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Abstract

Studies on the heterogeneous photocatalytic oxidation of 2,6-dinitrophenol with different catalysts like TiO2, TiO2-P25, CdS, WO3 and ZnO
indicated aqueous TiO2-P25 suspensions exhibit maximum efficiency in photodegradation at the wavelength of 254 nm using an annular-flow
type photo reactor with a 8 W low pressure mercury lamp as a UV light source. Operational parameters like variation of catalyst load, initial
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oncentration of 2,6-DNP, irradiation time, pH, oxygen supply and nitrogen supply on the efficiency of degradation was also invest
ptimum conditions were established. All the experiments were carried out in a batch recirculation mode. The possible mechani
hotocatalytic degradation of 2,6-DNP are discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The elimination of toxic chemicals from waste water is
resently of great concern, since their complete biodegrada-

ion is usually very slow and requires several days or weeks.
hese pollutants may originate from industrial applications or

rom household and personal care areas. The search for effec-
ive means of removing these compounds is of interest to reg-
lating authorities worldwide. Recently, it has been demon-
trated that semi-conducting materials mediating photocat-
lytic oxidation of organic compounds can be an alternative to
onventional methods for the removal of organic pollutants in
ater and air[1–3]. Several studies of photocatalytic degrada-

ion of dyes have been reported[4–9]. A variety of semicon-
uctor materials (oxides, sulfides and others) acting as pho-

ocatalysts have already been used. Titanium (IV) oxide sus-
ended in water has proven to be one of the most active pho-

ocatalyst. Extensive work has shown that a wide range of or-
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ganic pollutants in aqueous solutions containing UV ligh
luminated TiO2 particles are completely oxidized[2,10–13].

Nitro aromatic compounds are highly toxic to hum
and animals with LD50 in the range of 25–50 mg/kg[14].
Nitrogen-containing phenols are also of great concern
only because they cause severe health problems bu
acts as poisons for catalysts[15]. San et al.[16], studied the
photocatalytic degradation of 4-nitrophenol in aqueous T2
suspensions. However, there is a very limited informa
on the photocatalytic degradation of nitrogen-contain
phenols[17,18].

Nitro phenols are common components of industrial e
ents and have been detected in urban and agricultural w
[19]. 2,6-dinitrophenol is one of the six possible dinitro p
nol forms used in the synthesis of dyes, picric acid, picra
acid, wood preservatives, diaminophenoldyhydrochlorid
photographic developer), explosives and insecticides.

The photocatalytic degradation of 2,6-dinitro pheno
aqueous titanium dioxide slurries was investigated u
different catalysts, varying operational parameters
substrate concentration, catalyst load, irradiation pe
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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pH, oxygen, nitrogen to assess the effects of the variables
on the degradation efficiency and the corresponding results
are presented in this paper.

2. Experimental details

2.1. Materials

The anatase form of TiO2, Degussa P25, with a particle
size of 30 nm and a surface area of 50 m2 g−1, according to the
manufacturer’s specifications, was used as the photocatalyst
without further treatment. 2,6-Dinitrophenol, of AR Grade
(Aldrich, Germany) and all other chemicals of extra pure
grade were used as received by preparing the solutions in
double distilled water.

2.2. Reactor set-up

The annular-flow photocatalytic reactor used for this study
was a cylindrical plastic vessel, in which a 8 W low pressure
mercury lamp (254 nm), surrounded by a quartz glass tube
to protect it from direct contact with an aqueous solution
flowing through an annulus between the inner surface of the
vessel and the outer surface of the quartz glass tube, located
at the axis of the vessel. The study was carried out in a batch
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432.5 nm. The photodegradation efficiency for each sample
are calculated from the expression:

η = C0 − Ct

C0
× 100

whereη is the photodegradation efficiency,C0 the concen-
tration of the compound before illumination, andCt is the
concentration of solution after timet.

3. Results and discussion

3.1. Mechanism of photodegradation

The photocatalytic degradation of organic compounds oc-
cur on the surface of TiO2, primarily in trapped holes.•OH
and O2

•2− are considered as primary reactive species and O2
and H2O are necessary for photocatalytic degradation. Oxy-
gen adsorbed on the TiO2 surface prevents the recombination
of electron–hole pairs by trapping electrons and super oxide
ions are thus formed.•OH radicals are formed from holes re-
acting with either H2O or OH− adsorbed on the TiO2 surface.
•OH and O2

•2− are also formed from H2O.
In this process, H2O2, O2 and HO2

• which are suitable for
trapping electrons and•OH and O2

•2− are the most important
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ecirculation mode. The reactant solution was circulated
ween the perfectly mixed vessel (1000 ml reservoir), w
s covered by aluminum foil to prevent the exposure of
oloured solution to visible light, and the annular-flow rea
t a flow rate of 120 ml min−1 using a peristaltic pump. Du

ng the photolysis experiments, reactant solution conta
he appropriate quantity of the semiconductor powder
ontinuously stirred before and during illumination and
ubbled with air except for experiments where effect of o
en and nitrogen were observed, with a flow of 500 ml m−1

hroughout the reaction process.

.3. Methodology

All the experiments were carried out at ambient temp
ure (30± 3◦C) and at natural pH of 3.0± 0.2 of the 2,6-DNP
xcept for experiments where pH values are varied. The
ions were prepared using double distilled water and pH o
eaction mixture was adjusted using 0.01N NaOH/H2SO4. In
ll the experiments, 250 ml of 2,6-DNP solution of appro
te concentration was taken into the reservoir. At spe

ime intervals samples of 5 ml were withdrawn and analy
sing UV–Vis spectrophotometer and COD digester, res

ively, after centrifugation (Remi Research R-24) at 8000
ollowed by filtration with 0.20�m (mdi, India), Nylon-66
embrane syringe filters to assess the extent of degrad

.4. Analysis

The concentration of 2,6-DNP was measured
V–Vis spectrophotometer (ECIL GS5703 AT, India)
.

xidants. The oxidizing power of the OH radicals is str
nough to break bonds of the compound molecule ads
n the surface of the TiO2 leading to the formation of CO2 and

norganic ions. When the intensity of light was constant
umber of•OH and O2

•2− radicals increase with increasi
rradiation period, resulting in the complete photodegrada
f organic molecules to smaller fragments like CO2 and H2O
hile the other elements bonded to the organic compo
re converted to anions such as nitrate sulfate or chloride[20].

.2. Photodegradation efficiency in presence of other
hotocatalysts

Experiments were performed using 1× 10−3 M 2,6-DNP
olution and 1.0 g/250 ml of catalyst in 4 h irradiation
iod at an optimum pH of 8, with other commercial ph
atalysts such as CdS, TiO2 (Merck), WO3 and ZnO. The
hotodegradation efficiency of 2,6-DNP solution in the p
nce of various semiconductor as photocatalysts are s

n Fig. 1 and it is clear that the photolysis of an air eq
ibrated 2,6-DNP solution in the presence of the semi
ucting oxides leads to the disappearance of the comp

n the presence of TiO2-P25, complete mineralization of t
ompound took place after 3 h of light exposure, while
he same time interval CdS, TiO2 (Merck),WO3 and ZnO de
raded 65.2, 74, 53.1 and 79%, respectively. Generally s
onductors having large band gaps have strong photoca
ctivities. In the present case, TiO2 and ZnO have band ga

arger than 3 eV and show strong photocatalytic activi
dS and WO3 having a smaller band gap show less ac

ty since their conduction bands are much lower than
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Fig. 1. Photodegradation efficiency using various catalysts: (�) with TiO2;
(�) with ZnO (Merck); (�) with TiO2 (Merck); (�) with CdS; (+) with
WO3.

of TiO2. Conduction band electron in these semiconductors
cannot move into the electron acceptor in the solution rapidly.
It should be noted that the activity of the photocatalyst is also
affected by the particle size, crystallinity and concentration
of impurities included in the catalysts. Thus, many photocata-
lysts cause partial decomposition of the organic molecules in
comparable times. Hence, in the present study attention was
given to TiO2-P25 because of its high photocatalytic activity,
its resistance to photo corrosion, its biological immunity and
its low cost.

TiO2-P25 appears to be the most efficient photocatalyst.
The superiority of TiO2-P25 may be attributed to its mor-
phology, which was proposed to be one of the most critical
properties for the photocatalytic efficiency of P25 among var-
ious grades of TiO2. Crystallographic study of P25 shows that
amorphous, anatase and rutile forms exist. The close proxim-
ity of these phases and in some cases the overlapping of forms
makes it difficult to differentiate and has been cited to be the
reason for long lasting excitation of electrons from the va-
lence band to the conduction band, allowing for efficient and
effective degradation of wide range of organic compounds
[21].

3.3. Photodegradation efficiency of 2,6-DNP
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Fig. 2. Photodegradation efficiency at different conditions: (�) with
UV/TiO2; (�) with TiO2; (�) with UV.

percentage of degradation of 2,6-DNP also increases up to
a certain point, from there onwards it decreases (Fig. 3) and
maximum degradation was observed at the catalyst concen-
tration of 1 g/250 ml. This may be due to the fact that at high
TiO2 concentrations, particle aggregates reduces the inter-
facial area between the reaction solution and photocatalyst
resulting in the reduction in number of active sites on the
catalyst surface. The increase in opacity and light scattering
by the particles may also be the other reason for the decrease
in the efficiency of degradation.

3.5. Effect of initial concentration of 2,6-DNP

The effect of initial concentration of 2,6-DNP on the per-
centage of photocatalytic degradation was investigated over
the concentration range of 0.5× 10−3 to 3.2 × 10−3 M,
since the pollutant concentration is a very important param-
eter in water treatment. The efficiency of photodegradation
was found to decrease with increase in the initial concentra-
tion of 2,6-DNP (Fig. 4).

The influence of the initial concentration of compound
in the photocatalytic degradation rate of most organic com-
pounds is also described by pseudo-first-order kinetics. This
is rationalized in terms of Langmuir–Hinshelwood model
modified to accommodate reactions occurring at solid–liquid
i be
The percentage of degradation of 2,6-DNP from an

ial concentration of 3.2× 10−3 M under three conditions
hown inFig. 2. There was no observable loss of compo
hen the irradiation was carried out in the absence of TiO2. In
on-irradiated suspensions, there was a slight loss, due
orption onto TiO2. However, in the presence of TiO2, a rapid
egradation of 88.1% occurred by irradiation for 240 mi

.4. Effect of catalyst loading

2,6-DNP solutions at pH 3.0± 0.2 and concentration
.2× 10−3 M were used to study the effect of catalyst lo

ng by varying the amount of TiO2 from 0.5 to 2.0 g/250 m
t is observed that as the concentration of TiO2 increases, th
nterface[22,23]and the final form of the expression can

Fig. 3. Effect of catalyst loading on photodegradation efficiency.
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Table 1
Effect of 2,6-DNP concentration

Name of the compound 2,6-DNP
Amount of TiO2 1.0 g
Irradiation time 3 h

Initial concentration (×10−3 M) k1 (min−1) t1/2 (min)

0.54 0.0237 29.2
1.08 0.0199 34.8
1.63 0.0135 51.0
2.17 0.0119 58.0
3.26 0.0039 177

represented as

ln

(
C0

C

)
= krKt = k1t

Therefore, a plot of ln (C0/C) versus illumination time should
give a straight line whose slope equals the apparent first-order
rate constant,k1, wherek1 is the apparent rate constant of the
photodecomposition (min−1), t1/2 values are calculated from
the expression:

t1/2 = 0.693

k1

wheret is the time in min required for the initial concentration
of soluteC0 to decrease toC,K is the equilibrium constant for
adsorption of the organic substrate onto TiO2 particles (M−1),
kr is the limiting rate of the reaction after maximum coverage
under the experimental conditions (ML−1 min−1) andk1 is
the apparent rate constant of the photocatalytic degradation
(min−1).

In order to study the nature of the photochemical reaction
with TiO2, apparent rate constant,k1 is calculated from the
slopes of the plots for 2,6-DNP (Table 1). Thek1 values de-
pends on the initial concentration of the compounds, which
decreases gradually with increase in the initial concentration
of the compounds[24,25].
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Fig. 4. Effect of initial concentration on photodegradation efficiency.

Fig. 5. Effect of pH variation on photodegradation efficiency.

initial pH of the suspension varied from 3 to 12, the photo-
catalytic activity reached a maximum of 95% at pH 8 and fur-
ther decrease in the efficiency of photodegradation occurs as
pH increases to 12. The inhibitory effect is more pronounced
in high alkaline pH range. At high pH values, the hydroxyl
radicals are so rapidly scavenged that they do not have op-
portunity to react with dye molecules[26].

It can be assumed that during irradiation 2,6-DNP may be
oxidized by direct reaction with the photo-generated holes in
the TiO2 particles or by reaction with OH radicals, which are
also powerful oxidizing agents. The major route of forma-
tion of these OH radicals is by reaction between the photo-
generated holes with the OH− ions adsorbed onto the semi-
conductor particles.
The reason for this behaviour is that, on the surfac
iO2 particles the reaction occurs between the•OH radicals
enerated at the active OH− sites and the 2,6-DNP molecu
dsorbed on the surface of catalyst. When the initial con

ration is high, the number of these available active site
ecreased by 2,6-DNP molecules, because of their com

ive adsorption on the TiO2 particles. But the intensity of ligh
llumination period is constant and O2

•2− and•OH radicals
ormed on the surface of TiO2 are also constant. Thus, t
eactive OH and O2•2− attacking the compound molecu
ecrease and simultaneously the photodegradation effic
lso decreases.

.6. Effect of pH

The photodegradation efficiency of 2,6-DNP is rep
ented as a function of the initial pH after 2 h irradiation of
uspension containing 1× 10−3 M 2,6-DNP and 1 g/250 m
f catalyst (Fig. 5). As can be seen fromFig. 5, when the
 Fig. 6. Effect of irradiation time on photodegradation efficiency.
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Fig. 7. Effect of oxygen and nitrogen on photodegradation efficiency: (�)
with oxygen; (�) with nitrogen.

3.7. Effect of irradiation period

The 2,6-dinitrophenol degradation in TiO2 suspension was
found to gradually increase with increasing irradiation period
at an optimum pH of 8, at a catalyst loading of 1 g/250 ml and
a 2,6-DNP concentration of 1× 10−3 M. Photodegradation
efficiency was about 70.3% after 1 h of irradiation. Complete
degradation of the compound occurred after 3 h of irradi-
ation (Fig. 6). The chemical oxygen demand (COD) mea-
surements also revealed that the compound which initially
showed 243 mg l−1 of COD at the initial concentration of
1 × 10−3 M gradually decreased with increasing irradiation
period and after 3 h of irradiation it became zero indicating
the complete degradation of the compound.

3.8. Effect of bubbling oxygen and nitrogen

The effect of bubbling of oxygen and nitrogen through the
aqueous suspension containing 1× 10−3 M 2,6-DNP solu-
tion with 1 g/250 ml of catalyst at an optimum pH of 8 for
4 h of irradiation period on the photodegradation is shown in
Fig. 7. Complete photodegradation can be attributed in the
case of oxygenated system with in 3.5 h of the irradiation pe-
riod. For the same time interval in the case of nitrogenated
system, 73% of photodegradation is observed.
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optimum conditions for achieving maximum efficiency were
established.
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