Available online at www.sciencedirect.com

‘ScienceDirect

Journal of

Photogbfmistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 191 (2007) 122-131

www.elsevier.com/locate/jphotochem

Influence of L-type activated carbons on photocatalytic activity
of TiO, in 4-chlorophenol photodegradation

Tulynan Cordero®P®, Christian Duchamp®, Jean-Marc Chovelon,
Corinne Ferronato®, Juan Matos ®*

4 Laboratorio de Fotocatdlisis, Centro de Quimica, Instituto Venezolano de Investigaciones Cientificas, (L.V.I.C.),
Apartado 21827, Caracas 1020-A, Venezuela
b Laboratoire d’Application de la Chimie & I’Environnement (LACE), Université Claude Bernard Lyon I,
43 Blvd. du 11 Novembre 1918, 69622 Villeurbanne Cédex, France

Received 5 February 2007; received in revised form 9 April 2007; accepted 11 April 2007
Auvailable online 13 April 2007

Abstract

The main objective of this work is to study the influence of inorganic compounds employed in the synthesis of L-type activated carbons on
photocatalytic activity of TiO, in 4-chlorophenol photodegradation. Different activated carbons were prepared from Tabebuia pentaphyla wood
impregnated with ZnCl,, H;PO, and KOH. Activation was performed under N, flow at 450 °C by 1 h. Results clearly indicate differences in the
photoactivity of TiO, which depends of physicochemical properties of activated carbons that are influenced by the concentration of the chemical
substance. Kinetic results of 4-chlorophenol photodegradation show a synergistic effect between both solids and in certain cases the inhibition
of TiO, photoactivity. These effects have been attributed to differences in texture, topology and principally to the surface chemistry of activated
carbons. Scanning electron microscopy has shown a massive aggregation of TiO, nanoparticles on activated carbons with very acid or basic surface
pH. In conclusion, the control of synthesis parameters of L-type activated carbons introduces an important enhancement in Titania’s photoactivity

for 4-chlorophenol photodegradation when both solids work in conjunction.

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

Commonly, waste water treatment is performed by gov-
ernmental controlled techniques as flocculation, filtration, and
sterilization and by methods characterized by the addition of
some chemical compounds employed as precursors of hydroxyl
radicals responsible of total oxidation of pollutant with their
conversion to mineral products [1]. Studies related with treat-
ment of water have been shown an increase in photochemistry
procedures. This is particularly truth for the photo oxidative
degradation of organic compounds both in aqueous as in gaseous
phase. These methods are well-known as advanced oxidation
processes [2,3] such as heterogeneous photocatalysis which
is characterized by employ UV-visible photoactive semicon-
ductors [3] as titanium dioxide TiO,. It has shown to be the
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most efficient [4,5] photocatalyst for treatment and purifica-
tion of water and air in most of cases studied [6]. Titania
is non-expensive, non-toxic, and biocompatible material that
shows high photoefficiency and activity. Several attempts have
been made to increase the photoefficiency of TiO,, either by
noble metal deposition or by ion doping [7] but such modi-
fications did not enhance its photocatalytic activity and were
rather detrimental. A more commonly way to possibly increase
the photocatalytic efficiency of TiO; consists of adding an inert
co-adsorbent such as activated carbon (AC) [8,9]. A synergistic
effect has been already observed by some of us [10-14] by using
powdered TiO; and powdered AC in the photocatalytic degra-
dation of model pollutants such as phenol, 4-chlorophenol and
the common herbicide 2,4-dichlorophenoxyacetic acid (2,4-D).
For example, we have found that some H-type activated car-
bons increased remarkably TiO; photoactivity [10,12,14] while
some L-type activated carbons were detrimental [11,12]. Both
effects have been ascribed to the presence of a common con-
tactinterface spontaneously created between both solids [10-12]
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that promotes not only an appropriated diffusion of pollutants
from activated carbon to photoactive Titania [10] but also can
introduce changes in surface properties of semiconductor [13],
and therefore, playing an important role upon its photoactivity
[10,13,15]. In addition, the influence of carbon doping or car-
bon doped TiO; have been recently studied [16—19] showing
that carbon clearly influence Titania capability for photodegra-
dation of pollutants in aqueous phase. Having this in mind, the
main objective of this work is to verify the influence of activated
carbons on the photocatalytic activity of TiO, in 4-chlorophenol
degradation employing different types of L-type activated car-
bons prepared by impregnation of a lignocellulosic precursor
with different types of chemical agents in order to introduce
changes in textural, topological and surface chemistry properties
of the support.

2. Experimental

High purity 4-chlorophenol (4CP) was purchased from
Aldrich. The photocatalyst was TiO; P-25 from Degussa, and the
activated carbons (AC) were prepared from Tabebuia pentaphyla
wood impregnated with ZnCl,, H3PO4 and KOH. Activation
was performed under N; flow at 450 °C by 1 h. Samples were
denoted as ACznc1,-i%, ACH;P0,—i% and ACkown-i%, respec-
tively, being i% the weight concentration (w/w) employed for
chemical agents. Similar experimental conditions employed in
the present study have been reported by us in a recent work [16]
but they can be summarized as follows. The photocatalytic test
was performed at room temperature (20 °C). Fifty milligrams
TiO, and 10mg AC were added under stirring in 25 mL of
solution of 0.78 x 103 mol L~ (about 100 ppm) of 4CP (ini-
tial concentration) and maintained in the dark during 80 min
to reach a complete adsorption at equilibrium. This apparent
high concentration of catalyst (TiO; + carbon, 2.4 g total solid
powder L~!) was chosen because in an earlier study [10] this
concentration showed the best photocatalytic behaviour for
phenol photodegradation under UV-irradiation. A batch pho-
tochemical reactor in aqueous phase was employed [16]. It
consists of a cylindrical flask (Pyrex, ca. 60 mL) with a bottom
optical window of ca. 3cm diameter and open to air. Irradia-
tion was provided by a high-pressure mercury lamp (Phillips
HPK, 125 W) and was filtered by a circulating-water cell (thick-
ness, 2.5 cm) equipped with a 340nm cut-off filter (Corning
0.52). Photons flux emitted by light source was determined by
Actinometry using Uranyle Oxalate as actinometer and soft-
ware Logicien Photon version 1.6. Photon flux estimated was
2.9 x 10" photons cm 2 s~!. Millipore disks (0.45 wm) were
used to remove particulate matter from each aliquot (0.3 mL)
before the analysis by HPLC. A Varian 9010 series HPLC sys-
tems equipped with a Spectra Systems UV 2000 absorbance
detector adjusted at 280 nm was used to determine 4CP con-
centrations as a function of UV-irradiation time. The column
was Hypersil BDS C18, 5 pwm, (125 mm x 4 mm, 5 pm). The
flow-rate was 0.8 mL min~! and the injection volume 200 pL.
Mobile phase consisted of 45% methanol and 55% water (v/v),
whose pH was adjusted to 3 using acetic acid. From kinetic
curves of 4CP photodegradation the apparent first-order rate

constant were obtained as the best kinetic parameter to compare
the photoactivity of the different systems. Textural characteriza-
tion of TiO; and the activated carbons was performed by means
of N, adsorption at 77 K in order to obtain the B.E.T. surface
areas (Spgt). The full isotherms in the range of 0.03-30 Torr
were measured employing a Micromeritics ASAP-2010 appa-
ratus. Surface pH (pHpzc) of AC and Titania were obtained
by the drift method [20]. Scanning electron microscopy (SEM)
was employed to detect morphological changes in the mixtures
TiO,-AC. Samples were obtained by mixing TiO, with AC at
the same work conditions in 5 mL of water continuously stirred
for 80 min. After this, the mixture was filtered and dried for
around 12 h. Scanning electron microscopy (SEM) experiments
were performed on palladium—gold-coated samples in a Hitachi
apparatus (S-800). Fourier transform infra-red (FTIR) experi-
ments were made on a spectrophotometer Magna-IR 560 from
Nicolette. The powders were mixed with KBrin a 5% (w/w) mix-
ture. The mixed powder was pressed to tablets of 1 cm diameter
at 10t for 1 min. The transparent tablets were inserted in the
apparatus and the spectra were recorded from 4000 to 400 cm ™!
with a resolution of 5cm™!. KBr reference spectrum and CO,
from ambient have been subtracted to every spectrum in order
to verify the functional surface groups presented on activated
carbons.

3. Results and discussion
3.1. Characterization of activated carbons

BET surface areas and pHpzc of AC are presented in Table 1.
As expected, the higher the concentration of chemical com-
pounds employed prior to the activation of AC, the lower pHpzc
values of AC. Table 1 showed that this is a general trend for
all types of AC studied. For all concentrations, AC prepared
with H3PO,4 showed lower pHpzc values than those AC pre-
pared with ZnCl,. For example, it can be noted from Table 1
that AC prepared with 1% (w/w) H3POy is clearly lower that
that obtained for the same concentration of ZnCl; (4.7 against
6.4). This is the consequence of H3POj, is a strong Bronsted
acid while ZnCl; 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 (Sger) and surface pH (pHpzc) of AC studied
System Ser (m*g™h) pHpzc
TiO, 50 6.5
ACznc1,-65% 2001 4.5
ACznc1,-35% 2485 4.8
ACZnClz-S% 561 6.0
ACzncy-1% 30 6.4
ACH3p04_65% 1569 3.1
ACH,P0,-35% 1987 3.5
ACH;p0,-5% 414 4.0
ACH;P0,-1% 188 4.7
ACKOH-65% 309 6.1
ACKOH-50% 476 6.5
ACKOH-5% 17 7.5
ACkOH-1% 5 7.7
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Fig. 1. FTIR spectra of some selected activated carbons.

washed extensively with hot water (around 80 °C), some rem-
nant phosphorus and chloride remains on AC forming functional
groups on its surface. This can be seen from FTIR showed in
Fig. 1 that will be explained below. Also, it must to be note
that activated carbons prepared with KOH showed an apparent
unexpected behaviour. That is, thought KOH is a strong Lewis
base, Table 1 show that the higher KOH concentration the lower
pHpzc of AC. However, this lowering is only from 7.7 down
to 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
structural disorder in their graphene sheets in comparison of
H-type AC that commonly are carbon with basic surface nature
and topologically more similar to graphite [16,21,22]. Structural
chaos in the border of graphene sheets favors the reaction of car-
bon atoms with hydroxyl groups from KOH with concomitant
formation of carboxylic acid groups [23-26]. These groups were
detected by FTIR spectroscopy as we pointed above for the cases
of phosphorous and chloride surface compounds (Fig. 1). Dif-
ferent types of acid, basic and other functional groups on AC
surface were also detected in agreement with previous results
[24,26]. For example, the presence of the main acid group, car-
boxylic acid, was detected in all AC but with less intensity in
those prepared with KOH in concordance with pHpzc values
presented in Table 1. Phenol, another important acid was also
detected in all AC but the comparison between ACz,cy, against
ACHq,po, clearly show a more important peak of such group
in ACq,po, in agree with lower pHpzc (Table 1) for all con-
centration range studied. On the other hand, the most important
basic group presented in AC [24,26] as cyclic ethers, was poorly
detected inall AC. This is in agreeing with the acid surface nature
detected in practically all AC of the present work. Finally, it must
to be remarked the presence of cyclic peroxides and fundamen-
tal stretching mode of C—Cl bonds in ACz,c1, and phosphates
in ACq,po, (Fig. 1). In short, FTIR analysis of the functional

groups on surface of AC is in concordance with values of surface
pH detected by the drift method. Regarding to BET surface areas
(SBET), it can be seen from Table 1 that the higher the concen-
tration of impregnation compounds the higher the surface BET
areas having a maxima of about 2485, 1987, and 476 m? g_1 for
ZnCly (35%, wiw), H3PO4 (35% (w/w)) and KOH (50% (w/w)),
respectively. It is important to note that employing higher con-
centration than those indicated above a clear decrease in SBgT
is observed in all different types of AC prepared (Table 1). This
experimental fact has been already reported by some of us for
the activation of other carbonaceous precursors of activated car-
bon as Saccharose [21] and Hymenaea courbaril wood [25]. In
these works, the decrease in SggT was explained by the presence
of a high concentration of steam produced during the thermal
decomposition of the impregnated compounds. In another work
[22] we have proposed that water molecules are responsible of
the activation of the carbonaceous precursor by means of the
gasification reaction: C + HyO — Hj + CO. In short, from char-
acterization results both of SggT as pHpzc in Table 1, it can be
concluded that AC prepared in the present study are of L-type.
This was expected because the presence of chemical impregna-
tion compounds and the low activation temperature commonly
leads to L-type AC [24], characterized by very high surface
areas (Table 1) and high oxygen content forming oxygenated
functional groups on the surface of AC (Fig. 1) principally of
acid chemical nature giving therefore, AC with low surface pH
as those indicated by pHpzc in Table 1. This preliminary con-
clusion is very important because it would permits to understand
the surface interaction between AC and TiO,.

3.2. Kinetics of 4CP adsorption in the dark

Preliminary studies of 4-chlorophenol adsorption at 20 °C
were performed on Titania (50 mg), AC (10 mg), and the sus-
pended mixture TiO/AC with the same respective masses.
These weights were performed because in a previous study
of phenol degradation they showed the maxima photoactiv-
ity [10]. Kinetics of adsorption in the dark was followed by
80 min under stirring for different initial concentrations between
0.78 x 1073 and 7.80 x 1073 molL~!. In all cases, most of
adsorption occurred within 20 min but to ensure a proper equi-
librium of adsorption a longer period (80 min) of adsorption
in the dark was considered in the photodegradation experi-
ments. The kinetics of 4CP adsorption in the dark for some
selected systems are given in Fig. 2 for an initial concentra-
tion C,=0.78 x 103> mol L~! (100 ppm) and the Fig. 3 show
the adsorption isotherms 7,45 =f(Ceq) of systems from Fig. 2.
Assuming the conventional Langmuir isotherm model with a
surface coverage 6 varying as

0 = (nads> _ [ Kadsceq } (1)
nr (r+ Kadsceq)

the total number of adsorption sites nt and the adsorp-

tion constants K,qs were obtained from the linear transform

(1/n445) =f(1/Ceq), obtaining correlation coefficients in most of
cases close or higher than 0.99. The corresponding values for
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Fig. 2. Kinetics of adsorption in the dark of 4CP with some chemically AC.

these photocatalytic systems are given in Table 2. Remark-
able differences were detected when 4CP adsorption parameters
(Kads and n7) obtained on the mixed system are compared against
those of TiO, and AC separately. For example, it can be seen
from Fig. 2 that micromoles of 4CP adsorbed in the dark on
the mixed system is slightly but significantly higher than on
pure AC. However, considering nt values from Table 2 it can
be clearly observed that total number sites of 4CP adsorption on
TiO;-AC are smaller than theoretical ones indicating that there
are no additive effects in 4CP adsorption between both solids.
Comparing TiOz-ACZnC]2_35% with TiO, and ACZnC12—35%, the
total number of adsorption sites decreased by 22% and the
adsorption constant decreased by ca. 24%. Also, if compared
TiO2-ACzncl,-5% against TiO, and ACzcy,-59, this fact is more
pronounced being of about 31and 29% for the decrease in nt
and K,gs. In general, this behaviour is reproducible in the other
systems included in Table 2. This fact have been already reported
by some of us [10,12] for other TiO,-AC systems and has been
ascribed to a strong interaction between Titania particles and
AC, which creates an intimate interface non-accessible to phe-
nol molecules from the solutions. It is physically logical to think
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Fig. 3. Adsorption isotherms in the dark of 4CP of catalysts from Fig. 2.

that as consequence of this common interface created during
homogenization of the mixture of both solids, some of total
number sites of adsorption would be lost in agree with results
described above. From the study of adsorption in the dark we
select 0.78 x 103 mol L™ as initial concentration of 4CP for
the study of photodegradation that will be discussed in the fol-

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

System Kags (L/mol) nt (mol) R?

TiO, 384 0.913E-05 0.9961
ACznc1,35%) 1281 4.33E-05 0.9717
TiO2-ACznc1,(35%) 1274 4.09E-05 0.9806
ACzucly (5%) 1185 1.93E-05 0.9868
TiO2-ACznc1,(5%) 1121 1.96E-05 0.9807
ACH;p0, (35%) 1161 2.76E-05 0.9842
TiO2-ACH,p0, (35%) 1577 2.66E-05 0.9921
ACw,po, (5%) 521 1.24E-05 0.9876
TiO2-ACh,po, (5%) 360 1.27E-05 0.9937
ACKOH (50%) 664 1.96E-05 0.9985
TiO2-ACkoH (50%) 527 2.04E-05 0.9887
ACKOH (5%) 229 1.28E-05 0.9985
TiO2-ACkoH (5%) 214 1.18E-05 0.9887
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lowing section. Also, the above study permits us to conclude
that employing 80 min for the kinetic of 4CP adsorption in the
dark we ensure a proper equilibrium. This fact can be easily
inferred from Fig. 2 which showed that practically 4CP reached
the equilibrium in the adsorption process after this time.

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

3.3. Kinetics of 4CP photodegradation

Fig. 4A and B show the kinetic results of 4CP photodegrada-
tion (C,=0.78 x 103 mol L~!) as a function of reaction time
for neat TiO2, ACzxc1,-65%, and different TiO2-ACzucl, mixed
systems. For comparative purposes the degradation of 4CP by
direct photolysis (in the same experimental conditions described
in Section 2) is also showed in Fig. 4. The first point to be
remarked corresponds to the fact that as a period of adsorp-
tion in the dark of 80 min for 4CP onto the different materials
was performed previous to UV-irradiation. As indicated above,
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Fig. 4. Kinetics of disappearance of 4CP with AC prepared after impreg-
nation with ZnCly. (A) (#)TiO; (A) Photolysis; (W) ACzacl,—65%; (()
TiO; — ACznc,—65%; (A) TiO2 — ACzucl,—35%. (B) () TiO2-ACznc1, —5%
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this preliminary stage permit us to estimate appropriately the
apparent-constant rate values taking into account only the pho-
tocatalytic process. The second point to be noted is that the direct
photolysis was negligible compared to the photocatalytic degra-
dation (Fig. 4A) in concordance with the fact that the lamp flux
was cut-off only to near-UV and visible light. Also, the disap-
pearance of 4CP under U V-irradiated AC is negligible (Fig. 4A),
which confirms that activated carbons are photoinactive in 4CP
photodegradation in agree with previous results [12]. In addi-
tion, from the kinetic trends of 4CP disappearance (Fig. 4) it can
be inferred that most of mixed systems, either TiO, or TiO, with
AC prepared after impregnation with different concentration of
ZnCl, follow an apparent first-order rate. This fact was also
observed for AC prepared with H3PO4 or KOH (not shown). In
concordance with this, linear transformation of kinetic results,
Ln(Co/Cy) =f(f), were employed to estimate apparent-constant
rate of first-order (kupp) as the best kinetic parameter for the
comparison between photocatalysts. The linear regression from
kinetic data of Fig. 4 is shown closed inset Fig. 4A. A summary
of kinetic results of 4CP adsorption and disappearance detected
on different systems studied in this work is presented in Table 3.
This treatment showed linear regression factors closely to unity
that permits us to infer that reaction kinetics follows a first-order
mechanism. After compare data from Table 1 against those in
Table 3, it can be seen as a general trend that the higher is BET
surface areas the higher the 4CP adsorbed in the dark. More-
over, it can be noted that maxima quantities of 4CP adsorbed
in the dark on the mixed systems (Table 3) corresponds to
the samples with maxima BET surface area (Table 1). This is
particularly truth for the AC prepared after impregnation with
ZnCl,-yH3POy4. On the contrary, after comparison of values of
SgeT or pHpzc in Table 1 and kypp from Table 3, it is evident
that there is no linear correlation between these parameters. For
example, the mixed systems that adsorbed more quantities of
4CP in the dark were not the systems with the best photoef-
ficiency in the degradation of 4CP. However, in terms of the
surface coverage, it looks clear that for the cases of high values
of 6, the mixed systems showed an increase in the photocat-
alytic activity represented by the factor F in Table 3. In other
words, BET surface area is an important parameter that permits
to improve the photoactivity of TiO, because it can improve the
tendency to adsorb higher quantities of the pollutant but it is not
the only important parameter and the present results seems to
suggest that surface chemistry of AC, that means, their chemi-
cal composition on the surface, play the most important role on
the photocatalytic activity of the semiconductor. For example,
contrary to previous results [11,12], the present study clearly
show that some L-type AC induces a beneficial effect on the
photoactivity of TiO,, thought their pHpzc are lower than that
of the semiconductor (Table 1). In short, as AC is photoinactive,
it can be inferred that this cooperative influence is a synergistic
effect which is represented by F'> 1 values in Table 3, giving a
maxima of 2.22 for the TiO2-ACzy1,-5% photocatalyst. On the
contrary, those systems where the interaction between AC with
TiO; inhibits the photoactivity of the semiconductor show F< 1
giving a minimum of 0.26 for TiO2-ACkon-1% (Table 3). The
different types of interaction between both are discussed more
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Table 3
Kinetic results of adsorption at equilibrium in the dark of 4-chlorophenol (4CP;gs.dark) and apparent first-order constant rate (kapp)
System 4CPygs-dark (%) O= (Rags/nr)? kapp x 1073 (min~") F°
TiO, 9.8 0.21 2.02 1.00
TiO2-ACznc1, 65% 48.4 b 1.98 0.98
TiO2-ACznc1, 35% 61.2 0.17 2.29 1.13
TiO2-ACzxcl, 5% 34.8 0.62 4.49 222
TiO2-ACzacl, 1% 6.5 b 1.59 0.79
TiO2-ACH;P0, 65% 44.1 -b 1.25 0.62
TiO2-ACH,po, 35% 51.5 0.09 2.09 1.03
TiO2-ACy,po, 5% 11.6 0.86 3.36 1.66
TiO2-ACH,po, 1% 10.9 -b 2.01 1.00
TiO2-ACKOH 65% 329 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

2 Estimated from an initial 4CP concentration of about 0.78 x 10 ~ mol L~!.

b Not estimated in this study.
¢ Synergy or inhibition defined by: F = [kapp(TiOy+AC) / Kapp(Tion) -

appropriately as follow. It is well-known that if aqueous pH is
lower than that of Titania’s pHpzc (about 6.5) this fact clearly
could introduce a massive protonation of hydroxyls groups on
TiO; crystalline net inhibiting its photoactivity [3]. The fact that
some AC are able to improved kupp for the 4CP photodegra-
dation in comparison of TiO, alone, and the fact that some
of them (particularly those prepared at low concentrations of
ZnCl, and H3PO4 with representative lower values of pHpzc
in comparison of that for TiO,) introduce a beneficial cooper-
ative effect is in agreement with recently results obtained by
other authors [27,28]. Those studies show that the addition of
low concentrations of organic acids as ascorbic [27] or acetic
[28] to aqueous suspensions with TiO, introduce modifications
on the surface of semiconductor. For example, they showed that
after dissociation in aqueous phase, carboxylic or acetic acid
can coordinate to Ti** metallic centre of TiO», inhibiting the
recombination of the photogenerated species in the semicon-
ductor (e, h+). In addition, it is very well-known [3] that the
inhibition of recombination of such species permits a higher con-
centration of hydroxyls (*OH) and superoxydes (O,* ™) radicals
with a concomitant increase in the photoactivity of TiO,, partic-
ularly in the photomineralization of aromatic organic molecules
as 4CP. Now, in a previous work [25] we have shown that acti-
vated carbons prepared after impregnation with Lewis and/or
Bronsted acids leads to the formation of oxygenated functional
groups on the surface of AC. This is in agreement with results
discussed in Section 3.1 in which, the present AC also have such
kind of groups (Fig. 1). Therefore, if the surface concentration
of such groups is enough low in the present AC, which is per-
fectly valid to consider in the present case of AC prepared at
low impregnation concentrations of acids, in the case of the best
photocatalytic results obtained employing TiO2-ACzucy,-5% and
TiO2-ACHh,po,-5% (Table 3), it can be suggested that we are in
presence of a similar behaviour than that noted above. In other
words, for the case of the mixed system that employs L-type AC,
the synergy effect detected could be also attributed to the pres-
ence of low surface concentration of acidic oxygenated groups,
particularly carboxylic acids that by means of the contact inter-

face created between both solids, it would induce modifications
on TiO, surface. The analogy is perfectly valid because once
dissociated in aqueous phase, the carboxylic acid produce car-
boxylate anions (-COQO™) clearly stabilized by the possibility
of transfer their electrons to the aromatic ring of the planar AC.
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Fig. 5. Kinetics of appearance and disappearance of main intermediates in
4CP photodegradation in presence of activated carbons prepared after impreg-
nation with ZnCl,. (A) Hydroquinone (HQ) and benzoquinone (BQ). (B)
4-Chlorocathecol (4CT).
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Fig. 6. SEM images from different TiO»-ACz,ci, photocatalysts.

Therefore, similar to the behaviour in aqueous phase noted above
[27,28], the carboxylate anions on AC surface would be respon-
sible of the synergy effect detected in the present work by means
of a spontaneous contact interface created between both solids
as we have reported [10]. This transfer of electronic density
from AC to Titania is in agreement with recent works reported
by us for the case of phenol photodegradation employing TiO»
in conjunction with a commercial H-type AC [13] and in 4-CP
photomineralization in presence of U V-irradiated Titania mixed
with made-in-home H-type AC [16]. In those works, H-type AC
are characterized by the presence of basic groups on its surface,
as for example cyclic ethers and pirones and FTIR studies clearly
showed that interaction between both solids occurs by means of
oxygenated surface groups of AC. In short, not only the pHpzc
influence remarkably the surface properties of TiO, but also sur-
face area of AC strongly influence the capability, selectivity and

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

3.4. Kinetics of appearance and disappearance of
intermediate products

The influence of physical and chemical properties of AC
on the kinetics of adsorption in the dark (Table 2) and pho-
todegradation of 4CP (Table 3) is confirmed by the fact that
thought intermediate products generated during the degrada-
tion of 4CP are not quit different, according to the type of
carbon materials employed, the proportion of the intermedi-
ate 4-chlorocathecol detected is clearly increased. This indicate
that different surface sites governed by pHpzc more than by
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Fig. 7. SEM images from different TiO>-ACh,po, photocatalysts.

texture characteristics leads to different types of 4CP adsorp-
tion mechanism and therefore influence its photodegradation.
These results are discussed as follow. The kinetics of appearance
and disappearance of the main intermediate products detected
on UV-irradiated TiO»-ACzuc1, photocatalysts during the 4CP
photodegradation are showed in Fig. 5. The kinetic trends corre-
sponding to the sum of HQ + BQ and 4CT are shown in Fig. 5A
and B, respectively. In general, it can be seen from 5 that
for TiO, alone and most of TiO2-AC photocatalysts the main
intermediate products are HQ + BQ, which at the present exper-
imental conditions, are commonly in chemical equilibrium and
for that reason are presented as a sum of both intermediates in
Fig. 4A. This is a general trend that was also observed for the
other mixed systems studied. However, from the quantitative
comparison of 4CT detected it can be inferred that mecha-
nism of photodegradation is influenced by a parallel oxidation
(hydroxilation) reaction. For example, the maxima quantity of
4CT detected on TiO2-ACh,po,-5% (not shown) was about 20

times higher than that detected on TiO2-ACzyc1,-5% (Fig. 5B).
Therefore, it looks reasonable that a different type of mecha-
nism adsorption of 4CP on TiO2-ACHy,po, should be occurring
that clearly influence the photoactivity of TiO, because syn-
ergy effect is clearly lower (F'=1.66 against 2.22 in Table 3).
This result is totally in agree with previous ones [10,12,14]
obtained during the photodegradation of phenol, 4-chlorophenol
and 2,4-dichlorophenoxyacetic acid. In those works we found
that employing L-type AC prepared by the activation at low
temperature and after impregnation with 34% (w/w) phosphoric
acid the photodegradation of such pollutants ocurred preferen-
tially by means of ortho hydroxylated intermediates products
yielding cathecol or 4-chlorocathecol as in the present case. In
a recent publication, some of us [13] have demonstrated that if
the quantities of the intermediates main products is enough high
in the aqueous phase, they can compete with the pollutant by
the original ones sites of adsorption with a concomitant less or
inhibition of Titania’s photoactivity. This fact is perfectly valid
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Fig. 8. SEM images from different TiO,-ACkopn photocatalysts.

to explain the very low values of kypp (Table 3) obtained for
the very acid AC employed that yield the highest intermediated
products concentrations.

3.5. Surface nano-aggregation of TiO»

Figs. 6-8 show a composition of scanning electronic
microscopy (SEM) images of the mixed photocatalytic systems
TiO2-ACzncl,, TiO2-ACHh,po, and TiO2-ACkoH, respectively,
for different concentration of the impregnation compounds.
These samples were prepared at least by triplicate and impor-
tant changes in morphologies of the different SEM images were
not detected indicating that this characterization permit us to
propose that pHpzc play an important role upon the common
interface created between both solids. In a general way, all
images presented in Figs. 6—8 suggest that the higher the concen-
tration of the impregnation compound and therefore more acid

the pHpzc of the AC, the more the TiO,-AC mixtures present
aggregations of Titania particles. As pointed above, the presence
of more acid functional groups on AC surface could be respon-
sible of the transfer of electronic density from AC to Titania by
means of a common surface interface. Thus, if surface pH of AC
is lowering for the case of more acidic concentration of impreg-
nating agents, therefore it results reasonable to suggest that if
high quantities of acid surface groups are presented on AC, the
contact interface should be so high that it promotes the conglom-
erates of TiO; particles. For example, in a previous work [10]
we have shown that this contact interface spontaneously created
between both solids can reach up to half of the surface BET area
of TiO;. Therefore, the above suggestion seems to be reasonable
because in the case of less acid mixed systems, as for example
TiO, with ACzycl1,-5% or ACH;P0,-1%, in Figs. 6 and 7, respec-
tively, Titania particles show a higher level of dispersion on those
AC surfaces. We employ the term nano-aggregation because the
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mean size of primary particles of TiO»-P25 is about 30 nm [10]
while the micro scale of SEM images is between 2 and 5 pm.
Therefore, aggregates observed in Figs. 6-8 are clearly several
hundred nanometres in size higher than that of TiO, primary
particles, and the magnitude of aggregation depends of pHpzc
of AC. As we discussed in Section 3.3 and listed in Table 3, the
influence of AC on Titania (synergism or inhibition) is princi-
pally controlled by the pHpzc of the support. In other words, if
the surface of AC is more acid, the nano-aggregation of TiO» par-
ticles is therefore clearly promoted with a concomitant decrease
in the common contact interface between both solids. This fact,
not only affect the driving force of diffusion of the pollutant
adsorbed preferentially on AC to the semiconductor, but also
in the nano-agregation of Titania particles, most of them would
not be photoexcited by UV-irradiation which clearly affect the
photoefficiency of the system. Thus, on the base of these results
it can be suggested that for some L-types AC the presence of
an effective common contact interface created between AC and
TiO,, some electronic density would be transferred from the
AC to the semiconductor, principally if the carbonaceous sup-
port is characterized by the presence of some kinds of functional
oxygenated groups on its surface as carboxylic acids.

4. Conclusions

Present results show that L-type AC can induce both
beneficial as detrimental effects on the TiO; activity in the pho-
tocatalytic degradation of 4CP. A synergy effect between both
solids was quantified by a factor of 2.22 (TiO2-ACzuc1,—5%),
1.66 (TiOz-ACH3po4_5%) and 1.44 (TiOz-ACKOH,S()%). This
effect has been attributed to low concentrations of carboxylic
acid groups presented on AC surface that were detected by FTIR
spectroscopy. This kind of organic functional groups would per-
mit a proper transfer electronic density from AC to TiO, by
means of a common contact interface that inhibits the recombi-
nation of photogenerated couple in agree with previous works
of us and other groups. In short, present results show that it is
possible to obtain clean water in a shorter period of time employ-
ing TiO; in conjunction with well designed AC. In a near future
we will present a comparison between the present results against
immobilized semiconductor particles on carbon films (prototype
of solar collector).
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