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bstract

The main objective of this work is to study the influence of inorganic compounds employed in the synthesis of L-type activated carbons on
hotocatalytic activity of TiO2 in 4-chlorophenol photodegradation. Different activated carbons were prepared from Tabebuia pentaphyla wood
mpregnated with ZnCl2, H3PO4 and KOH. Activation was performed under N2 flow at 450 ◦C by 1 h. Results clearly indicate differences in the
hotoactivity of TiO2 which depends of physicochemical properties of activated carbons that are influenced by the concentration of the chemical
ubstance. Kinetic results of 4-chlorophenol photodegradation show a synergistic effect between both solids and in certain cases the inhibition

f TiO2 photoactivity. These effects have been attributed to differences in texture, topology and principally to the surface chemistry of activated
arbons. Scanning electron microscopy has shown a massive aggregation of TiO2 nanoparticles on activated carbons with very acid or basic surface
H. In conclusion, the control of synthesis parameters of L-type activated carbons introduces an important enhancement in Titania’s photoactivity
or 4-chlorophenol photodegradation when both solids work in conjunction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Commonly, waste water treatment is performed by gov-
rnmental controlled techniques as flocculation, filtration, and
terilization and by methods characterized by the addition of
ome chemical compounds employed as precursors of hydroxyl
adicals responsible of total oxidation of pollutant with their
onversion to mineral products [1]. Studies related with treat-
ent of water have been shown an increase in photochemistry

rocedures. This is particularly truth for the photo oxidative
egradation of organic compounds both in aqueous as in gaseous
hase. These methods are well-known as advanced oxidation

rocesses [2,3] such as heterogeneous photocatalysis which
s characterized by employ UV–visible photoactive semicon-
uctors [3] as titanium dioxide TiO2. It has shown to be the

∗ Corresponding author. Tel.: +58 212 5041922; fax: +58 212 5041350.
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d
t
F
b
s
e
t

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.04.012
ost efficient [4,5] photocatalyst for treatment and purifica-
ion of water and air in most of cases studied [6]. Titania
s non-expensive, non-toxic, and biocompatible material that
hows high photoefficiency and activity. Several attempts have
een made to increase the photoefficiency of TiO2, either by
oble metal deposition or by ion doping [7] but such modi-
cations did not enhance its photocatalytic activity and were
ather detrimental. A more commonly way to possibly increase
he photocatalytic efficiency of TiO2 consists of adding an inert
o-adsorbent such as activated carbon (AC) [8,9]. A synergistic
ffect has been already observed by some of us [10–14] by using
owdered TiO2 and powdered AC in the photocatalytic degra-
ation of model pollutants such as phenol, 4-chlorophenol and
he common herbicide 2,4-dichlorophenoxyacetic acid (2,4-D).
or example, we have found that some H-type activated car-

ons increased remarkably TiO2 photoactivity [10,12,14] while
ome L-type activated carbons were detrimental [11,12]. Both
ffects have been ascribed to the presence of a common con-
act interface spontaneously created between both solids [10–12]

mailto:jmatos@ivic.ve
dx.doi.org/10.1016/j.jphotochem.2007.04.012
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that obtained for the same concentration of ZnCl2 (4.7 against
6.4). This is the consequence of H3PO4 is a strong Brönsted
acid while ZnCl2 is a Lewis acid. Therefore, the first one should
introduce more acidic groups in AC surface. In spite of AC were

Table 1
Summary of BET surface areas (SBET) and surface pH (pHPZC) of AC studied

System SBET (m2 g−1) pHPZC

TiO2 50 6.5
ACZnCl2-65% 2001 4.5
ACZnCl2-35% 2485 4.8
ACZnCl2-5% 561 6.0
ACZnCl2-1% 30 6.4
ACH3PO4-65% 1569 3.1
ACH3PO4-35% 1987 3.5
ACH3PO4-5% 414 4.0
ACH3PO4-1% 188 4.7
T. Cordero et al. / Journal of Photochemistry a

hat promotes not only an appropriated diffusion of pollutants
rom activated carbon to photoactive Titania [10] but also can
ntroduce changes in surface properties of semiconductor [13],
nd therefore, playing an important role upon its photoactivity
10,13,15]. In addition, the influence of carbon doping or car-
on doped TiO2 have been recently studied [16–19] showing
hat carbon clearly influence Titania capability for photodegra-
ation of pollutants in aqueous phase. Having this in mind, the
ain objective of this work is to verify the influence of activated

arbons on the photocatalytic activity of TiO2 in 4-chlorophenol
egradation employing different types of L-type activated car-
ons prepared by impregnation of a lignocellulosic precursor
ith different types of chemical agents in order to introduce

hanges in textural, topological and surface chemistry properties
f the support.

. Experimental

High purity 4-chlorophenol (4CP) was purchased from
ldrich. The photocatalyst was TiO2 P-25 from Degussa, and the

ctivated carbons (AC) were prepared from Tabebuia pentaphyla
ood impregnated with ZnCl2, H3PO4 and KOH. Activation
as performed under N2 flow at 450 ◦C by 1 h. Samples were
enoted as ACZnCl2-i%, ACH3PO4−i% and ACKOH-i%, respec-
ively, being i% the weight concentration (w/w) employed for
hemical agents. Similar experimental conditions employed in
he present study have been reported by us in a recent work [16]
ut they can be summarized as follows. The photocatalytic test
as performed at room temperature (20 ◦C). Fifty milligrams
iO2 and 10 mg AC were added under stirring in 25 mL of
olution of 0.78 × 10−3 mol L−1 (about 100 ppm) of 4CP (ini-
ial concentration) and maintained in the dark during 80 min
o reach a complete adsorption at equilibrium. This apparent
igh concentration of catalyst (TiO2 + carbon, 2.4 g total solid
owder L−1) was chosen because in an earlier study [10] this
oncentration showed the best photocatalytic behaviour for
henol photodegradation under UV-irradiation. A batch pho-
ochemical reactor in aqueous phase was employed [16]. It
onsists of a cylindrical flask (Pyrex, ca. 60 mL) with a bottom
ptical window of ca. 3 cm diameter and open to air. Irradia-
ion was provided by a high-pressure mercury lamp (Phillips
PK, 125 W) and was filtered by a circulating-water cell (thick-
ess, 2.5 cm) equipped with a 340 nm cut-off filter (Corning
.52). Photons flux emitted by light source was determined by
ctinometry using Uranyle Oxalate as actinometer and soft-
are Logicien Photon version 1.6. Photon flux estimated was
.9 × 1015 photons cm−2 s−1. Millipore disks (0.45 �m) were
sed to remove particulate matter from each aliquot (0.3 mL)
efore the analysis by HPLC. A Varian 9010 series HPLC sys-
ems equipped with a Spectra Systems UV 2000 absorbance
etector adjusted at 280 nm was used to determine 4CP con-
entrations as a function of UV-irradiation time. The column
as Hypersil BDS C18, 5 �m, (125 mm × 4 mm, 5 �m). The

ow-rate was 0.8 mL min−1 and the injection volume 200 �L.
obile phase consisted of 45% methanol and 55% water (v/v),
hose pH was adjusted to 3 using acetic acid. From kinetic

urves of 4CP photodegradation the apparent first-order rate

A
A
A
A
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onstant were obtained as the best kinetic parameter to compare
he photoactivity of the different systems. Textural characteriza-
ion of TiO2 and the activated carbons was performed by means
f N2 adsorption at 77 K in order to obtain the B.E.T. surface
reas (SBET). The full isotherms in the range of 0.03–30 Torr
ere measured employing a Micromeritics ASAP-2010 appa-

atus. Surface pH (pHPZC) of AC and Titania were obtained
y the drift method [20]. Scanning electron microscopy (SEM)
as employed to detect morphological changes in the mixtures
iO2-AC. Samples were obtained by mixing TiO2 with AC at

he same work conditions in 5 mL of water continuously stirred
or 80 min. After this, the mixture was filtered and dried for
round 12 h. Scanning electron microscopy (SEM) experiments
ere performed on palladium–gold-coated samples in a Hitachi

pparatus (S-800). Fourier transform infra-red (FTIR) experi-
ents were made on a spectrophotometer Magna-IR 560 from
icolette. The powders were mixed with KBr in a 5% (w/w) mix-

ure. The mixed powder was pressed to tablets of 1 cm diameter
t 10 t for 1 min. The transparent tablets were inserted in the
pparatus and the spectra were recorded from 4000 to 400 cm−1

ith a resolution of 5 cm−1. KBr reference spectrum and CO2
rom ambient have been subtracted to every spectrum in order
o verify the functional surface groups presented on activated
arbons.

. Results and discussion

.1. Characterization of activated carbons

BET surface areas and pHPZC of AC are presented in Table 1.
s expected, the higher the concentration of chemical com-
ounds employed prior to the activation of AC, the lower pHPZC
alues of AC. Table 1 showed that this is a general trend for
ll types of AC studied. For all concentrations, AC prepared
ith H3PO4 showed lower pHPZC values than those AC pre-
ared with ZnCl2. For example, it can be noted from Table 1
hat AC prepared with 1% (w/w) H3PO4 is clearly lower that
CKOH-65% 309 6.1
CKOH-50% 476 6.5
CKOH-5% 17 7.5
CKOH-1% 5 7.7
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Fig. 1. FTIR spectra of some selected activated carbons.

ashed extensively with hot water (around 80 ◦C), some rem-
ant phosphorus and chloride remains on AC forming functional
roups on its surface. This can be seen from FTIR showed in
ig. 1 that will be explained below. Also, it must to be note

hat activated carbons prepared with KOH showed an apparent
nexpected behaviour. That is, thought KOH is a strong Lewis
ase, Table 1 show that the higher KOH concentration the lower
HPZC of AC. However, this lowering is only from 7.7 down
o 6.1 for the increase of KOH concentration from 1 to 65%
w/w). This can be explained by previous results of some of us
21,22] that showed that AC prepared with KOH develop a high
tructural disorder in their graphene sheets in comparison of
-type AC that commonly are carbon with basic surface nature

nd topologically more similar to graphite [16,21,22]. Structural
haos in the border of graphene sheets favors the reaction of car-
on atoms with hydroxyl groups from KOH with concomitant
ormation of carboxylic acid groups [23-26]. These groups were
etected by FTIR spectroscopy as we pointed above for the cases
f phosphorous and chloride surface compounds (Fig. 1). Dif-
erent types of acid, basic and other functional groups on AC
urface were also detected in agreement with previous results
24,26]. For example, the presence of the main acid group, car-
oxylic acid, was detected in all AC but with less intensity in
hose prepared with KOH in concordance with pHPZC values
resented in Table 1. Phenol, another important acid was also
etected in all AC but the comparison between ACZnCl2 against
CH3PO4 clearly show a more important peak of such group

n ACH3PO4 in agree with lower pHPZC (Table 1) for all con-
entration range studied. On the other hand, the most important
asic group presented in AC [24,26] as cyclic ethers, was poorly
etected in all AC. This is in agreeing with the acid surface nature

etected in practically all AC of the present work. Finally, it must
o be remarked the presence of cyclic peroxides and fundamen-
al stretching mode of C–Cl bonds in ACZnCl2 and phosphates
n ACH3PO4 (Fig. 1). In short, FTIR analysis of the functional
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t
(
c
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roups on surface of AC is in concordance with values of surface
H detected by the drift method. Regarding to BET surface areas
SBET), it can be seen from Table 1 that the higher the concen-
ration of impregnation compounds the higher the surface BET
reas having a maxima of about 2485, 1987, and 476 m2 g−1 for
nCl2 (35%, w/w), H3PO4 (35% (w/w)) and KOH (50% (w/w)),

espectively. It is important to note that employing higher con-
entration than those indicated above a clear decrease in SBET
s observed in all different types of AC prepared (Table 1). This
xperimental fact has been already reported by some of us for
he activation of other carbonaceous precursors of activated car-
on as Saccharose [21] and Hymenaea courbaril wood [25]. In
hese works, the decrease in SBET was explained by the presence
f a high concentration of steam produced during the thermal
ecomposition of the impregnated compounds. In another work
22] we have proposed that water molecules are responsible of
he activation of the carbonaceous precursor by means of the
asification reaction: C + H2O → H2 + CO. In short, from char-
cterization results both of SBET as pHPZC in Table 1, it can be
oncluded that AC prepared in the present study are of L-type.
his was expected because the presence of chemical impregna-

ion compounds and the low activation temperature commonly
eads to L-type AC [24], characterized by very high surface
reas (Table 1) and high oxygen content forming oxygenated
unctional groups on the surface of AC (Fig. 1) principally of
cid chemical nature giving therefore, AC with low surface pH
s those indicated by pHPZC in Table 1. This preliminary con-
lusion is very important because it would permits to understand
he surface interaction between AC and TiO2.

.2. Kinetics of 4CP adsorption in the dark

Preliminary studies of 4-chlorophenol adsorption at 20 ◦C
ere performed on Titania (50 mg), AC (10 mg), and the sus-
ended mixture TiO2/AC with the same respective masses.
hese weights were performed because in a previous study
f phenol degradation they showed the maxima photoactiv-
ty [10]. Kinetics of adsorption in the dark was followed by
0 min under stirring for different initial concentrations between
.78 × 10−3 and 7.80 × 10−3 mol L−1. In all cases, most of
dsorption occurred within 20 min but to ensure a proper equi-
ibrium of adsorption a longer period (80 min) of adsorption
n the dark was considered in the photodegradation experi-

ents. The kinetics of 4CP adsorption in the dark for some
elected systems are given in Fig. 2 for an initial concentra-
ion Co = 0.78 × 10−3 mol L−1 (100 ppm) and the Fig. 3 show
he adsorption isotherms nads = f(Ceq) of systems from Fig. 2.
ssuming the conventional Langmuir isotherm model with a

urface coverage θ varying as

=
(

nads

nT

)
=

[
KadsCeq

(1 + KadsCeq)

]
(1)
he total number of adsorption sites nT and the adsorp-
ion constants Kads were obtained from the linear transform
1/nads) = f(1/Ceq), obtaining correlation coefficients in most of
ases close or higher than 0.99. The corresponding values for
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described above. From the study of adsorption in the dark we
select 0.78 × 10−3 mol L−1 as initial concentration of 4CP for
the study of photodegradation that will be discussed in the fol-

Table 2
Langmuir Parameters: adsorption constant (Kads) and total adsorption sites (nT)
for activated carbons chemically activated

System Kads (L/mol) nT (mol) R2

TiO2 384 0.913E-05 0.9961
ACZnCl2(35%) 1281 4.33E-05 0.9717
TiO2-ACZnCl2(35%) 1274 4.09E-05 0.9806
ACZnCl2(5%) 1185 1.93E-05 0.9868
TiO2-ACZnCl2(5%) 1121 1.96E-05 0.9807
ACH3PO4 (35%) 1161 2.76E-05 0.9842
TiO2-ACH3PO4 (35%) 1577 2.66E-05 0.9921
ACH3PO4 (5%) 521 1.24E-05 0.9876
TiO2-ACH3PO4 (5%) 360 1.27E-05 0.9937
AC 664 1.96E-05 0.9985
ig. 2. Kinetics of adsorption in the dark of 4CP with some chemically AC.

hese photocatalytic systems are given in Table 2. Remark-
ble differences were detected when 4CP adsorption parameters
Kads and nT) obtained on the mixed system are compared against
hose of TiO2 and AC separately. For example, it can be seen
rom Fig. 2 that micromoles of 4CP adsorbed in the dark on
he mixed system is slightly but significantly higher than on
ure AC. However, considering nT values from Table 2 it can
e clearly observed that total number sites of 4CP adsorption on
iO2-AC are smaller than theoretical ones indicating that there
re no additive effects in 4CP adsorption between both solids.
omparing TiO2-ACZnCl2-35% with TiO2 and ACZnCl2-35%, the

otal number of adsorption sites decreased by 22% and the
dsorption constant decreased by ca. 24%. Also, if compared
iO2-ACZnCl2-5% against TiO2 and ACZnCl2-5%, this fact is more
ronounced being of about 31and 29% for the decrease in nT
nd Kads. In general, this behaviour is reproducible in the other
ystems included in Table 2. This fact have been already reported

y some of us [10,12] for other TiO2-AC systems and has been
scribed to a strong interaction between Titania particles and
C, which creates an intimate interface non-accessible to phe-
ol molecules from the solutions. It is physically logical to think

T
A
T

Fig. 3. Adsorption isotherms in the dark of 4CP of catalysts from Fig. 2.

hat as consequence of this common interface created during
omogenization of the mixture of both solids, some of total
umber sites of adsorption would be lost in agree with results
KOH (50%)

iO2-ACKOH (50%) 527 2.04E-05 0.9887
CKOH (5%) 229 1.28E-05 0.9985
iO2-ACKOH (5%) 214 1.18E-05 0.9887
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owing section. Also, the above study permits us to conclude
hat employing 80 min for the kinetic of 4CP adsorption in the
ark we ensure a proper equilibrium. This fact can be easily
nferred from Fig. 2 which showed that practically 4CP reached
he equilibrium in the adsorption process after this time.

Finally, when the 4CP adsorbed in the dark was compared
ersus BET surface area of AC a straight line was found. This
ehaviour was expected because the Langmuir mechanism of
dsorption of gases and liquids on solids clearly permits to infer
hat the higher surface area of a solid the higher active sites
hat can be employed to adsorption processes, in this case of
CP. Moreover, taking into account that L-type AC developed
very similar chaotic topology [22,25] in the shaped of closed

tructure, the above comparison is perfectly valid.

.3. Kinetics of 4CP photodegradation

Fig. 4A and B show the kinetic results of 4CP photodegrada-
ion (Co = 0.78 × 10−3 mol L−1) as a function of reaction time
or neat TiO2, ACZnCl2-65%, and different TiO2-ACZnCl2 mixed
ystems. For comparative purposes the degradation of 4CP by
irect photolysis (in the same experimental conditions described

n Section 2) is also showed in Fig. 4. The first point to be
emarked corresponds to the fact that as a period of adsorp-
ion in the dark of 80 min for 4CP onto the different materials
as performed previous to UV-irradiation. As indicated above,

ig. 4. Kinetics of disappearance of 4CP with AC prepared after impreg-
ation with ZnCl2. (A) (�)TiO2; (�) Photolysis; (�) ACZnCl2−65%; (�)
iO2 − ACZnCl2−65%; (�) TiO2 − ACZnCl2−35%. (B) (�) TiO2-ACZnCl2−5%;
�) TiO2 − ACZnCl2−1%.
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his preliminary stage permit us to estimate appropriately the
pparent-constant rate values taking into account only the pho-
ocatalytic process. The second point to be noted is that the direct
hotolysis was negligible compared to the photocatalytic degra-
ation (Fig. 4A) in concordance with the fact that the lamp flux
as cut-off only to near-UV and visible light. Also, the disap-
earance of 4CP under UV-irradiated AC is negligible (Fig. 4A),
hich confirms that activated carbons are photoinactive in 4CP
hotodegradation in agree with previous results [12]. In addi-
ion, from the kinetic trends of 4CP disappearance (Fig. 4) it can
e inferred that most of mixed systems, either TiO2 or TiO2 with
C prepared after impregnation with different concentration of
nCl2 follow an apparent first-order rate. This fact was also
bserved for AC prepared with H3PO4 or KOH (not shown). In
oncordance with this, linear transformation of kinetic results,
n(Co/Ct) = f(t), were employed to estimate apparent-constant

ate of first-order (kapp) as the best kinetic parameter for the
omparison between photocatalysts. The linear regression from
inetic data of Fig. 4 is shown closed inset Fig. 4A. A summary
f kinetic results of 4CP adsorption and disappearance detected
n different systems studied in this work is presented in Table 3.
his treatment showed linear regression factors closely to unity

hat permits us to infer that reaction kinetics follows a first-order
echanism. After compare data from Table 1 against those in
able 3, it can be seen as a general trend that the higher is BET
urface areas the higher the 4CP adsorbed in the dark. More-
ver, it can be noted that maxima quantities of 4CP adsorbed
n the dark on the mixed systems (Table 3) corresponds to
he samples with maxima BET surface area (Table 1). This is
articularly truth for the AC prepared after impregnation with
nCl2·yH3PO4. On the contrary, after comparison of values of
BET or pHPZC in Table 1 and kapp from Table 3, it is evident
hat there is no linear correlation between these parameters. For
xample, the mixed systems that adsorbed more quantities of
CP in the dark were not the systems with the best photoef-
ciency in the degradation of 4CP. However, in terms of the
urface coverage, it looks clear that for the cases of high values
f θ, the mixed systems showed an increase in the photocat-
lytic activity represented by the factor F in Table 3. In other
ords, BET surface area is an important parameter that permits

o improve the photoactivity of TiO2 because it can improve the
endency to adsorb higher quantities of the pollutant but it is not
he only important parameter and the present results seems to
uggest that surface chemistry of AC, that means, their chemi-
al composition on the surface, play the most important role on
he photocatalytic activity of the semiconductor. For example,
ontrary to previous results [11,12], the present study clearly
how that some L-type AC induces a beneficial effect on the
hotoactivity of TiO2, thought their pHPZC are lower than that
f the semiconductor (Table 1). In short, as AC is photoinactive,
t can be inferred that this cooperative influence is a synergistic
ffect which is represented by F > 1 values in Table 3, giving a
axima of 2.22 for the TiO2-ACZnCl2-5% photocatalyst. On the
ontrary, those systems where the interaction between AC with
iO2 inhibits the photoactivity of the semiconductor show F < 1
iving a minimum of 0.26 for TiO2-ACKOH-1% (Table 3). The
ifferent types of interaction between both are discussed more



T. Cordero et al. / Journal of Photochemistry and Photobiology A: Chemistry 191 (2007) 122–131 127

Table 3
Kinetic results of adsorption at equilibrium in the dark of 4-chlorophenol (4CPads-dark) and apparent first-order constant rate (kapp)

System 4CPads-dark (%)a Θ = (nads/nT)a kapp × 10−3 (min−1) Fc

TiO2 9.8 0.21 2.02 1.00
TiO2-ACZnCl2 65% 48.4 –b 1.98 0.98
TiO2-ACZnCl2 35% 61.2 0.17 2.29 1.13
TiO2-ACZnCl2 5% 34.8 0.62 4.49 2.22
TiO2-ACZnCl2 1% 6.5 –b 1.59 0.79
TiO2-ACH3PO4 65% 44.1 –b 1.25 0.62
TiO2-ACH3PO4 35% 51.5 0.09 2.09 1.03
TiO2-ACH3PO4 5% 11.6 0.86 3.36 1.66
TiO2-ACH3PO4 1% 10.9 –b 2.01 1.00
TiO2-ACKOH 65% 32.9 –b 2.61 1.29
TiO2-ACKOH 50% 27.4 0.26 2.90 1.44
TiO2-ACKOH 5% 13.0 0.22 0.82 0.41
TiO2-ACKOH 1% 5.7 –b 0.53 0.26
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on TiO2 surface. The analogy is perfectly valid because once
dissociated in aqueous phase, the carboxylic acid produce car-
boxylate anions (–COO−) clearly stabilized by the possibility
of transfer their electrons to the aromatic ring of the planar AC.
a Estimated from an initial 4CP concentration of about 0.78 × 10 −3 mol L−1.
b Not estimated in this study.
c Synergy or inhibition defined by: F = [kapp(TiO2+AC)/kapp(TiO2)].

ppropriately as follow. It is well-known that if aqueous pH is
ower than that of Titania’s pHPZC (about 6.5) this fact clearly
ould introduce a massive protonation of hydroxyls groups on
iO2 crystalline net inhibiting its photoactivity [3]. The fact that
ome AC are able to improved kapp for the 4CP photodegra-
ation in comparison of TiO2 alone, and the fact that some
f them (particularly those prepared at low concentrations of
nCl2 and H3PO4 with representative lower values of pHPZC

n comparison of that for TiO2) introduce a beneficial cooper-
tive effect is in agreement with recently results obtained by
ther authors [27,28]. Those studies show that the addition of
ow concentrations of organic acids as ascorbic [27] or acetic
28] to aqueous suspensions with TiO2 introduce modifications
n the surface of semiconductor. For example, they showed that
fter dissociation in aqueous phase, carboxylic or acetic acid
an coordinate to Ti+4 metallic centre of TiO2, inhibiting the
ecombination of the photogenerated species in the semicon-
uctor (e−, h+). In addition, it is very well-known [3] that the
nhibition of recombination of such species permits a higher con-
entration of hydroxyls (•OH) and superoxydes (O2

•−) radicals
ith a concomitant increase in the photoactivity of TiO2, partic-
larly in the photomineralization of aromatic organic molecules
s 4CP. Now, in a previous work [25] we have shown that acti-
ated carbons prepared after impregnation with Lewis and/or
rönsted acids leads to the formation of oxygenated functional
roups on the surface of AC. This is in agreement with results
iscussed in Section 3.1 in which, the present AC also have such
ind of groups (Fig. 1). Therefore, if the surface concentration
f such groups is enough low in the present AC, which is per-
ectly valid to consider in the present case of AC prepared at
ow impregnation concentrations of acids, in the case of the best
hotocatalytic results obtained employing TiO2-ACZnCl2-5% and
iO2-ACH3PO4-5% (Table 3), it can be suggested that we are in
resence of a similar behaviour than that noted above. In other

ords, for the case of the mixed system that employs L-type AC,

he synergy effect detected could be also attributed to the pres-
nce of low surface concentration of acidic oxygenated groups,
articularly carboxylic acids that by means of the contact inter-

F
4
n
4

ace created between both solids, it would induce modifications
ig. 5. Kinetics of appearance and disappearance of main intermediates in
CP photodegradation in presence of activated carbons prepared after impreg-
ation with ZnCl2. (A) Hydroquinone (HQ) and benzoquinone (BQ). (B)
-Chlorocathecol (4CT).
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Fig. 6. SEM images from diff

herefore, similar to the behaviour in aqueous phase noted above
27,28], the carboxylate anions on AC surface would be respon-
ible of the synergy effect detected in the present work by means
f a spontaneous contact interface created between both solids
s we have reported [10]. This transfer of electronic density
rom AC to Titania is in agreement with recent works reported
y us for the case of phenol photodegradation employing TiO2
n conjunction with a commercial H-type AC [13] and in 4-CP
hotomineralization in presence of UV-irradiated Titania mixed
ith made-in-home H-type AC [16]. In those works, H-type AC

re characterized by the presence of basic groups on its surface,
s for example cyclic ethers and pirones and FTIR studies clearly

howed that interaction between both solids occurs by means of
xygenated surface groups of AC. In short, not only the pHPZC
nfluence remarkably the surface properties of TiO2 but also sur-
ace area of AC strongly influence the capability, selectivity and

t
c
a
t

TiO2-ACZnCl2 photocatalysts.

hape of 4CP adsorption in the dark on the mixed systems. As
e discuss as follow, during the photocatalytic degradation of
CP different intermediate product distributions were detected
onfirming this suggestion.

.4. Kinetics of appearance and disappearance of
ntermediate products

The influence of physical and chemical properties of AC
n the kinetics of adsorption in the dark (Table 2) and pho-
odegradation of 4CP (Table 3) is confirmed by the fact that
hought intermediate products generated during the degrada-

ion of 4CP are not quit different, according to the type of
arbon materials employed, the proportion of the intermedi-
te 4-chlorocathecol detected is clearly increased. This indicate
hat different surface sites governed by pHPZC more than by
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Fig. 7. SEM images from diffe

exture characteristics leads to different types of 4CP adsorp-
ion mechanism and therefore influence its photodegradation.
hese results are discussed as follow. The kinetics of appearance
nd disappearance of the main intermediate products detected
n UV-irradiated TiO2-ACZnCl2 photocatalysts during the 4CP
hotodegradation are showed in Fig. 5. The kinetic trends corre-
ponding to the sum of HQ + BQ and 4CT are shown in Fig. 5A
nd B, respectively. In general, it can be seen from 5 that
or TiO2 alone and most of TiO2-AC photocatalysts the main
ntermediate products are HQ + BQ, which at the present exper-
mental conditions, are commonly in chemical equilibrium and
or that reason are presented as a sum of both intermediates in
ig. 4A. This is a general trend that was also observed for the
ther mixed systems studied. However, from the quantitative

omparison of 4CT detected it can be inferred that mecha-
ism of photodegradation is influenced by a parallel oxidation
hydroxilation) reaction. For example, the maxima quantity of
CT detected on TiO2-ACH3PO4-5% (not shown) was about 20

t
i
t
i

iO2-ACH3PO4 photocatalysts.

imes higher than that detected on TiO2-ACZnCl2-5% (Fig. 5B).
herefore, it looks reasonable that a different type of mecha-
ism adsorption of 4CP on TiO2-ACH3PO4 should be occurring
hat clearly influence the photoactivity of TiO2 because syn-
rgy effect is clearly lower (F = 1.66 against 2.22 in Table 3).
his result is totally in agree with previous ones [10,12,14]
btained during the photodegradation of phenol, 4-chlorophenol
nd 2,4-dichlorophenoxyacetic acid. In those works we found
hat employing L-type AC prepared by the activation at low
emperature and after impregnation with 34% (w/w) phosphoric
cid the photodegradation of such pollutants ocurred preferen-
ially by means of ortho hydroxylated intermediates products
ielding cathecol or 4-chlorocathecol as in the present case. In
recent publication, some of us [13] have demonstrated that if
he quantities of the intermediates main products is enough high
n the aqueous phase, they can compete with the pollutant by
he original ones sites of adsorption with a concomitant less or
nhibition of Titania’s photoactivity. This fact is perfectly valid
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Fig. 8. SEM images from diff

o explain the very low values of kapp (Table 3) obtained for
he very acid AC employed that yield the highest intermediated
roducts concentrations.

.5. Surface nano-aggregation of TiO2

Figs. 6–8 show a composition of scanning electronic
icroscopy (SEM) images of the mixed photocatalytic systems
iO2-ACZnCl2 , TiO2-ACH3PO4 and TiO2-ACKOH, respectively,
or different concentration of the impregnation compounds.
hese samples were prepared at least by triplicate and impor-

ant changes in morphologies of the different SEM images were
ot detected indicating that this characterization permit us to

ropose that pHPZC play an important role upon the common
nterface created between both solids. In a general way, all
mages presented in Figs. 6–8 suggest that the higher the concen-
ration of the impregnation compound and therefore more acid

b
T
t
A

TiO2-ACKOH photocatalysts.

he pHPZC of the AC, the more the TiO2-AC mixtures present
ggregations of Titania particles. As pointed above, the presence
f more acid functional groups on AC surface could be respon-
ible of the transfer of electronic density from AC to Titania by
eans of a common surface interface. Thus, if surface pH of AC

s lowering for the case of more acidic concentration of impreg-
ating agents, therefore it results reasonable to suggest that if
igh quantities of acid surface groups are presented on AC, the
ontact interface should be so high that it promotes the conglom-
rates of TiO2 particles. For example, in a previous work [10]
e have shown that this contact interface spontaneously created
etween both solids can reach up to half of the surface BET area
f TiO2. Therefore, the above suggestion seems to be reasonable

ecause in the case of less acid mixed systems, as for example
iO2 with ACZnCl2-5% or ACH3PO4-1%, in Figs. 6 and 7, respec-

ively, Titania particles show a higher level of dispersion on those
C surfaces. We employ the term nano-aggregation because the
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ean size of primary particles of TiO2-P25 is about 30 nm [10]
hile the micro scale of SEM images is between 2 and 5 �m.
herefore, aggregates observed in Figs. 6–8 are clearly several
undred nanometres in size higher than that of TiO2 primary
articles, and the magnitude of aggregation depends of pHPZC
f AC. As we discussed in Section 3.3 and listed in Table 3, the
nfluence of AC on Titania (synergism or inhibition) is princi-
ally controlled by the pHPZC of the support. In other words, if
he surface of AC is more acid, the nano-aggregation of TiO2 par-
icles is therefore clearly promoted with a concomitant decrease
n the common contact interface between both solids. This fact,
ot only affect the driving force of diffusion of the pollutant
dsorbed preferentially on AC to the semiconductor, but also
n the nano-agregation of Titania particles, most of them would
ot be photoexcited by UV-irradiation which clearly affect the
hotoefficiency of the system. Thus, on the base of these results
t can be suggested that for some L-types AC the presence of
n effective common contact interface created between AC and
iO2, some electronic density would be transferred from the
C to the semiconductor, principally if the carbonaceous sup-
ort is characterized by the presence of some kinds of functional
xygenated groups on its surface as carboxylic acids.

. Conclusions

Present results show that L-type AC can induce both
eneficial as detrimental effects on the TiO2 activity in the pho-
ocatalytic degradation of 4CP. A synergy effect between both
olids was quantified by a factor of 2.22 (TiO2-ACZnCl2−5%),
.66 (TiO2-ACH3PO4-5%) and 1.44 (TiO2-ACKOH-50%). This
ffect has been attributed to low concentrations of carboxylic
cid groups presented on AC surface that were detected by FTIR
pectroscopy. This kind of organic functional groups would per-
it a proper transfer electronic density from AC to TiO2 by
eans of a common contact interface that inhibits the recombi-

ation of photogenerated couple in agree with previous works
f us and other groups. In short, present results show that it is
ossible to obtain clean water in a shorter period of time employ-
ng TiO2 in conjunction with well designed AC. In a near future
e will present a comparison between the present results against

mmobilized semiconductor particles on carbon films (prototype
f solar collector).

cknowledgements
T. Cordero and J. Matos would like to thank to Franco-
enezuelan Post-grade Cooperation Programme (PCP) and
enezuelan FONACIT for financial support.

[

[

otobiology A: Chemistry 191 (2007) 122–131 131

eferences

[1] O. Legrini, E. Oliveros, A.M. Braun, Chem. Rev. 93 (1993) 671–698.
[2] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341–357.
[3] D.F. Ollis, H. Al-Ekabi (Eds.), Photocatalytic Purification and Treatment

of Water and Air, Elsevier, Amsterdam, 1993.
[4] J.-M. Herrmann, Catal. Today 53 (1999) 115–129.
[5] M. Keshmiri, M. Mohseni, T. Troczynski, Appl. Catal. B: Environ. 53

(2004) 209–219.
[6] M. Blake, Bibliography of work on the photocatalytic removal of hazardous

compounds from water and air. NREL/TP-510-31319. National Renewable
Energy Laboratory. Golden, Co, 2001.

[7] J.-M. Herrmann, J. Didier, P. Pichat, Chem. Phys. Lett. 108 (1984) 618–
622.

[8] N. Takeda, T. Torimoto, S. Sampath, S. Kuwabata, H. Yoneyama, J. Phys.
Chem. 99 (1995) 9986–9991.

[9] T. Torimoto, Y. Okawa, N. Takeda, H. Yoneyama, J. Photochem. Photobiol.
A: Chem. 103 (1997) 153–157.

10] J. Matos, J. Laine, J.-M. Herrmann, Appl. Catal. B: Environ. 18 (1998)
281–291.

11] J. Matos, J. Laine, J.-M. Herrmann, Carbon 37 (1999) 1870–
1872.

12] J. Matos, J. Laine, J.-M. Herrmann, J. Catal. 200 (2001) 10–20.
13] J. Matos, J. Laine, J.-M. Herrmann, D. Uzcategui, J.L. Brito, Appl. Catal.

B: Environ. 70 (2007) 461–469.
14] J.-M. Herrmann, J. Matos, J. Disdier, C. Guillard, J. Laine, S. Malato, J.

Blanco, Catal. Today 54 (1999) 255–265.
15] J. Araña, J.M. Rodriguez, E. Tello-Rondon, C. Garriga i Cabo, O. Gonzalez-

Diaz, J.A. Herrera-Melian, J. Perez-Pena, G. Colon, J.A. Navio, Appl.
Catal. B: Environ. 44 (2003) 153–160.

16] T. Cordero, C. Duchamp, J.-M. Chovelon, C. Ferronato, J. Matos, Appl.
Catal. B: Environ. 73 (2007) 227–235.

17] B. Tryba, A.W. Morawski, M. Inagaki, M. Toyoda, Appl. Catal. B: Environ.
65 (2006) 86–92.

18] W. Ren, Z. Ai, F. Jia, L. Zhang, X. Fan, Z. Zou, Appl. Catal. B: Environ.
69 (2007) 138–144.

19] W. Wang, C. Gomez Silva, J.L. Faria, Appl. Catal. B: Environ. 70 (2007)
470–478.

20] M.V. Lopez-Ramon, F. Stoeckli, C. Moreno-Castilla, F. Carrasco-Marin,
Carbon 37 (1999) 1215–1221.

21] J. Matos, M. Labady, A. Albornoz, J. Laine, J.L. Brito, J. Mater. Sci. 39
(2004) 3705–3716.

22] J. Matos, M. Labady, A. Albornoz, J. Laine, J.L. Brito, J. Mol. Catal. A:
Chem. 228 (2005) 189–194.

23] T.C. Cordero, C. Nahas, L. Rojas, J. Matos, Proceed. Iberoamerican Symp.
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