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1. Introduction

Heterogeneous photocatalytic degradation (PCD) is a rapidly
expanding technology for the removal of organic pollutants from
water and air. Easier separation and reuse of the spent catalyst is
one of the advantageous features of heterogeneous catalysis. In
recent years, the removal of organic compounds from aqueous
solutions or gases by PCD using semiconductors like TiO2, ZnO,
MgO, Fe2O3, CdS, etc. as photocatalysts has received great attention
among other techniques due to its ability to oxidize a broad range
of organics [1–5]. Titanium dioxide (TiO2) is known to be one of the
efficient semiconductors having good photocatalytic activity, high
ultraviolet absorption and high thermal stability. However,
deactivation of TiO2 catalysts during PCD has been reported to
be a major drawback of TiO2 [6], which restrict its industrial
application for waste treatment. A large number of studies on
deactivation and regeneration of TiO2 have been reported for gas
phase photocatalytic degradation of organics [7–13]. The deacti-
vation is usually caused by strongly adsorbed partially oxidized
intermediates, formed during PCD, on the active sites of the
photocatalyst [13]. For example, the carboxylic acids formed as
intermediates during TiO2 catalyzed PCD of alcohol [14] and
oxidation of cyclohexene [15] were found to be strongly adsorbed
on the active sites of a catalyst causing deactivation of TiO2

catalyst. It has been described in the literature that the

deactivation of photocatalyst in gas phase photocatalysis is more
predominant than that in aqueous phase photocatalysis [9,10]. The
aqueous phase photocatalysis in water helps to remove reaction
intermediates and products from the catalyst surface, whereas, in
gas phase these species try to accumulate on the surface causing
the deactivation of the catalyst. In our previous study on TiO2

catalyzed PCD of substituted aromatic carboxylic acids (benzoic
acid, phthalic acid, o-chloro benzoic acid and o-nitro benzoic acid)
in aqueous medium, TiO2 was found to be an active photocatalyst
for removal of highly stable carboxylic acid compounds [16].
However, it was observed that the spent TiO2 catalyst had lesser
catalytic activity for PCD of phthalic acids in next cycles than fresh
TiO2 catalyst showing deactivation of the catalyst. The studies on
deactivation and regeneration of TiO2 for PCD in liquid phase
reactions are scanty and it needs to be studied in detail for practical
application of this technique. Therefore, in continuation of our
previous work on TiO2 catalyzed PCD of phthalic acid [16], the
present study was aimed to investigate the cause of deactivation of
TiO2 catalyst during PCD of one of the aromatic carboxylic acid;
phthalic acid as a model organic pollutant. The major regeneration
methods used in gas phase catalysis reported in the literature
include thermal treatment in presence of air [17,18], H2O2

treatment in presence as well as in absence of UV light [13],
sonication in water and methanol [19], irradiation of UV light in
flow of humid air [8], etc. As it is observed that deposition of some
species leads to deactivation of photocatalyst, an approach to use
physical or chemical method for removal of such species should be
taken. Some of these regeneration techniques such as washing
with solvents (water and methanol), treatment with oxidizing
agent like H2O2, and thermal treatment in presence of air were
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carried out in the present study for comparison and to find an
appropriate method for regeneration of the deactivated catalyst.
The changes in catalyst surface characteristics taking place in
deactivation and regeneration of the catalysts were studied.

2. Experimental work

2.1. Chemicals

Degussa P25 TiO2 catalyst was provided by Degussa and
phthalic acid (99%), methanol (99%), hydrogen peroxide (30%),
were obtained from s.d. fine chem. Ltd., India.

2.2. Photocatalytic degradation of phthalic acid using

Degussa P25 TiO2 catalyst

The PCD of phthalic acid was carried out in aqueous medium as
reported in our previous work [16]. The aqueous solution of
phthalic acid (250 ml; 100 ppm) was taken in a photocatalytic
batch reactor equipped with a magnetic stirrer and water cooling
jacket from outside the reactor. The UV light source (Phillips high
pressure mercury lamp, 120 W) was placed inside the reactor. The
whole system was placed in a wooden box for the protection of the
working person from the exposure of the radiation. The TiO2

catalyst (0.25%, w/v) was added in the reactor charged with the
aqueous solution of the compound. The reaction was carried out at
constant temperature (30 8C) under continuous stirring, aeration
(4000 ml min�1) and irradiation of UV light for 2 h taking the
samples by syringe at regular intervals. The reaction progress, i.e.
degradation of the phthalic acid, was monitored by analyzing the
samples using High Performance Liquid Chromatography (Dionex
Ultimate 3000) with C8 column (Acclaim 120, 5 mm, 120 Å,
4.6 mm � 250 mm), acetonitrile–water elutents (50:50), flow rate
of 1 ml min�1 and 235 nm wave length of photodiode array
detector at constant column temperature of 298 K.

2.3. Regeneration and reuse of spent catalyst and characterization of

the spent and regenerated TiO2 catalysts

The spent TiO2 catalyst was recovered from reaction mixture by
filtration and then regenerated by different methods to reuse for
next reaction cycle. The spent catalysts were regenerated by three
methods like by washing with solvent (water and methanol),
treating with H2O2 and thermal treatment in presence of air. The
spent catalyst (�0.1 g) was washed with water (10 ml) followed by
methanol (�10 ml) to regenerate the catalyst by solvent washing.
The sample obtained after washing with water and methanol was
dried at 110 8C for 2 h and was named as STW. The spent catalyst
was treated with 30% H2O2 solution (10 ml for 1 g spent catalyst)
for 1 h under stirring to regenerate the catalyst, which was denoted
as STHP. The spent catalyst was also regenerated by thermal
method by heating at 350 8C for 2 h in the muffle furnace denoting
this thermally regenerated sample as STTH. The spent and
regenerated TiO2 catalysts were used for subsequent cycles of
PCD under similar reaction conditions as carried out with fresh
catalyst.

The fresh and regenerated TiO2 catalysts were characterized by
FTIR, XRD, CHNO elemental analysis, surface zeta potential
measurement and BET surface area analysis. The FTIR analysis of
TiO2 samples was carried out using IRPrestige-21, Shimadzu FT-IR
spectrophotometer in DRS (diffuse reflectance system) by mixing
the sample with dried KBr in 1:20 weight ratio in the range of 400–
4000 cm�1 with a resolution of 4 cm�1. XRD analysis of the
samples was performed using X-Ray Diffractometer (Bruker D-8
Advance X-ray powder Diffractometer) having Cu Ka radiation
(l = 1.5418 Å) with nickel filter and scintillation detector. The

sample was scanned in 2u range of 15–908 with a scanning rate of
0.028 s�1. The elemental analysis of the spent and regenerated
catalysts was carried out by using CHNS/O analyzer (Perkin Elmer,
Series II, 2400). Surface zeta potential of TiO2 catalysts were
measured using Zetasizer (Malvern) by dispersing the samples in
water. N2 adsorption–desorption isotherm study of TiO2 samples
was carried out using NOVA 1000e (Quantachrome) surface area
analyzer. The surface area was calculated by using BET equation.

3. Results and discussion

The Degussa P25 TiO2 catalyst was found to be having
significant activity for PCD of phthalic acid giving >99% degrada-
tion of phthalic acid within 40 min (Fig. 1a and b). First, the
reaction with the spent catalyst without any treatment was carried
out to test the activity in second cycle under similar reaction
condition. It was found that the spent TiO2 catalyst had reduced
activity in second cycle giving only 49% removal of phthalic acid
after 40 min indicating deactivation of the catalyst. The spent TiO2

catalyst washed with water and methanol (STW) showed very slow
degradation in second cycle and resulted to �55% degradation of
phthalic acid after 40 min (Fig. 1a and b). The spent catalyst
regenerated by thermal treatment (STTH) in second cycle also
showed slower degradation giving 87% removal of phthalic acid
after 40 min. The slower degradation with STW as well as STTH

catalysts indicates that the catalyst could not be completely
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Fig. 1. (a) Variation of phthalic acid concentration with time during PCD in second

and third reaction cycle using fresh TiO2 catalyst (P25 TiO2), spent TiO2 regenerated

by washing with water and methanol (STW), thermal treatment (STTH) and H2O2

treatment (STHP). (b) Removal of phthalic acid after 40 min with P25 TiO2, STW, STTH

and STHP in second and third reaction cycle.
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regenerated either by washing with solvents or thermal treatment.
However, the thermally regenerated catalyst (STTH) showed
slightly faster removal of phthalic acid as compared to washed
spent catalyst (STW), which indicates that the catalyst could be
regenerated up to some extent by thermal treatment. The spent
catalyst regenerated by H2O2 treatment (STHP) in second cycle
showed almost same extent of activity as fresh catalyst showing
nearly complete regeneration of the spent catalyst (Fig. 1a and b). If
we compare the activity of the regenerated catalysts (STW, STTH

and STHP recovered from second cycle) in third cycle, further
decrease in the degradation rate was observed with STW and STTH

in comparison of the fresh catalyst whereas STHP catalyst retains its
activity in third cycle showing similar activity as fresh and second
cycle STHP catalyst (Fig. 1a and b). Thus, H2O2 treatment was found
to be efficient technique to regenerate the deactivated TiO2

catalyst for PCD of phthalic acid.
The value of rate constant for PCD of phthalic acid with fresh

catalyst and the regenerated catalysts (STW, STTH and STHP) in
second and third cycle are given in Table 1. With the spent catalyst
washed with water and methanol (STW), the rate constant was
observed to decrease from 0.104 min�1 (for fresh catalyst) to
0.021 min�1 (in second cycle) and further to 0.014 min�1 (in third
cycle). The thermal treatment of spent catalyst slightly improved
the activity showing faster degradation (rate constant: 0.048 and
0.044 min�1 in second and third cycles, respectively) as compared
to washed spent catalyst (STW). The slight enhancement in the rate
of degradation with thermally regenerated catalyst (STTH) shows
that the catalyst could be partially regenerated; however, still the
catalyst has lower activity than the fresh catalyst. The rate constant
values with the regenerated catalyst by H2O2 treatment (STHP) in
second and third cycles are almost similar to the rate constant with
the fresh catalyst showing that the activity of the spent catalyst
could be completely restored.

As no significant change was observed in the BET surface area of
the washed spent catalyst (STW) in comparison of fresh catalyst
(Table 1), it was confirmed that the deactivation of the catalyst was
not because of the pore blocking by reactant (phthalic acid) or
intermediate products of PCD. The regeneration of the spent
catalyst by thermal and H2O2 treatment does not affect the textural
properties as the BET surface area of the regenerated catalysts does
not show significantly large changes (Table 1). From CHNO
elemental analysis of spent and regenerated catalysts (Table 1),
it was found that the carbon content in spent catalyst was 1.8 wt.%
and the washed spent catalyst (STW) contained significant amount
of carbon (1.6 wt.%), showing that some organic species are still in
the spent catalyst. The thermal treatment reduces the carbon
content from 1.6 wt.% to 0.5 wt.%, showing that some organic
species is still present in the catalyst. The CHNO elemental analysis
of spent catalyst regenerated by H2O2 treatment indicates nearly
complete removal of organic species.

The surface charge on TiO2 particles (fresh and regenerated
catalysts) was measured by zeta potential analysis. The zeta

potential of fresh Degussa P25 TiO2 catalyst was �20 mV showing
the negatively charged surface of the particles (Table 1). The
washed as well as thermally regenerated catalysts (STW and STTH)
showed positive value of zeta potential (+32 mV and +25 mV,
respectively) indicating positively charged surface in STW and STTH

catalysts. The H2O2 treated catalyst (STHP) had negative zeta
potential value (�17 mV), which shows that the regenerated
catalyst possesses the negatively charged surface. The surface
charge of the catalyst was observed to be significantly changed
from negative to positive value after reaction, which indicates
considerable change in the surface chemical characteristics
causing deactivation of the catalyst. The negative charge on the
surface, which is generally created by surface hydroxyl groups
(>Ti–OH), facilitates the adsorption of the reactant molecules for
surface reaction [3,20]. The adsorption of carboxylic acids over
negatively charged TiO2 surface can be considered as electrostatic
interaction of carboxylate ion with protonated titanol (>Ti–OH2

+),
formed by reaction of titanol (>Ti–OH) with H+ ions of carboxylic
acid. The phthalic acid and the intermediate acids (like
intermediate A, B and C) formed during PCD (Scheme 1) undergo
PCD by surface adsorption followed by electron transfer [16]. The
carboxylic acid intermediates formed during TiO2 catalyzed
reactions have been reported to be strongly adsorbed on the
surface active sites [14,15]. Furthermore, the monodentate and
bidentate benzene derivatives, such as benzoic acid, phthalic acid,
isophthalic acid, terephthalic acid, salicylic acid, etc. were found
to be strongly bound to TiO2 surface [21]. The ortho substituted
aromatic carboxylates form strong mononuclear bidentate
surface complexes with 4-fold coordinated surface titanium
cations [22]. The strong adsorption by surface complexation of
phthalic acid and intermediates acid products, which are ortho
substituted acids, may be responsible for making TiO2 surface
positively charged. These adsorbed species seems to be present on
the surface active sites, where the reactant molecules get
adsorbed for reaction. The presence of the adsorbed species
reduces the available active sites in the spent catalyst for the
reaction showing decreased activity for PCD of phthalic acid as
compared to fresh catalyst. The H2O2 treatment removes the
surface adsorbed species by oxidizing to CO2 and H2O and makes
the surface sites free and giving negatively charged surface. The
negatively charged surface in H2O2 treated catalyst catalytically
behaves similar to fresh catalyst showing similar activity as
fresh TiO2.

The XRD pattern (Fig. 2) of the fresh catalyst (P25 TiO2)
possesses the characteristic peaks of anatase phase (at 25.58, 37.58,
47.88, 53.88 and 54.98 2u for diffraction from 1 0 1, 1 1 2, 2 0 0, 1 0 5
and 2 1 1 planes, respectively) along with rutile phase (at 27.38 2u
for diffraction from 1 1 0 plane). The catalyst contains predomi-
nantly anatase phase (89%) having crystallite size of 25 nm as
measured from XRD data [16]. The XRD of spent catalyst after
washing with water and methanol (STW) shows an additional
broad peak in the range of 29–368 2u (Fig. 2). From PCPDF data base

Table 1
Rate constant of phthalic acid PCD with fresh P25 TiO2 and regenerated catalysts and their characteristics.

Catalyst Rate constant (min�1) BET surface areaa (m2/g) Carbon contentb (wt.%) Zeta potentialc (mV)

Fresh catalyst 0.104 50.2 Nil �20

Spent catalyst – – 1.8 –

Catalyst 2nd cycle 3rd cycle BET surface areaa (m2/g) Carbon contentb (wt.%) Zeta potentialc (mV)

Regenerated catalyst

STW 0.021 0.014 50.4 1.6 +30

STTH 0.048 0.044 50.1 0.5 +25

STHP 0.103 0.099 50.3 0.1 �17

a BET surface area of the regenerated TiO2 catalysts after 2nd cycle.
b Carbon content (by CHN analysis) of the regenerated TiO2 catalysts after 2nd cycle.
c Zeta potential of the regenerated TiO2 catalysts after 2nd cycle.
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analysis, this broad peak was assigned for the carbon containing
compounds present on the surface of TiO2. It indicates that some
organic compounds either phthalic acid or intermediate products
(like intermediate A, B and C) formed during PCD may be adsorbed
on the catalyst surface. The washing with water as well as
methanol could not remove these adsorbed species from the
catalyst surface, which indicates that the adsorbed species are
strongly bonded with the surface. This broad peak was observed to
be reduced in the XRD pattern of thermally regenerated catalyst
(STTH) showing removal of some adsorbed compounds from the
surface by thermal decomposition at 350 8C (Fig. 2). The XRD
pattern of the regenerated catalysts by H2O2 treatment (STHP)
shows complete removal of the adsorbed organic species from the
catalyst surface as the broad peak ranging from 298 to 368 2u was
completely disappeared (Fig. 2). The adsorbed species on the
catalyst surface could be removed by oxidation with H2O2. The
phase composition and the crystallite size of the regenerated
catalysts (STTH and STHP) were compared with those of the fresh
catalyst using XRD data and found to be unchanged indicating that
thermal or H2O2 treatment do not affect the structural properties
of the catalyst under the regeneration conditions used in the
present study (Fig. 2).

The FTIR spectra (Fig. 3) of fresh (P25 TiO2) and regenerated
TiO2 catalysts (STW, STTH and STHP) possess a broad band in
hydroxyl region (centered at 3434 cm�1) for hydroxyl groups and
physically adsorbed water. In FTIR spectrum of the regenerated

catalyst by solvent wash (STW), three major additional stretching
bands at 1694, 1558 and 1408 cm�1 were noticed. The band at
1694 cm�1 is assigned to >C55O bonds of carboxylate (–COO�)
groups, which indicates that the adsorbed organic species must
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have –COO� groups. The adsorbed species may be phthalic acid or
the intermediate acids like intermediate (A), (B) and (C) formed
during PCD (Scheme 1), which are adsorbed on TiO2 surface by
electrostatic interaction as shown in structure (I) of Scheme 2. The
bands at 1558 and 1408 cm�1 are asymmetrical and symmetrical
stretching frequencies of –O–C–O– bonds, respectively [23]. The –
O–C–O– bonding is originated due to outer sphere complexation of
–COO� groups of the adsorbed species (phthalic acid or interme-
diate acids (A), (B) and (C) formed during PCD) with TiO2 surface
(Scheme 2; structures II, III and IV). From FTIR study, it depicts that
by washing the spent catalyst with water and methanol, the
adsorbed species could not be removed, which shows strong
interaction of the adsorbed compounds with the catalyst surface.
The heat treatment of the spent catalyst at 350 8C also does not
make the catalyst completely free from adsorbed organic species as
FTIR spectrum of STTH still shows the presence of the bands for
adsorbed organic species. FTIR spectrum of thermally regenerated
catalyst (STTH) possesses the bands (1558 and 1408 cm�1) for
asymmetrical and symmetrical frequencies of the bonds of outer
sphere complex of –COO� groups with TiO2 surface. It shows that
the species (carboxylic acids) adsorbed by making outer sphere
complexes (II, III and IV) using –COO� group with TiO2 surface are
more stable as compared to the species adsorbed by electrostatic
interaction (I), which could be removed on thermal treatment.
FTIR spectrum of H2O2 treated catalyst (STHP) resembles the
spectrum of fresh catalyst showing the removal of all adsorbed
organic species from the surface. It is apparent from FTIR study
that the deactivation of the catalyst is attributed to the presence
of stable surface adsorbed organic species (phthalic acid or acid

intermediates), which are occupying the surface active sites and
thus reducing the surface adsorption and reaction rates resulting
into decreased activity of the spent catalyst. Treatment of spent
catalyst with H2O2 regenerates the catalyst by removing the
adsorbed species. H2O2 is a strong oxidizing agent, which
provides plenty of �OH radicals by homolytic fission in the
solution. The organic species (I–IV) adsorbed in the spent catalyst
are oxidized by �OH radicals into CO2 and H2O making all the
surface active sites free (Scheme 2) and therefore, the regener-
ated catalyst by H2O2 treatment exhibits similar catalytic activity
as fresh catalyst.

4. Conclusion

The deactivation of Degussa P25 TiO2 during PCD of phthalic
acid in aqueous medium, resulting in reduced degradation rate of
PCD of phthalic acid was observed. It is inferred from the studies by
various characterization techniques that it may be due to surface
adsorption of some carboxylic acid compounds (phthalic acid or
intermediates formed during PCD of phthalic acid) reducing the
number of available surface active sites. It was observed that the
deactivation of catalyst was not due to pore blockage and but due
to adsorption of organic species (carboxylic acid compounds) on
TiO2 surface by electrostatic interaction and by making outer
sphere complexation with surface. The presence of adsorbed
organic species in spent catalyst affects the surface characteristics
and the catalytic properties. The spent TiO2 catalyst could be
completely regenerated by treating with H2O2 solution showing
activity almost equal to that of the fresh catalyst.
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