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a b s t r a c t

The activated carbon loaded TiO2-P25 catalysts were prepared and characterized by diffuse reflectance
spectra (DRS), FT-IR, scanning electron micrograph (SEM), X-ray diffraction (XRD) and BET surface area
analysis. The photocatalytic efficiency of activated carbon loaded TiO2-P25 (AC-TiO2-P25) was evaluated
by UV assisted photodefluoridation of pentafluorobenzoic acid (PFBA) in aqueous medium. The catalyst
vailable online 5 November 2009

eywords:
C-TiO2

FBA
efluoridation

exhibited higher photo defluoridation efficiency of PFBA than that of bare TiO2-P25. The various experi-
mental parameters like concentration of PFBA, addition of oxidants, amount of catalyst and solution pH
for efficient defluoridation are reported. The higher efficiency of AC-TiO2-P25 is due to synergy effect of
activated carbon.

© 2009 Elsevier B.V. All rights reserved.

ynergistic effect
hotocatalysis

. Introduction

Though titanium dioxide had been widely used for toxic chem-
cal degradation, there are some practical difficulties such as either
ltration of fine TiO2 or fixation of catalyst particles and efficient
tilization of UV/solar light. For these reasons many researchers
ave been working to increase the efficiencies of these processes
y modification of its surface. The design of TiO2 photocatalyst,
nchored or embedded onto support materials with large surface
reas that could condense diluted substances would be of great
ignificance, not only to avoid the filtration of small photocata-
yst particles, but also to obtain higher efficiency [1,2]. Several
uthors proposed a number of modifications of the photocatalysts
y loading them on supporting materials like alumina, zeolite, clay,
ctivated carbon, etc., and by doping with metal ions [3]. Acti-
ated carbon has a large specific surface area and a well developed
orous structure, resulting in an attractive force toward organic
olecules [4–8]. This increases the adsorption capacity of the

hotocatalyst.
Organofluoro compounds are now being widely used in phar-

aceutical, agrochemical, surfactant and polymer industries due

o their thermal stability and enhanced lipophilicity [9,10]. These
romatic fluorinated compounds are quite stable and they have
o known natural decomposition [11,12]. Some of them have been
etected in environmental waters and in animals. Since these com-

∗ Corresponding author. Tel.: +91 4144 220572; fax: +91 4144 238080.
E-mail address: chemres50@gmail.com (M. Swaminathan).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.10.029
pounds are found to have adverse impact on the health of animals
and human beings, the removal of these compounds from environ-
mental components becomes essential [11,13,14]. Photocatalytic
mineralisation of these compounds produces CO2, H2O and fluo-
ride ions. The fluoride ions can be used for the production of CaF2,
which can be used as a raw material for the manufacture of many
fluorinated compounds.

Earlier we reported the defluoridation of PFBA using TiO2-P25
[15], ZnO [16] and Fenton’s reagent [17]. Though TiO2-P25 is found
to be more efficient than ZnO in the defluoridation of PFBA, its
efficiency can be further increased by activated carbon loading.
Activated carbon support has been reported to give more promising
results, which are attributed to the synergistic effect between the
AC and the photocatalyst [18]. In the present paper, we report the
preparation and characterization of activated carbon loaded TiO2-
P25 catalyst and its photocatalytic activity on the defluoridation of
PFBA.

2. Experimental

2.1. Materials

Pentafluorobenzoic acid (PFBA) (99% purity) from Aldrich Chem-
ical Company was used without further purification. A gift sample

of TiO2-P25 was obtained from Degussa (Germany). It has the par-
ticle size of 30 nm and BET specific surface area of 55 m2/g. AnalaR
grade reagents, H2O2 (30%, w/w), (NH4)2S2O8, KBrO3 (E. Merck),
Na2CO3, NaCl and FeSO4·7H2O were used as received. The activated
carbon from SD Fine Chemicals was used as such. The double-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:chemres50@gmail.com
dx.doi.org/10.1016/j.molcata.2009.10.029
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For FT-IR experiments, FT-IR spectrophotometer Thermo Nick-
olet was used. The samples were incorporated in KBr pellets for the
measurements. Water reference spectrum was always subtracted
from every spectrum. UV spectral measurements were done using
Hitachi-U-2001 spectrophotometer. Total organic carbon was mea-

Table 1
Surface area and size of AC-TiO2-P25 catalysts.

Sample BET specific surface area (m2/g) Crystallite size (nm)

AC 735.60 –
Fig. 1. Schematic diagram of photoreactor.

istilled water was used to prepare experimental solutions. The
H of the solutions was adjusted using H2SO4 or NaOH.

.2. Preparation of AC-TiO2-P25 catalysts

Catalysts with activated carbon were obtained by mixing TiO2-
25 and activated carbon at different proportions in water and this
queous suspension was continuously stirred for 3 h. After this, the
ixture was filtered and dried. The catalysts have been denoted

s xAC-TiO2-P25, where ‘x’ is the weight percentage of activated
arbon (w/w) used in the preparation of the catalyst.

Catalysts with the lower AC contents (4%AC-TiO2-P25 and
%AC-TiO2-P25) acquire a clear grey color. However, when the AC
oncentration in the catalyst is increased above 8%, they become
arker. The catalyst with higher AC content (12AC-TiO2-P25) is
ractically black.

.3. Photoreactor

The photocatalytic defluoridation has been carried out with
Heber immersion type photoreactor model HIPR-LP 6/8/116
hose schematic diagram is shown in Fig. 1. This model con-

isted of a double walled immersion well made of a quartz reactor
f 175 cm3 capacity. A small inlet tube is extended down the
nnular space to ensure flow of the coolant from bottom of
ell upwards to outlet. In the center of cylindrical reactor, the

amp used for light source was placed inside the quartz tube.
or the experiments, lamps with different wavelength emissions
ere used. One was 16 W low pressure mercury with emission
ainly on the mercury resonance line at 253.7 nm. The other
as 8 W medium pressure mercury lamp with broadband emis-

ion predominantly at 365 nm. For both the lamps photon flux
f the light source was determined by ferrioxalate actinome-
ry [19] and the values of 16 W low pressure Hg lamp and 8 W

edium pressure Hg lamp are I254 nm = 2.54 × 10−5 Einstein L−1 s−1,
365 nm = 2.08 × 10−6 Einstein L−1 s−1 respectively. The reaction ves-

el had an arm at the top for gas purging. The temperature of the
xperimental solution was maintained at 25 ± 1 ◦C by circulating
ater during the experiments. The above setup was placed in the
agnetic stirrer for complete mixing of the catalyst.
atalysis A: Chemical 317 (2010) 89–96

2.4. Defluoridation analysis

Fluoride ion concentration was determined using Orion expand-
able ion analyzer model (EA940). The analysis was done using
fluoride ion selective electrode in conjugation with Ag/AgCl ref-
erence electrode. The instrument was calibrated using standard
sodium fluoride solution of various concentrations between 10
and 250 ppm of fluoride ion. The sample 5 mL from photochemical
reactor was taken into 50 mL of polyethylene beaker at a regu-
lar interval of 30 min. Five milliliters water and 20 mL total ionic
strength adjustable buffer (TISAB) were added to the solution. This
solution was stirred for 5 min and fluoride ion concentration was
measured. The pH of the solutions was measured using Metrohm
744 pH meter.

2.5. Adsorption experiments

The adsorption experiments have been performed with the
PFBA solutions at different concentrations and at different pH. Fifty
milliliters aqueous PFBA solution and the catalyst were mixed for
3 h at 25 ◦C using mechanical shaker. In order to avoid the pho-
toreaction of catalyst, the samples were kept in dark for the entire
period of the experiment. After adsorption, the solutions were cen-
trifuged to separate the catalyst. The concentration of the substrate
in solution was determined from its absorbances at 270 nm.

2.6. Equipments used

Scanning electron microscopic (SEM) analysis was performed on
platinum coated samples using a Jeol apparatus model JSM-5610
LV, equipped with INCA EDX probe for the energy dispersive X-ray
microanalysis (EDX). A Varian Cary 5E UV/VIS-NIR spectropho-
tometer equipped with an integrated sphere was used to record
the diffuse reflectance spectra (DRS). The baseline correction was
performed using a calibrated reference sample of barium sulfate.
The reflectance spectra of the AC-TiO2-P25 catalysts were analyzed
under ambient conditions in the wavelength range of 200–800 nm.
The specific surface area of the samples was determined through
nitrogen adsorption at 77 K on the basis of BET equation using a
Sorptomatic 1990 instrument.

Powder X-ray diffraction patterns of ZnO, AC and AC-ZnO
catalysts were obtained using a Philips PANalytical X’per PRO
diffractometer equipped with a Cu tube for generating a Cu K∝ radi-
ation (wavelength 1.5406 Å) at 40 kV, 25 mA. The particles were
spread on a glass slide specimen holder and the scattered inten-
sity was measured between 20◦ and 85◦ at a scanning rate of
2� = 1.2◦/min at 25 ◦C temperature. The digital output of the pro-
portional X-ray detector and the gonimeter angle measurements
were sent to an online microcomputer for storing and analysis.
Peak positions were compared with the standard files to identify
the crystalline phases.
Bare TiO2-P25 55.00 21.5
4AC-TiO2-P25 66.54 27.3
8AC-TiO2-P25 85.60 30.9
10AC-TiO2-P25 92.96 74.8
12AC-TiO2-P25 108.79 74.9
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ured with Micro C Model 1997 of Analytica Gena, Germany. HPLC
nalysis was performed using Shimadzu Prominence Analytical LC
odel with C-18 Column and UV-detector.

. Results and discussion

.1. Characterization

.1.1. Surface area measurements
The surface area of the catalyst is the most important factor

nfluencing the catalytic activity. Table 1 lists the BET surface area
f the TiO2-P25 and AC-TiO2-P25 catalysts.

The surface area of the catalyst increases with increase in AC
ontent. A similar trend has been reported in AC-TiO2 anatase [20].
igher specific surface area may be of benefit to their high pho-

ocatalytic activity due to enhanced absorption of photons and
dsorption of pollutants.

.1.2. Diffuse reflectance spectroscopic analysis
Fig. 2 shows the UV diffuse reflectance spectra of the pre-

ared AC-TiO2-P25 catalysts along with the bare TiO2-P25, catalyst.
iO2-P25 shows a clear absorption edge at around 380 nm with
o absorption in visible light region. In AC-TiO2-P25 samples,
bsorption of visible light is observed. The visible light absorption
ncreases up to 10AC-TiO2-P25 and then decreases slightly. It is
lso noticeable that there is no correlation between the AC con-
ent and UV spectrum change. Enhancement of the same order has
een observed when the semiconductor has been immobilized on
polymer [21]. It has been reported that the increment of surfa-

ial electric charge of oxides such as TiO2 and WO3 by the addition
f AC gives an absorption increment in the visible and IR region
nd a color change from white to blue [22]. Similarly catalyst TiO2-
25 also acquires a color change from white to grey at the lower
oncentration of AC. This color change may be due to the incre-
ent of the electric charge in TiO2-P25 by the addition of AC. This

s produced by the acid base character increment of the surfacial
ydroxyl groups in the presence of AC. The fact that there is no cor-
elation between the AC content of catalyst and the UV spectrum
hange reveals that a change of properties in some catalysts is not
nly determined by their AC content [20].
.1.3. FT-IR study
In order to understand the surface nature, FT-IR spectra were

ecorded for the TiO2-P25 and AC-TiO2-P25 samples (Fig. 3). FT-

ig. 2. Diffuse reflectance spectra from the catalysts: (a) bare TiO2-P25, (b) 4AC-
iO2-P25, (c) 8AC-TiO2-P25, (d) 10AC-TiO2-P25, and (e) 12AC-TiO2-P25.
Fig. 3. FT-IR spectra from the catalysts: (a) bare TiO2-P25, (b) 4AC-TiO2-P25, (c)
10AC-TiO2-P25, and (d) 12AC-TiO2-P25.

IR studies in the region between 4000 and 2500 cm−1 determine
possible changes in the distribution of hydroxyl groups that could
confirm the above mentioned acid–base character modification of
the catalysts. TiO2-P25 was treated with water as AC-TiO2 before
taking the FT-IR spectrum. In the spectrum of the bare TiO2-P25
(Fig. 3a) hydroxyl group vibration band is centered at 3412 cm−1. In
AC-TiO2-P25 catalysts a progressive �OH vibration shift from 3412
to 3424 cm−1 with the increase of AC content of the catalysts is
observed (Fig. 3b–d). These vibration shifts have been attributed
to an increment of the positive charge of these OH groups [23]
adsorbed on the surface of TiO2-P25, confirming the changes of the
acid–base character of the hydroxyl groups in these catalysts.

Furthermore, in the 800–1600 cm−1 region two new bands are
obtained. One band corresponding to C–O–C structure is observed
at 870–950 cm−1 for AC-TiO2-P25. The existence of C–O–C struc-
ture was reported in investigations of basic activated carbon and
also in pyrones which are found to have strong basic sites [24]. The
AC-TiO2-P25, samples show an additional band at the wavelength
of 1400–1600 cm−1 which can be attributed to C C skeleton vibra-
tion of aromatic ring. The observation of C–O–C and C C structure
reveals the presence of some basic character in AC-TiO2-P25.

3.1.4. SEM studies
The texture and morphology the catalyst are very important

parameters and might influence the photocatalytic activity. To
understand the differences between the TiO2-P25, activated car-
bon and AC-TiO2-P25, SEM images have been analyzed (Fig. 4). The
SEM image of AC in Fig. 4a depicts that the crystallinity is more in
activated carbon and the surface of the carbon is irregular and not
spherical as expected. The SEM image of TiO2-P25 (Fig. 4b) shows
that presence of a porous, sponge like network. It is found that in
10AC-TiO2-P25 (Fig. 4e) the AC particles are homogeneously cov-
ered by TiO2-P25 particles, which agrees with the previous results
[20]. But in 4AC-TiO2-P25 and 8AC-TiO2-P25, there is no complete

coverage of AC particles by the catalyst (Fig. 4c and d). At higher
AC content i.e., 12AC-TiO2-P25 (Fig. 4f), TiO2-P25 particles form
conglomerates and do not get homogeneously dispersed on AC
particles.
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Fig. 4. Scanning electron micrograph images. (a) AC, (b) bare TiO2-P25, (c) 4A

.1.5. XRD analysis
Fig. 5 shows X-ray diffraction patterns for bare TiO2-P25, AC and

ome AC-TiO2-P25 crystallites with a different content of AC. The
-ray diffraction patterns of AC-TiO2-P25 almost coincide with that
f pure TiO2-P25 and show no diffraction pattern due to AC, thus
uggesting that the AC particles are uniformly distributed on the
iO2-P25 surface and there is no change in the crystal structure by
C.

The crystal size was determined from the diffraction peak broad-
ning employing the following Eq. (1):

= K�

(ˇc − ˇs) cos �
(1)

here D is the crystal size of the catalyst, � is the wavelength of
-ray, ˇc and ˇs are the FWHM of the catalyst and the standard
espectively, the value of the coefficient K is 0.89 and � is the diffrac-
ion angle. The sizes of particles are given in Table 1. The crystal size
f bare TiO2-P25 increases from 21.5 nm by the addition of AC.

The results have shown that in the catalysts with AC content
ower or equal to 10% in weight TiO2-P25 particles do not form
onglomerates, but get adsorbed on the AC particles surface giv-

ng a homogeneous distribution. This regular TiO2-P25 distribution
n AC particles forming layer may be the cause for the charge
ransference between AC and TiO2-P25 resulting change in UV–vis
bsorption spectrum which enhances the catalyst ability to absorb
ore visible light.
2-P25, (d) 8AC-TiO2-P25, (e) 10AC-TiO2-P25, and (f) 12AC-TiO2-P25 catalysts.

Based on the above results, we have chosen 10AC-TiO2-P25 for
the photocatalytic defluoridation of PFBA.

3.2. Photo defluoridation

Initially the experiments were carried out to test the pho-
todefluoridation of PFBA using 254 nm light with AC-TiO2-P25
catalysts and the results are shown in Fig. 6. Complete defluori-
dation (180 mg L−1) was observed in 60 min with 10AC-TiO2-P25
in comparison to 90 min with bare TiO2-P25. Among the AC-TiO2-
P25 catalysts 10AC-TiO2-P25 was found to be most efficient. The
increased AC content of the catalyst from 4 to 10% increases the
fluoride removal. Further increase in AC content to 12%, decreases
the fluoride removal efficiency. The enhancement of removal rate
is mainly due to the increase in the amount of AC weight which
increases the number of PFBA molecules adsorbed. Above 10%
of AC in the catalyst, the decrease in removal rate is due to the
enhancement of light reflectance by the AC and decrease in light
penetration. Thus the optimum amount of AC in the catalyst for
efficient photodefluoridation of PFBA is 10%.

The defluoridation with 10AC-TiO2-P25 using 254 and 365 nm
light was studied to find out the effect of light wavelength and it was

compared with the defluoridation with bare TiO2-P25 (Fig. 7). The
defluoridation is more effective in AC-TiO2-P25 than bare TiO2-P25
with both 254 and 365 nm light. The 254 nm (UV-C) light is more
efficient than 365 nm (UV-A) light. The morphologies of TiO2-P25
may be changed with the AC content and the morphology is impor-
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ig. 5. XRD pattern: (a) bare TiO2-P25, (b) 4AC-TiO2-P25, (c) 8AC-TiO2-P25, (d)
0AC-TiO2-P25, and (e) 12AC-TiO2-P25.

ant for the photocatalytic activity. To confirm this, the reaction was
arried out by the direct addition of activated carbon and TiO2-
25 to the reactor with the same concentration of the prepared
0AC-TiO2-P25 sample. The defluoridation is more effective in pre-
ared AC-TiO2-P25 than with direct addition of AC and TiO2-P25
eparately.

Since the defluoridation was effective with 10AC-TiO2-P25
sing 254 nm light, the effects of pH and oxidants had been carried
ut using this catalyst and 254 nm light to find out the optimum
onditions.

.2.1. Effect of solution pH
The photocatalytic defluoridation efficiency is affected by the

urface charge property of the photocatalyst AC-TiO2-P25, charge
f the molecule, adsorption of molecule onto photocatalyst sur-

ace and hydroxyl radical concentration. As these properties are
H dependent, it plays an important role in the degradation of pol-

utants. The effect of pH from 3 to 11 on the defluoridation is shown
n Fig. 8.

ig. 6. Primary defluoridation of PFBA [PFBA] = 400 ppm, catalyst concentra-
ion = 1 g/L, pH = 7, airflow rate = 8.1 mL s−1, I254 nm = 2.54 × 10−5 Einstein L−1 s−1.
Fig. 7. Comparison of efficiencies of 10AC-TiO2-P25 in UV-254 and UV-365 nm
light [PFBA] = 400 ppm, 10AC-TiO2-P25 = 1 g/L, pH = 7, airflow rate = 8.1 mL s−1,
I254 nm = 2.54 × 10−5 Einstein L−1 s−1, I365 nm = 2.08 × 10−6 Einstein L−1 s−1.

The pH of the solution is adjusted before irradiation and it is not
controlled during the course of the reaction. From the experimental
results the photocatalytic defluoridation efficiency of AC-TiO2-P25
is observed to be higher at neutral pH 7. To find out the reason for
this, adsorption experiments were carried out at different pH. The
percentages of PFBA remaining after adsorption at different pH are
shown in Fig. 9. Maximum adsorption was observed at pH 7. Hence
the higher defluoridation efficiency is due to the strong adsorption
of PFBA on the catalyst surface.

3.2.2. Effect of substrate concentration
The effect of initial PFBA concentration on the defluoridation

rate was investigated by varying the initial concentration from 100
to 600 mg L−1 at constant pH and catalyst loading. The results are
shown in Fig. 10. From the results, it is clear that there is no sig-
nificant change in defluoridation up to 200 ppm while decreasing

trend is observed at higher concentrations.

Complete defluoridation was observed in 40 min on irradia-
tion of 100 and 200 mg L−1 concentration with 10AC-TiO2-P25
in comparison to 90 min with 600 mg L−1. The increase of PFBA
concentration decreases the defluoridation rate. The rate of deflu-

Fig. 8. Effect of pH on photodefluoridation of PFBA with 10AC-TiO2-P25
[PFBA] = 400 ppm, 10AC-TiO2-P25 = 1 g/L, airflow rate = 8.1 mL s−1, irradiation
time = 60 min, I254 nm = 2.54 × 10−5 Einstein L−1 s−1.
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Table 2
Effect of oxidants on photodefluoridation of PFBA.

Oxidants Fluoride ion released (mg L−1)

Without catalyst With TiO2-P25 With AC-TiO2-P25

KIO4 119.6 180 180
H2O2 90.1 158.3 90.4
KBrO3 80.2 144 172.8
(NH4)2S2O8 86 146.4 160.2
KClO3 18.6 112.5 170.8
ig. 9. Effect of adsorption of PFBA with AC-TiO2-P25 at different pH
PFBA] = 100 ppm, AC-TiO2-P25 = 100 mg.

ridation relates the amount of OH radical formation on catalyst
urface and the probability of OH radical reacting with PFBA
olecules. For all initial PFBA concentrations, the catalyst concen-

ration (175 mg) and UV power (2.54 × 10−5 Einstein L−1 s−1) are
ame. Since the generation of hydroxyl radical remains constant,
he probability of PFBA molecule to react with hydroxyl radical
ecreases.

Many authors [25] have used the Langmuir–Hinshelwood (L–H)
inetic expression to analyze the heterogeneous photocatalytic
eaction. The experimental data have been rationalized in terms of
he modified form of L–H kinetic model to describe the solid–liquid
eaction successfully [26]. The rate of defluoridation of PFBA at the
urface is proportional to the surface coverage of PFBA on the cat-
lyst, assuming that the PFBA is strongly adsorbed on the catalyst

urface than the intermediate products [26]. The effect of initial
FBA concentration on the initial rate of defluoridation is given in

ig. 10. Effect of initial PFBA concentration on photodefluoridation with
0AC-TiO2-P25. 10AC-TiO2-P25 = 1 g/L, pH = 7, airflow rate = 8.1 mL s−1,

254 nm = 2.54 × 10−5 Einstein L−1 s−1.
[PFBA] = 400 ppm, TiO2-P25/AC-TiO2-P25 = 175 mg, oxidants = 125 mg, H2O2 =
0.01 M, pH = 7, airflow rate = 8.1 mL s−1, irradiation time = 30 min, I254 nm =
2.54 × 10−5 Einstein L−1 s−1.

the following equation [27]:

r = kKC

1 + KC
(2)

This equation can be modified as:

1
r

= 1
kKC

+ 1
k

(3)

where C is the initial concentration of PFBA, k is the reaction rate
constant and K is the Langmuir adsorption constant. The k reflects
the limiting rate of the reaction at maximum coverage under the
given experimental conditions and K represents the equilibrium
constant for adsorption of PFBA on the illuminated catalyst.

The applicability of L–H equation for adsorption has been con-
firmed by the linearity of the plot of 1/r vs 1/C. This also indicates
that the defluoridation of PFBA occurred mainly on the surface of
catalyst. The values of k and K determined from the plot are found
to be 0.538 × 10−4 M−1 s−1 and 0.300 × 10−4 M−1, respectively for
AC-TiO2-P25.

3.2.3. Effect of inorganic oxidants
Table 2 gives the comparison of defluoridation by oxidants,

oxidants with catalysts TiO2-P25 and AC-TiO2-P25. It can be
observed from the table that defluoridation is enhanced by the
addition of oxidants except H2O2. The defluoridation efficiency
is in the following order: UV/AC-TiO2-P25/oxidants > UV/TiO2-
P25/oxidants > UV/oxidants.

The enhancement in UV/AC-TiO2-P25 and UV/TiO2-P25 by the
addition of oxidant is due increased charge separation caused by
oxidants. In case of H2O2 the decrease in defluoridation is observed.
The negative effect of H2O2 on some semiconductor photocataly-
sis of organic compounds had been reported by several authors
[28–30]. H2O2 may be adsorbed on AC-TiO2-P25, reducing the
activity of the catalyst.

3.3. Synergistic effect

Enhanced photocatalytic activity of semiconductors has been
achieved by the processes such as metal doping, surface modifica-
tion and mixing of two semiconductors, etc. But here we observed
the enhanced photocatalytic activity of TiO2-P25 when loaded with
activated carbon. Activated carbon has no photocatalytic activity
but it increases the photocatalytic activity of TiO2-P25 and this is
due to the increased adsorption of PFBA on AC-TiO2-P25. Increased
adsorption leads to higher concentration of PFBA around TiO2-P25.
This exhibits synergism, in which the adsorbed PFBA on AC is trans-
ferred to TiO2-P25. The complete degradation of PFBA adsorbed
on AC-TiO2-P25 was confirmed by FT-IR studies. The FT-IR spectra

of AC-TiO2-P25 photocatalyst after the adsorption of PFBA in dark
and after complete defluoridation on irradiation along with FT-IR
spectrum of catalyst alone are shown in Fig. 11a–c. New absorp-
tion bands such as 1650, 1613, 1527, 1490, 1402 and 1290 cm−1

appeared on the absorption spectra of the catalyst after PFBA
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Table 3
TOC and HPLC values of PFBA degradation.

Time (min) Total organic carbon (ppm) HPLC analysis (%)

Standard 157 99.4
30 98 68.63
60 54 37.45
90 10.3 6.96

Table 4
Percentages of PFBA defluoridation by various processes (irradia-
tion time = 60 min).

Process % of defluroidation

UV/TiO2-P25 78.0
UV/ZnO 68.6

3

Also separation of catalyst becomes easier. The increased efficiency
ig. 11. FT-IR spectra of (a) fresh AC-TiO2-P25, (b) AC-TiO2-P25 after PFBA adsorp-
ion and (c) AC-TiO2-P25 after complete defluoridation of PFBA.

dsorption can be assigned to the C–F stretching modes of PFBA
n to the catalyst surface (Fig. 11b). In general, fluorine containing
ompounds exhibit strong absorptions in the region from 1400 to
000 cm−1 due to C–F stretching modes. After irradiation of AC-
iO2-P25 with the adsorbed PFBA, peaks in this range disappeared
iving a spectrum (Fig. 11c) similar to the spectrum of the catalyst
lone (Fig. 11a). This confirms that the adsorbed PFBA molecules on
C are being transferred to the TiO2-P25, where they are degraded
nder irradiation as shown in Scheme 1.

.4. Mineralisation of PFBA

In addition to measurement of defluoridation by fluoride ion
elective electrode, it is necessary to confirm the mineralisation by
ther techniques also. Hence, the irradiated samples of PFBA were
nalyzed by total organic carbon (TOC) measurement and by HPLC.
OC values for the PFBA irradiated sample (400 ppm initial concen-
ration of PFBA) in UV/AC-TiO -P25 catalyst at specified intervals of
2
ime are given in Table 3. The value of 10.3 ppm at 90 min indicates
4% degradation, which is very close to complete mineralisation.
or observing the trend of degradation, HPLC analysis was done for
hese samples and the percentages of PFBA are also given in Table 3.

Scheme 1. Synergistic effect of AC-TiO2-P
UV/Fe /H2O2 92.6
UV/Fe2/H2O2 79.2
UV/AC-TiO2-P25 99.3
UV/Pt-TiO2-P25 97.0

In HPLC, the standard peak for PFBA with retention time of 6 min
decreased from 99.45% to 68.63 and 6.96% at the time of 30 and
90 min irradiation respectively. This again confirms about 93% of
PFBA degradation in 90 min. Analysis of HPLC after 30 min of irra-
diation reveals the formation of three peaks with retention times
4.38, 3.68 and 2.81. By matching with the standards, theses three
peaks are found to be due to the formation of pentafluorobenzene,
pentafluorophenol and tetrafluoroquinone as intermediates during
the irradiation. The formation of these intermediates in the deflu-
oridation of PFBA by UV-TiO2-P25 process was already confirmed
by GC–MS analysis [15].

3.5. Comparison of photodefluoridation of PFBA

The percentages of photodefluoridation of 400 ppm PFBA with
this catalyst is compared to our earlier results reported for the
defluoridation of PFBA using the catalysts TiO2-P25 [15], ZnO [16],
Fenton [17] and Pt-TiO2-P25 [31] at their respective optimum con-
ditions. The results are given in Table 4. Among these catalysts,
AC-TiO2-P25 is found to be most efficient. The order of defluorida-
tion efficiency is as follows:

UV/AC-TiO2-P25 > UV/Pt-TiO2-P25 > UV/Fe3+/H2O2 > UV/Fe2+/

H2O2 > UV/TiO2-P25 > UV/ZnO

The advantage of AC-TiO2-P25 process is that the maximum deflu-
oridation efficiency (99.3%) is observed at neutral pH 7 which is
beneficial and easy to implement in any wastewater treatment.
of UV/AC-TiO2-P25 process can be attributed mainly to the syner-
gism of activated carbon. Moreover light absorption increases due
to increment of the surfacial electron charge of the hydroxyl groups
in the presence of AC.

25 on photodefluoridation of PFBA.
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. Conclusions

The increase in the photocatalytic activity of TiO2-P25 by the
ddition of activated carbon was observed. Activated carbon was
oaded into TiO2-P25 in 4, 8, 10 and 12% by weight. These cat-
lysts were characterized by various surface analytical methods
uch as BET surface area measurement, diffuse reflectance spec-
roscopy, FT-IR spectroscopy, scanning electron microscopy and
-ray diffraction analysis. Among AC-TiO2-P25 catalysts, 10AC-
iO2-P25 was found to be most efficient.

The experiments revealed that the defluoridation is more effec-
ive in 10AC-TiO2-P25 than bare TiO2-P25 and 254 nm is more
ffective than 365 nm. Complete defluoridation was observed in
0 min with 10AC-TiO2-P25 in comparison to 90 min with bare
iO2-P25. The higher photocatalytic defluoridation efficiency of
0AC-TiO2-P25 at neutral pH is due to synergistic effect of AC.
s experienced with other catalysts, increase of PFBA concentra-

ion decreases the defluoridation rate. The addition of inorganic
xidants to catalyst enhances the defluoridation efficiency and
s in the following order: UV/AC-TiO2-P25/oxidants > UV/TiO2-
25/oxidants > UV/oxidants.
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