-
ecules promotes the reaction rate [29,30]. A titania par-
ticle size of around 10 nm has been suggested to
produce the highest photocatalytic oxidation rates [31].

3.3. Effect of catalyst loading

A set of experiments in which the weight of cata-
lysts used was varied was carried out to determine
the effect of catalyst loading on the rate constant (k) of
degradation of CR dye. The rate constant, k, was plot-
ted against the amount of catalyst (Fig. 6). All types of
catalysts exhibited a similar trend, there was a steady
increase in the degradation rate constant (k) of CR dye
up to 300mgL�1. Any further increase in the amount
of catalyst beyond 300mgL�1 was detrimental to the
process. At higher catalyst loading, the photon energy
is screened by the excess catalyst and hence the rate
of degradation is reduced. Furthermore, at higher cat-
alyst loading, it is difficult to maintain the homogene-
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ity of the suspension due to particle agglomeration,
which decreases the number of active sites [32]. The
results presented in Fig. 6 revealed that the maximum
degradation rate for this system was attained at
300mgL�1 catalyst loading in the case of all catalysts.
Nevertheless, H UV-100 demonstrated superiority in
its degradation ability in comparison with the P-25
and Qualigens for the CR dye. These results are indic-
ative of the fact that the rate constant (k) increases
with increase in the catalyst surface area.c

3.4. Effect of initial dye concentration

The effect of initial dye concentrations on the deg-
radation rate of CR dye was studied by varying the
dye concentration from 35 to 140mgL�1 with constant
catalyst loading and the results are shown in Fig. 7.
All types of catalysts exhibited a similar trend. There
is a linear decrease in the degradation rate constant
(k) of CR dye up to 105mgL�1 of the CR dye concen-
tration, followed by a slow reduction to a constant.
These results indicate that at high CR dye concentra-
tion, the high color intensity of the dye reduces the
intensity of the photon energy reaching the catalyst,
and as such reduced the rate of the degradation of the
CR dye [6]. The results, Fig. 7, revealed that H UV-
100 showed a better performance in the degradation
of CR dye at all initial concentrations than both P-25
and Qualigens. A similar trend has been reported for
the photocatalytic oxidation of bromophenol blue
(concentration range from 5 to 40mgL�1) under UV
irradiation at 365 nm for P25 and PC500-Millennium
catalysts [22] and decolorization of methyl orange and
rhodamine 6G (concentration range from 5 to
100mgL�1) under solar irradiation [33].

3.5. Effect of temperature

A separate study was conducted to evaluate the
activation energy required for the degradation of CR
dye using P-25, Qualigens, and H UV-100 photocata-
lysts. Other parameters (dye concentration and cata-
lysts loading) were kept constant, while the
temperature of the colloidal solution was varied.
Fig. 8 shows the effect of colloidal solution tempera-
ture (varying from 278 to 335K) on degradation rate
constant (k) of CR dye. The results, Fig. 8, showed that
the degradation rate constant of CR dye increased
rapidly with increase in temperature when H UV-100
was used as a photocatalyst, but P-25 and Qualigens
showed a slight increase in the degradation rate con-
stant of CR dye as the temperature of the colloidal
solution increased. Recently, similar effect of tempera-
ture (from 283 to 323K) on photocatalytic degradation

of bromophenol blue with P25 and PC500-Millennium
catalysts had been reported [22].

The activation energy for the degradation of CR dye
by the various photocatalysts was evaluated and a com-
parison was made based on each photocatalyst particle
size. The results, Fig. 8 (inset), shows the Arrhenius
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plot for the photoreaction. The values of the activation
energy obtained from Fig. 8 (inset) are 6.39, 9.29 and
9.52 kJmol�1 for H UV-100, P-25, and Qualigens,
respectively. It is well known that activation energy for
any reaction is the energy necessary to activate the reac-
tion. It was therefore expedient to correlate this energy
with the particle sizes of the catalysts available. Hence,
Fig. 9 presents the effect of particle sizes of the catalyst
on the activation energy for the degradation of CR dye.
Since the catalyst with the smallest particle sizes (H
UV-100) showed a higher degradation rate for the CR
dye (Fig. 7), it is also expected that a minimum energy
will be required for its activation than for the others.
The results, Fig. 9, are in conformity with this expected
trend. It takes less energy (6.39 kJmol�1) for the catalyst
with the smallest particle size (H UV-100) to be acti-
vated, while the highest energy of 9.52 kJmol�1 was
required to activate the same reaction with a catalyst
that has the biggest particle size (Qualigens). Previous
reports [22,34] are inconsistent with the results of the
present study. The two previous literatures showed a
decrease in activation energy with increase in particle
sizes. It must therefore be noted and emphasized that
activation energy is supposed to increase with the size
of the catalyst particles.

4. Conclusion

The photocatalytic efficiency of three commercially
available TiO2 photocatalysts; Degussa P25, Qualigens,
and Hombikat UV-100 have been investigated on the

degradation kinetic of congo red dye. The activities of
the photocatalysts are controlled by their particle
sizes. Qualigens, with the largest particle sizes and
least surface area, is less effective in the degradation
of congo red dye, while Hombikat UV-100 with the
largest surface area and smallest particle sizes is the
most effective of all the photocatalysts. Activation
energy for the degradation of congo red dye increased
with the increase in particle sizes of the catalysts. The
optimum catalyst dosage for all catalysts considered is
300mgL�1 and the degradation reaction is more diffi-
cult at higher initial concentrations of the dye solu-
tion. Both Hombikat UV-100 and Qualigens are made
up of 100% anatase phase, while Degussa is a mixture
of anatase and rutile phases. In comparison with P-25
and Qualigens, Hombikat UV-100 has been excellent
in the degradation of the congo red dye. In future
work, surface doping/compositing will be considered
to test its ability in this regard.
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