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Abstract

The photocatalytic degradation of seven phenols, substituted with two of the following groups: chloro, methyl and nitro, was investigated
using combustion-synthesized catalyst. The intermediates were analyzed and a possible pathway of degradation was proposed. The first order
kinetic rate constants for the degradation of various phenols were determined. The rate of photocatalytic degradation followed the order:
4-chloro,3-methyl phenol > 2-chloro,4-methylphenol > 4-chloro,2-nitrophenol > 4-chloro,2-methyl phenol > 4-chloro,3-nitrophenol ∼ 2-chloro,4-
nitrophenol > 4-methyl,2-nitrophenol. The overall degradation rate of 4-chloro,3-methyl phenol was nearly an order of magnitude faster than the
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egradation rate of 4-methyl,2-nitrophenol. Chloromethylphenols degraded faster than chloronitrophenols due to the ring deactivating characteristic
f nitro group for hydroxyl radical attack. The nature of substituent groups plays a more important role than the position of the substituent groups
n determining the degradation rate of multi-substituted phenols.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalysis is a promising technology to treat contami-
ated water. Upon incidence of photon with an energy equivalent
r exceeding the band gap energy of the semiconductor pho-
ocatalyst, excitation of electron occurs from valence band to
onduction band leaving a positive hole in the valence band
1]. Free radicals are generated when positive holes react with
ydroxyl species or any electron donor adsorbed at the surface
f the catalyst. These highly reactive free radicals oxidize the
azardous pollutants present in the system to CO2 and H2O.

Phenolic compounds are common pollutants that are present
n industrial wastewater and therefore, extensive studies have
een reported on the photocatalytic degradation of phenols.
he influence of various process parameters like temperature

2,3], pH [4–6], initial concentration of pollutants [7–9], light
ntensity [10,11], presence of anions [3,4] and cations [12,13]
as been investigated. The effect of immobilized/suspended

catalyst [2,14–16], and catalyst concentration [17] on photo-
catalytic degradation of pollutants has also been studied. The
type and number of substituent group and its position influ-
ence the degradation rate [7,8,18–20]. The effect of substitution
and process parameters has been investigated for degradation
of chlorophenols [1,8,9,18–26], nitrophenols [7,15,27–32] and
cresols [30,33–35].

The industrial effluent is a mixture of various organic and
inorganic compounds, which may react to yield compounds
with multiple substituent groups. To the best of our knowledge,
no study has reported the degradation of such multi-substituted
compounds. The usual commercial catalyst used for photocatal-
ysis is Degussa P-25 TiO2. However, combustion-synthesized
TiO2 was reported to be more effective catalyst compared to
Degussa P-25 for the degradation of chlorophenol [8] and nitro-
phenol [7,9]. The higher activity of this catalyst compared to that
of the commercial Degussa P-25 catalyst [36] is attributed to its
smaller size (8–10 nm), lower band gap energy, larger surface
area and higher bounded hydroxyl content.

Therefore, the objective of the work was to investigate the
degradation kinetics of seven multi-substituted phenols using
∗ Corresponding author. Tel.: +91 80 22932321; fax: +91 80 23600683.
E-mail address: giridhar@chemeng.iisc.ernet.in (G. Madras).

combustion-synthesized catalyst. The effect of nature of substi-
tution (-chloro, -nitro, and -methyl) and its position were also
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examined to understand the influence of substitution on degra-
dation.

2. Experimental section

2.1. Materials

4-Chloro,3-nitro phenol (4c3n), 2-chloro,4-methyl phenol
(2c4m), 2-chloro,4-nitro phenol (2c4n), 4-chloro,2-nitro phenol
(4c2n), hydrogen peroxide (Aldrich, USA), 4-chloro,3-methyl
phenol (4c3m), nitric acid (S.D. Fine Chemicals Ltd., India),
4-methyl,2-nitro phenol i.e. (4m2n) (Avocado Research Chem-
icals Ltd., Heysham), 4-chloro,2-nitro phenol i.e. (4c2n) (Alfa
Aesar, Heysham), titanium isopropoxide (Lancaster Chemicals,
UK), glycine (Merck, India) were used. Water was double dis-
tilled and filtered through a Millipore membrane filter prior to
use.

2.2. Catalyst preparation and characterization

Combustion synthesis technique is a single step process
without any downstream processing. Nanosized TiO2 was pre-
pared by the solution combustion method using precursor titanyl
nitrate [TiO(NO3)2] and fuel glycine (H2N–CH2–COOH) (all
from Merck, India). The titanyl nitrate was synthesized by
the reaction of titanyl hydroxide [TiO(OH) ] obtained by the
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Fig. 1. Observed (©), calculated (solid line) and difference (bottom) X-ray
diffraction pattern of combustion-synthesized TiO2.

formula and based on the full width half maxima (FWHM) of
X-ray diffraction pattern, the mean crystallite size is estimated
to be 10 ± 2 nm.

Transmission electron microscopy (TEM) of powders was
carried out using a JEOL JEM-200CX transmission electron
microscopy operated at 200 kV. TEM studies also showed the
crystallites of TiO2 are homogeneous with the mean size of
8 ± 2 nm, which agrees well with the XRD measurements. The
surface area of the catalyst was determined with standard BET
apparatus (NOVA-1000, Quantachrome) and was 240 m2/g and
is higher than the surface area of commercial catalysts like
Degussa P-25 (50 m2/g). Fourier transform infra red (FT-IR)
studies were carried out in the 400–4000 cm−1 frequency range
in the transmission mode (Perkin-Elmer, FT-IR-Spectrum-1000)
and showed higher surface hydroxyl content for the combustion-
synthesized TiO2. The as synthesized TiO2 was subjected
to thermogravimetric–differential thermal analysis (TG–DTA)
(Perkin-Elmer, Pyris Diamond), which showed an 11% weight
loss indicating more surface hydroxyl groups. X-ray photo-
electron spectra (XPS) of these materials were recorded with
ESCA-3 Mark II spectrometer (VG Scientific Ltd., England)
using Al K� radiation (1486.6 eV). UV–vis absorption spectra
of TiO2 powders were obtained for the dry pressed disk samples
using UV–vis spectrophotometer (GBC Cintra 40, Australia)
between 270 and 800 nm range. The combustion-synthesized
TiO shows two optical absorption thresholds at 570 and 467 nm
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ydrolysis of titanium isopropoxide [Ti(i-OPr)4] (Lancaster)
ith nitric acid. In a typical combustion synthesis, a Pyrex dish

300 cm3) containing an aqueous redox mixture of stoichiomet-
ic amounts of titanyl nitrate (2 g), glycine (0.8878 g) in 15 mL
f water was introduced into the muffle furnace preheated to
50 ◦C. The solution initially undergoes dehydration and a spark
ppears at one corner which spreads throughout the mass, yield-
ng anatase titania. In this system, the combustion reaction was
f smoldering type without any flame, just a spark appears at a
orner and spreads over the mass yielding highly porous nano-
ized yellowish substance, pure anatase TiO2. Phase transition
o other phases like rutile or brookite is prevented in this pro-
ess because the material is exposed to very high temperature
>900 ◦C) only for a short duration. This method also involves
he liberation of large volume of the gases nearly seven times
he moles of the catalyst, which leads to the high porosity and
igh surface area of the material.

The catalyst was characterized by various methods as dis-
ussed below. The X-ray diffraction (XRD) patterns of catalysts
ere recorded on a Siemens D-5005 diffractometer using Cu
� radiation with a scan rate of 2◦ min−1. The XRD pattern
f combustion-synthesized TiO2 was recorded in 2θ range from
to 100◦. The pattern can be indexed to pure anatase phase

f TiO2 with the space group of I41/amd. The data were then
efined using Fullprof-98 program. The observed, calculated and
ifference X-ray diffraction pattern of TiO2 is given in Fig. 1.
he figure shows there is a good agreement between calculated
nd observed pattern. It may be noted that background of the X-
ay pattern is flat indicating that TiO2 is crystalline. The lattice
arameter for TiO2 is a = 3.7865(5) Å and c = 9.5091(1) Å. The
rystallite size was determined from XRD pattern using Sherrer
2
hat corresponds to the band gap energy of 2.18 and 2.65 eV,
espectively.

Further details on catalyst preparation and characterization
re provided elsewhere [7,36,37].

.3. Photochemical reactor

The photochemical reactor employed in the present study is
ike an annular reactor and has two parts. The reactor consists
f a jacketed quartz tube of the following dimensions: 3.4 cm
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Fig. 2. Schematic of the reactor used for photocatalytic experiments.

i.d., 4 cm o.d., and 21 cm length. This holds a high-pressure
mercury vapor (HPML) lamp of 125 W (Philips, India). This is
placed in a Pyrex glass outer reactor with dimensions of 5.7 cm
i.d. and 16 cm height. Fig. 2 is the schematic diagram of the
reactor. The ballast and capacitor were connected in series with
the lamp to avoid the fluctuations in the input supply. The solu-
tion was taken in the outer reactor and stirred uniformly using a
magnetic stirrer during the course of reaction. The excess heat-
ing due to dissipative loss of the UV energy was constantly
removed using water circulated through the annulus of the jack-
eted quartz tube. Further details on the operation of the reactor
and range of energy emission are given elsewhere [36]. The light
source was concentrically placed inside the quartz cell and pre-
dominantly emitted the wavelength 365 nm corresponding to the
energy of 3.4 eV and photon flux is 5.8 × 10−6 mol photon/s.
The pre-weighed amounts of catalyst was added to the solu-
tion and maintained in suspension using magnetic stirring in the
reactor.

2.4. Degradation experiments

A predetermined amount of substituted phenol was dissolved
in double distilled and Millipore filtered water. A catalyst load-
ing of 1 g/L was used for the entire study. Prior to UV irradiation,
the catalyst loaded solution was stirred for 30 min in dark to
allow the system to attain adsorption–desorption equilibrium.
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Fig. 3. Normalized concentration profiles of the parent compound and its
intermediates observed during the photocatalytic degradation of 80 ppm of 2-
chloro,4-methylphenol.

absorbance at 280 nm was continuously monitored using an UV
detector and stored digitally. The chromatographic areas were
converted to concentration values using calibration curves based
on pure compounds.

2.6. Results and discussion

There was no appreciable degradation of the substituted phe-
nols with either UV or catalyst alone. As a catalyst loading of
1 kg/m3 was found to be the optimum for degradation of var-
ious phenolic compounds [8,9], the same catalyst loading was
used for the present study. All compounds were stirred in dark
for 30 min prior to UV irradiation and no significant decrease in
the concentration was observed due to adsorption. In Figs. 3–9,
the degradation profiles of seven compounds using combustion-
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ubsequently, the solution was exposed to UV radiation and
amples were taken at regular intervals.

.5. Sample analysis

The UV absorption spectrum of chloro-methylphenol showed
aximum absorbance at λ at 280 nm while that of chloro-

itrophenols and nitro-cresol showed two absorbance peaks
orresponding to λ at 280 and 340 nm. Because, the interme-
iates would interfere with UV absorbance of the parent com-
ound, HPLC analysis was considered appropriate to analyze
he samples. Samples, collected at regular intervals, were filtered
hrough Millipore membrane filters and centrifuged to remove
he catalyst particles prior to analysis. The HPLC consisted of
n isocratic pump (Waters 501), a Rheodyne injector, C-18 col-
mn, UV detector (Waters 2487) and a data acquisition system.
he eluent stream consisted of 80 vol.% water, and 20 vol.%
cetonitrile pumped at 0.8 mL/min. Samples were injected in
Rheodyne valve with a sample loop of 50 �L and the UV
ig. 4. Normalized concentration profiles of the parent compound and its
ntermediates observed during the photocatalytic degradation of 75 ppm of 2-
hloro,4-nitrophenol.
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Fig. 5. Normalized concentration profiles of the parent compound and its
intermediates observed during the photocatalytic degradation of 75 ppm of 4-
chloro,2-methylphenol.

synthesized catalyst are shown along with the concentration
profiles of intermediates formed, where C is the concentration
of the compound at time t and C0 the initial concentration of the
parent compound. The parent compounds degraded to 10% of
the initial concentration within 1 h of degradation.

The HPLC analysis of the compounds revealed the sequential
formation and degradation (concentration profile passed through
a maximum) of two common intermediates with an elution time
of 200 and 300 s for all seven compounds. This common appear-
ance of the intermediates indicates that the two intermediates
were mere –OH substituted compounds without any chloro,
nitro, and methyl substituents. These compounds were detected
to be dihydroxy phenols, hydroxy hydroquinone (HHQ) and
pyrogallol (PG). In case of degradation of chloronitrophenol,
a third intermediate was detected at a elution time of 430 s in
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Fig. 7. Normalized concentration profiles of the parent compound and its
intermediates observed during the photocatalytic degradation of 75 ppm of 4-
chloro,3-methylphenol.

HPLC analysis. In case of degradation of chloromethylphenol
(chlorocresol), the third intermediate was observed at an elution
time of 540 s in HPLC analysis. It was observed that the max-
imum concentration of these intermediates occur at an earlier
time than that of HHQ and PG indicating that HHQ and PG are
degradation products of the third intermediates. Photodegrada-
tion of chlorophenol selectively results in hydroquinone over
chlorocatechol [8] suggesting that the chloro group of the phe-
nol gets readily replaced by hydroxy group. Therefore, the third
intermediate is assumed to be hydroxy nitrophenol and hydroxy
cresol, which is obtained by substitution of chloro group by the
hydroxyl group in chloronitrophenol and in chloromethylphe-
nol, respectively. Because the simplified mechanism for the
degradation of multi-substituted phenols, as discussed below,
does not involve the kinetics of formation or decomposition of
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ig. 6. Normalized concentration profiles of the parent compound and its
ntermediates observed during the photocatalytic degradation of 80 ppm of 4-
hloro,2-nitrophenol.
ig. 8. Normalized concentration profiles of the parent compound and its
ntermediates observed during the photocatalytic degradation of 75 ppm of 4-
hloro,3-nitrophenol.
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Fig. 9. Normalized concentration profiles of the parent compound and its
intermediates observed during the photocatalytic degradation of 75 ppm of 4-
methyl,2-nitrophenol.

this intermediate, the intermediate was not quantified by chro-
matography and, therefore, the degradation of this intermediate
is not presented. However, it can be concluded that degradation
of multi-substituted phenols follows a sequential replacement
of substituents by hydroxy group similar to the degradation of

any substituted phenols. Of the three substituents, replacement
of chloro group by hydroxy group occurs more readily than the
replacement of other substituents [9]. These replacement pro-
cesses result in dihydroxyphenols, which could subsequently
lead to ring breakage and form organic (linear) acid. Based on
above discussion, the postulated mechanism of degradation of
multi-substituted phenol is shown in Fig. 10a.

The concentration of primary hydroxylated products like
hydroxy nitrophenol and hydroxy methylphenol was low com-
pared to that of HHQ and PG. This observation suggests that
the consumption rate of primary hydroxylated compounds is
faster than its formation. However, the degradation of sec-
ondary hydroxylated compounds (HHQ and PG) is compara-
tively slower to that of primary hydroxylated products. Thus, it
appears that the parent compound directly oxidizes into HHQ
and PG.

Therefore, the degradation pathway could be simplified to
a simpler mechanism, as shown in Fig. 10b. The kinetic rate
constant k1 is the net equivalent of the rate constants, kp1, ks1
and ks3. The rate constant k2 can be considered as a compos-
ite of kinetic constants, kp2, ks2 and ks4. The degradation rate
coefficients, k3 and k4, of the common intermediates (HHQ and
PG) are influenced by the presence of primary hydroxylated
compounds in the system and, therefore, are different for each
phenolic compound. Assuming all reactions to be first order, the
rate expression of the parent compound (A), HHQ (B) and PG
Fig. 10. (a) Postulated mechanism for the degradation of multi-substitu
ted phenols. (b) Simplified mechanism to determine the kinetics.
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Table 1
First order kinetic constants (h−1) for photodegradation of multi-substituted
phenol

Compound k1 k2 k3 k4

2-Chloro,4-methylphenol 1.8 3.9 2.4 0.9
2-Chloro,4-nitrophenol 2.1 0.9 4.8 6.6
4-Chloro,2-methylphenol 1.2 2.4 1.8 4.8
4-Chloro,2-nitrophenol 3.0 1.0 3.6 2.3
4-Chloro,3-methylphenol 5.2 5.2 3.0 2.1
4-Chloro,3-nitrophenol 1.8 1.2 3.6 3.1
4-Methyl,2-nitrophenol 0.8 0.6 0.03 0.3

(C) are

−dCA

dt
= (k1 + k2)CA (1)

dCB

dt
= k1CA − k3CB (2)

dCC

dt
= k2CA − k4CC (3)

The linear first order ODEs were solved using Mathemat-
ica 4 and non-linearly regressed with experimental data
to obtain the kinetic rate constants. The values of the rate
constants, k1, k2, k3 and k4 are shown in Table 1. The
rate of photocatalytic degradation for the parent compound
(k1 + k2) follows the order: 4-chloro,3-methylphenol > 2-
chloro,4-methylphenol > 4-chloro,2-nitrophenol > 4-chloro,2-
methylphenol > 2-chloro,4-nitrophenol ∼ 4-chloro,3-nitrophe-
nol > 4-methyl,2-nitrophenol. In order to verify the proposed
degradation mechanism, the degradation of 4-chloro,2-
nitrophenol was investigated at four different initial concen-
trations. The degradation rate coefficients and the degradation
profile of the parent compound did not change indicating the
validity of the model. The independence of the rate coefficients
on the initial concentration confirms that the reactions are first
order.

The degradation of 4-chloro,2-nitrophenol is faster than that
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cial role in the determination of the photocatalytic degradation
of phenols with a single substituent group.

3. Conclusion

The photocatalytic degradation of seven multi-substituted
phenols was investigated. The organics degraded to 10% of
the original concentration within 1 h of degradation. The evo-
lution of intermediates was examined and a probable pathway
of degradation was proposed. The reaction followed first order
kinetics and the photocatalytic degradation rate coefficients were
determined by solving differential equations and regressing it
with experimental data. The rate of degradation followed the
order: 4-chloro,3-methylphenol > 2-chloro,4-methylphenol > 4-
chloro,2-nitrophenol > 4-chloro,2-methylphenol > 2-chloro,4-
nitrophenol ∼ 4-chloro,3-nitrophenol > 4-methyl,2-nitrophenol.
The degradation rate coefficients varied widely depending on the
substitution in the phenolic compound. Due to the ring deacti-
vating characteristic of nitro group for hydroxyl radical attack,
chloromethylphenols degraded faster than chloronitrophenols.
The rate of degradation is primarily determined by the nature
of substitution and is less dependent on the position of the sub-
stituent group.
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