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The degradation of p-dihydroxybenzene in a batch photocatalytic reactor, irradiated by a high intensity
UV lamp, was investigated. In this experimental work, commercial anatase titanium dioxide (degussa P
25) was used as a catalyst. Various operating conditions such as initial concentration, pH of the solution,
temperature, addition of H,0,, bubbling of oxygen, and catalyst loading were examined. A pseudo-first-
order kinetics was observed with a rate constant ranging between 17.1 x 103 and 5.6 x 103 min~! which
was decreasing with increasing initial concentration. H,O, enhanced the degradation significantly. For the
experimental conditions, there was no significant effect for the added catalyst dosage. The degradation
rate of p-dihydroxybenzene increased to a certain amount with increasing temperature then decreased.
Further experimentation is needed to verify this observation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction and review of related literature

p-Dihydroxybenzene (p-DHB), known as hydroquinone, is a
phenolic compound with two -OH groups. It is a toxic and strong
irritant pollutant found in effluent waste streams of many processes
including those concerned with dyestuff, photography, paint and
varnishes industry.

Many methods are used to treat wastewater, containing pheno-
lic pollutants. These methods include, among others, adsorption,
evaporation and incineration, anaerobic digestion, chemical addi-
tion and photocatalytic treatment. Usually, multiple treatment
methods are used. However, sometimes it is difficult to remove the
pollutant, especially when present at low concentrations.

Biodegradation and other methods of pollutant removal are
not efficient at low levels of pollutant concentrations. Therefore,
photochemical oxidation processes have been employed for the
treatment of such low organic concentration water.

Photocatalytic oxidation reactions of organic pollutants in aque-
ous solutions have been gaining more attention in the last two
decades and can be considered as one of the recent advanced meth-
ods used in water detoxification. These heterogeneous reactions
have the potential to mineralize organic materials and convert them
into non-toxic intermediate compounds, such as water, carbon
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dioxide, and inorganicions. Because of its semiconducting behavior,
anatase titanium dioxide is widely used as a catalyst for this reac-
tion with UV irradiation. Titanium dioxide is relatively inexpensive
with high surface area and the photogenerated holes are highly
oxidizing. In addition the photogenerated electrons are reducing
enough to produce superoxide (0O, ™) from oxygen and H,0, [1].

Photocatalytic degradation (oxidation) of organic substance in
aqueous solutions over titanium dioxide was the subject of many
studies. Chen and Ray [2] studied the photocatalytic degradation of
phenol, 4-chlorophenol and 4-nitrophenol. They used a monolithic
type reactor to study the kinetics of this heterogeneous process
using UV light. The effects of different parameters such as catalyst
dosage and layer thickness, pollutant concentration, temperature
and partial pressure of oxygen were experimentally studied. They
observed a first order kinetics. Low efficiency of the process was
found, which may be attributed to the extreme low surface cov-
erage. Moreover, Trillas et al. [3] found that the yield of phenol
photo-oxidation depends strongly on the pH of the solution. Max-
imum yield was observed at pH 8 and in very alkaline media. This
result was explained considering the steps taking place on the semi-
conductor surface where OH* radicals have an important role.

Chlorophenols [4,5,6], nitrophenols [7], and alcohols [8] gained
more attention than others. Mainly, these studies were concen-
trated on finding mechanisms and kinetics for the degradation
reactions. The effect of different experimental conditions such as
concentration of organic compounds, pH of the solution, oxidant
concentration, UV intensity and catalyst concentration were also
included.
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Oxidation of p-hydroxybenzoic acid by UV radiation and by
TiO,/UV radiation was the subject of a study by De Heredia et al.
[9]. A pseudo-first-order kinetic model was reported for this reac-
tion. Moreover, they found that the presence of TiO; as a catalyst
increased the rate constant by (220-435%) than that obtained by
UV photo-oxidation.

Rideh et al. [4] studied the degradation of 2-chlorophenol
(2CP) in TiO, aqueous suspension. They found that the 2CP was
degraded to give CO,, H,0 and HCI in the presence of O,. They
proposed a kinetic model for the degradation of 2CP based on
the Langmuir-Hinshelwood where 2CP adsorption occur in com-
petition with that of the solvent on the same site, while oxygen
adsorbed on different sites and obeys Freundlich type.

In a recent study, Chiou et al. [10] studied the influence of oper-
ating conditions on the degradation of phenol using irradiated
titanium dioxide with UV light. They conducted their experiments
using a batch photo-reactor irradiated by UV-vis light. They stud-
ied the effect of catalyst dosage, initial phenol concentration, light
intensity, pH, and H, 0, concentration, on phenol degradation. The
degradation was compared using UV alone, H,0,/UV, TiO,/UV and
all H,0,/TiO, /UV. They found that the degradation was much more
effective than other systems, if using H,0,/TiO,/UV. Degradation
followed a first order kinetics and the addition of H,0, enhanced
the degradation process.

In this experimental research, a photocatalytic reaction with
UV irradiation was used to study the degradation of p-dihydroxy-
benzene in the presence of titanium dioxide. The effect of various
parameters was studied.

2. Experimental set-up and apparatus
2.1. Chemicals

All chemicals used in this study were analytical and HPLC grade.
p-dihydroxybenzene was purchased from Fluka. Acetonitrile and
acetic acid were HPLC/ACS reagent with minimum purity of 99.7%.

2.2. Catalyst

Titanium dioxide TiO,, P25 (Degussa AG) was used in this study.
The needed amount was supplied by Degussa Regional Office in
Amman. This catalyst has an average primary particle size=21nm
and BET surface area ~50m2 g~!. It was used without any further
treatment.

2.3. Apparatus

The main apparatus used in this study was a 2-L batch reactor
having 14 cm ID and 19 cm height. The reactor was equipped with
a tube for oxygen bubbling inside the reactor, through a flow-rate
meter (rotameter) and probes to measure pH (+0.02) and tempera-
ture (+1°C) of the solution. The reactor was placed in a water bath
with a temperature controller using immersion heater with con-
troller (Karl Kolb Type T-50). The bath was mounted on a magnetic
stirrer (Biosan MSH 300). A magnetic bar, 3 cm length, was placed
inside the reactor to rotate and mix the contents.

The whole set-up was placed inside a dark cabinet made of
wood. The dark cabinet was manufactured locally with the interior
walls painted black. This cabinet had openings to allow an oxygen
tube, electrical cables and other connections into the cabinet.

2.3.1. Ultraviolet light source

A UV radiation with a wave length of 365 nm was placed on
the top of the reactor using a radiation source (UVP high inten-
sity model B-100 lamp). The lamp was cooled by a fan, placed near

the set-up, to keep the temperature down and protect the lamp
from overheating. At this radiation place, the average intensity of
the radiation was around 700 wW/cm?, measured at the solution
surface. UV radiation source with similar wavelength was used
by many researchers for the degradation of organic compounds
[2,6,13].

2.4. Procedure

2.4.1. Sample preparation and collection

A 500 mL solution of the required p-DHB concentration was pre-
pared. The amount of catalyst (£0.01g) and H,0, were added.
Oxygen at a flow-rate of 125 mLmin~! was bubbled through the
suspension to maintain a saturated solution with oxygen. The sus-
pension was magnetically stirred continuously. At the start of the
experiment UV source, placed at a fixed distance from the suspen-
sion surface, was put on. Samples of 5 mL were withdrawn from the
reactor at several time intervals. The withdrawn samples were cen-
trifuged (using Hettich Zentrifugen-Universal 32) at 4000 rpm for
6 min. The clear solution was separated and centrifuged again for
4 min. The clear sample was then analyzed using HPLC to determine
the p-DHB concentration.

2.4.2. pH control
To keep the pH of the solution constant (+0.02), HCl or NH4OH
were added.

2.4.3. Sample analysis

Chemical analysis for all samples was done using HPLC (Milton
Roy) apparatus at a wavelength =280 nm UV detector with a C-18
column. The mobile phase consisted of 50% acetonitrile including
1% acetic acid and 50% H,O including 1% acetic acid. The flow-rate
was 1 mLmin~1. Analysis of each sample was repeated three times
and the average was used.

3. Results and discussions

Heterogeneous photocatalysis, as other heterogeneous reac-
tions, occur in various reaction media. The steps followed by this
process include; transport of reactants to the solid surface where
they are adsorbed. Since the solid is present in a powder form, exter-
nal resistance to this transport can be considered negligible. The
photocatalytic reaction takes place on the catalyst surface, when
irradiated by UV (photons). These photons have energy higher than
the catalyst band gap energy. Photons are adsorbed by the catalyst
surface forming free photoelectrons in the conduction band and
photo holes in the valance band.

hv +S — e +h" (1)
Aggs +€~ — Aggs™ (2)

The generated electron-hole pair can also recombine. Inhibiting
this recombination is essential to improve the charge transfer at the
semiconductor surface. Hydroxyl ions (OH™) are traps for the holes
forming hydroxyl radical (OH*) which are considered strong oxidiz-
ing agents. The adsorbed oxygen molecules, on the catalyst surface,
are traps for released electrons forming unstable superoxygen ions
(027) [11,12].

h* + OHgys~ — OH® (3)
e”+0;—~ 0y (4)

These highly oxidizing free radicals oxidize the present organic
molecules forming carbon dioxide and water.

It is known that titania surface possesses both acidic and basic
sites. The acidic sites adsorb organic molecules and the basic sites
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Fig. 1. Concentration ratio of p-DHB as a function of time at 18°C with 4.00 g TiO,
L1 and 50 mM H,0;.

adsorb oxygen to form OH® radicals. Among other mechanism steps,
the OH* radicals react with the adsorbed organic molecules on the
catalyst surface. This step is considered to be the rate-determining
step [12].

3.1. Effect of initial concentration

Fig. 1 shows the residual concentration ratios of p-dihydroxy-
benzene (p-DHB) as a function of time for different initial concen-
trations. These initial concentrations include 0.20, 0.60, 0.80, 1.00
and 2.00 mM. The initial concentration has a profound effect on
the degradation rate for the same irradiation time. The percent-
age removal is smaller for higher initial concentration. In 200 min,
the decompositions ranged from 95% for the 0.20 mM initial con-
centration to about 85% for the 0.80mM initial concentration.
Nevertheless, it was only around 50% removal efficiency, for the
2.00mM initial concentration.

Heterogeneous photocatalytic reaction follows Langmuir-
Hinshelwood

kaKaCa
—r - —_—
(=7a) (1+KaCp)

where kp represents the intrinsic rate constant and K, is the
adsorption equilibrium constant. In the range of the experiment,
K3Ca « 1, which simplifies this equation to be (—ra)=kaK,Ca Which
is an apparent first order reaction. This equation is represented as
(=ra) = —dCa/dt = kopsCa. Upon integration, the residual concen-
tration ratio as a function of time is

CAo

lnC—A

= kobst~

Plots of In Cpo/Cp versus t represent straight lines, with a slope
of which, upon linear regression, is the apparent rate constant
(kobs)- Values for ks and linear regression coefficients for differ-
ent initial concentrations are listed in Table 1. From the R? values,
which exceeded 92%, the linear relationship is obvious. Therefore,
the reaction can be approximated to be pseudo-first-order. Values
for ks are decreasing with initial concentration. The same obser-
vation was noted by De Heredia et al. [9] for the degradation of
p-hydroxybenzoic acid and by Chiou et al. [10] for the degradation
of phenol.

This decrease in kg,s values can be attributed to decreasing
fractional site coverage of DHB with increasing initial DHB concen-

Table 1
Apparent first order rate constant, kop,s and linear regression coefficient, R? for dif-
ferent initial concentrations of p-dihydroxybenzene.

GCo R? kobs X 103, min~!
0.20 0.991 17.1
0.40 0.985 11.9
0.60 0.921 10.4
0.80 0.980 9.1
1.00 0.892 5.6

tration. A relationship between 1/k,,s and the initial concentration
of the organic compound was derived by De Heredia et al. [9] in
their kinetic study for the oxidation of p-hydroxybenzoic acid as:

1 _ 1 CHBo
ko

kobs Tk 1

where kq and k5 are constants and Cyp, is the initial concentration of
the organic compound. This relationship shows that ks decreases
with increasing initial concentration of the organic compound.
When the data reported in Table 1 is plotted as 1/k,,s versus
initial concentration of DHB, a linear relationship is obtained. The
adsorption equilibrium constant, K, for p-DHB, was calculated from
the slope and the intercept of the line and found to be 5.2. This linear
behavior is consistent with De Heredia et al. [9] observation.

3.2. Effect of oxygen bubbling

Fig. 2 shows the effect of oxygen bubbling, on the degradation
of DHB as compared to the degradation if no oxygen was bubbled.
It is clear from the figure that the effect of bubbling is insignificant.
This could be due to unchanging oxygen content in the solution.

The original DHB solution was prepared in the normal envi-
ronment, which assumes saturated solution with oxygen. Knowing
that the oxygen consumption during the experiment is very low
and the solution surface is in contact with atmospheric oxygen,
assumes constant oxygen content in the suspension, even without
bubbling. Therefore, bubbling more oxygen, into the suspension,
will not affect its content.
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Fig. 2. Effect of oxygen bubbling (125 mLmin~') on the degradation of 0.40 mM
p-DHB at 18 °C with 4.00g TiO, L~! and 50 mM of H,05.
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Fig. 3. Effect of adding 50 mM of H,0, on the degradation of 1.00 mM p-DHB at
T=18°C and 4.00g TiO, L.

3.3. Effect of H,0,

Fig. 3 shows the effect of adding 50 mM H, 0O, on the degradation
of p-DHB. Adding H,0, to the reaction vessel containing 1.00 mM
p-DHB has a significant effect on the degradation rate. As shown
in the figure, after 200 min reaction time, the removal efficiency
has increased to about 80% when H,0, was added, while it did not
exceed 37% if the reaction proceeds without H,O,. This increase is
expected, because of the high oxidizing capacity of hydroxyl radi-
cals, which are produced from H,0, by the following degradation
mechanism [13]:

H,0, — 20H°
H,0,+0,™— OH®* — OH™ +0,

H;0,+e~ — OH* + OH™

A preliminary test showed that the effect of H,O, alone is
insignificant on the degradation of DHB.

3.4. Effect of catalyst loading

Fig. 4 shows the effect of catalyst content on the degradation
rate of p-DHB. It is obvious that there is no significant difference
noticed on the degradation rate for catalyst loadings between 1.00
and 8.00gL1.

It is known that many factors affect the degradation rate; radi-
ation (photon) intensity and catalyst loading are two of them.
Radiation intensity, in this case, is constant producing a constant
effect on the degradation rate. It seems that the catalyst loading
is high enough to keep the catalyst effect of no significant on the
degradation rate, for the studied loading range. Other determin-
ing factors control the rate, but not the catalyst content. Therefore,
increasing the catalyst content produced no effect on degradation,
as shown in Fig. 4.

3.5. Effect of pH

pH of the solutions as a function of time is recorded for different
initial concentrations of p-DHB in Fig. 5. Decreases in the pH values
are observed for all initial concentrations. This decrease is probably
due to the production of intermediate acids. It was also observed
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Fig. 4. Effect of catalyst loading on the degradation of 0.40 mM p-DHB at 18°C and
50 mM HzOz.

that a sharp drop in the pH of the solution occurred when the cata-
lyst amount was added. This decrease was, for example, from 5.37
to 4.04 for 0.40 mM initial concentration. Another drop in pH (from
4.04 to 3.86) occurred when H,0, was added. These sharp drops
could be due to acidic property of these added materials.

Fig. 6 shows the degradation of p-DHB with irradiation time for
different pH values. There is no significant difference in removal
efficiency when the pH was 3.0 and 6.8, but there is a sharp increase
as the pH increased to 10.0. For example, the removal efficiency was
around 70% in the acidic pH region, but this efficiency increased
to more than 97% as the pH value increased to 10.0. An increase
amount of OH™ at high pH values could enhance the production of
hydroxyl radicals, as indicated above [13,14].

3.6. Effect of temperature

Fig. 7 shows the effect of temperature on the degradation rate
of 0.40 mM DHB concentration. The figure shows the concentration
residual ratio as a function of time for different temperatures. The
removal efficiency increased from 70% for temperature 18 °C to 93%
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Fig. 5. pH values for p-DHB solutions, with different initial concentrations, as a
function of time at 18 °C with 4.00 g TiO, and 50 mM H,0,.
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Fig. 6. Effect of pH on the degradation rate of 0.40 mM p-DHB at 18 °C, with 4.00g
TiO, L-! and 50 mM H,0,.
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Fig. 7. Effect of temperature on the concentration residue of 0.40 mM p-DHB con-
centration with 4.00 g TiO, L-! and 50 mM H;0,.

for temperature 33 °C, and then decreased to 83% when the tem-
perature increased to 40°C. This trend in degradation rate could
be due to the effect of temperature on the previously derived rate
constant (ks =kaKa). Both ka and K, affect the degradation rate
in a competitive manner. kp, the intrinsic rate constant, increases
with increasing temperature, while K;, the adsorption equilibrium
constant, decreases with temperature. It seems that ky dominates
the degradation rate at 18, 26 and 33 °C, while K, is more dominant
at40°C.

4. Conclusions

The photocatalytic degradation of p-dihydroxybenzene using
anatase TiO, has been studied. The experimental results fit a

pseudo-first-order kinetics with a decreasing rate constant as the
initial concentration of p-DHB increases. This means that the more
diluted initial solution, the higher is degradation rate of p-DHB.
This trend could be attributed to decreasing fractional site cover-
age by DHB molecules. Oxygen bubbling and catalyst loading, in
the range of the experiment, have no significant change on the
degradation. This could be due to the unchanging oxygen content
in the solution and to very high catalyst doses, respectively. The
effect of pH and H,0; has been also studied. Degradation rate in
the basic media is much higher than that in the acidic media. The
addition of H,0, enhanced the degradation rate, because it pro-
duced hydroxyl radicals in the presence of TiO, under UV radiation.
Temperature increased the rate at 18 and 33°C but it decreased
at40°C.
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