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A  series  of carbon  xerogels-TiO2 samples  was  prepared  by  sol-gel  synthesis,  modifying  the  synthesis  pro-
cedure  to have  carbon-TiO2 composite  or TiO2-coated  materials.  Textural,  morphological  and  chemical
properties  were  extensively  characterized  and correlated  with  the photocatalytic  activity.  In  the case
of composites,  a homogeneous  and  highly  mesoporous  structure  is  formed,  where  the  intimate  contact
between  both  phases  allows  a high  and  homogeneous  dispersion  of TiO2 nanoparticles.  During  carboniza-
tion,  the  formation  of  oxygen  vacancies  is  favoured,  but the transition  anatase  to  rutile is avoided  by the
arbon xerogels
arbon-TiO2 composites
isible photocatalysts
ynergetic effect

carbon  matrix.  In the  case  of coated  samples,  microporous  materials  structured  as  microspheres  were
obtained,  TiO2 present  a greater  crystal  size  and  some  transformation  to rutile.  The  synergetic  role  of
carbon  phase  and  the formation  of oxygen  vacancies  in  the TiO2-phase  contribute  to  narrow  the com-
posite  band  gap  in such  a manner  that  all  samples  are  active  under  visible  radiation  reaching  the  total
mineralization  of  the  pollutant  and  the  elimination  of  the  toxicity.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The increasing pollution level of water resources together with
he appearance of new and more stable pollutant in solution
emerging pollutant) make necessary the development of new and

ore efficient protocols to deal with this new problem. Tradi-
ionally, environmental catalysis tries to respond adequately to
his requirement, fitting or developing materials and processes
or a progressively more industrialized society. A large battery of
dvanced oxidation processes (Fenton, ozonation, catalytic wet air
xidation (CWAO), etc) is being developed [1–3]. Between them,
hotocatalytic processes are very interesting, and sometimes are
sed in combination [4] with the previous ones (photoFenton,
hotoozonation, etc). Photocatalytic processes become especially

nteresting when are able to use the visible radiation, not only by
he energy saving, but because in such a way can be easily used in

eveloping countries.

It is well known that TiO2 is the most extensively used pho-
ocatalyst. It has been regarded as an efficient photocatalyst for

∗ Corresponding author.
E-mail address: fjmaldon@ugr.es (F.J. Maldonado-Hódar).

ttp://dx.doi.org/10.1016/j.apcatb.2016.08.015
926-3373/© 2016 Elsevier B.V. All rights reserved.
degradation of organic pollutants from water due to its high sta-
bility, low cost and environmental friendliness [5,6]. However,
UV-light is necessary to create the hole-electron pairs needed for
the photocatalytic reaction which limits their use in environmental
applications. Only 3–5% of UV in solar spectrum can be absorbed
by pure TiO2 due to its wide band gap (3.2 eV of anatase and 3.0 eV
of rutile), which greatly restricts its photocatalytic applications in
the visible-light range [7,8].

Therefore, to improve the efficiency of TiO2 under solar (or vis-
ible) light is necessary to modify the material in order to facilitate
the visible light absorption. Several approaches are made with this
aim such us the introduction of doping agents or sensitizers to
decrease the material band gap [9,10]. The introduction of metal
doping agents into TiO2 narrows the band gap by producing new
hybrid states which confer significant visible light absorbance to
TiO2. On the other hand, the improvement obtained using sensitiz-
ers is due to the direct absorption of visible light by the sensitizer
and the release of electrons to TiO2 in a redox process.

However, different problems were also detected. Metal doping
shows thermal instability of doped TiO2, electron trapping by the

metal centres decreasing the photocatalytic activity and high pro-
cessing costs [11,12]. Alternatively, doping with non-metals such
as N and S are used [13,14] being now the main drawbacks (i) the

dx.doi.org/10.1016/j.apcatb.2016.08.015
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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ifficulty to obtain N-doped TiO2 with high nitrogen concentration;
ii) the formation of defects which can act as recombination cen-
res for carriers [15]; and (iii) the decrease of N concentration at
he surface layer after irradiation [16].

The synergetic effect of the addition of carbon materials to
iO2 photocatalysts was initially presented using directly sim-
le mixtures of both solids [17,18]. Although activated carbons
ere initially used to enhance the TiO2 photocatalytic perfor-
ance [19],nanocarbons including carbon nanotubes (CNT) [18],

anohorms, fullerenes and graphene [20,21] have been combined
ith TiO2 by different approach for such objective. Carbon gels are

 new type of nanocarbons [22] with high potential applications
n catalysis due to their unique properties [23]. In spite that some
arbon gels −TiO2 composites were previously described [24], until
ur knowledge they have not been used today as photocatalysts.

The incorporation of carbon materials to the photocatalyst
mprove the TiO2 photoactivity by different mechanism [25]: (i)
arbon absorbs over a wide range of visible light producing band-
ap tuning/photosensitization, (ii) minimisation of electron/hole
ecombination and (iii) promotion of the reactants adsorption. The
igher porosity of carbon facilitates the titania dispersion and the
dsorption of reactants, enhancing the active site number and the
ontact between reactants and catalysts [25]. Additionally, carbon
s a good electron acceptor. Electron transfers to the carbon phase

inimize the electron/hole recombination on the TiO2. Also the
etter dispersion of the semiconductor nanoparticles on the car-
on phase reduce that recombination because mainly occurs at
oundaries and defects [26]. Thus, if the particle size is reduced, the
istance that the photogenerated electrons and holes need to travel
hrough the surface reaction sites is reduced, thereby decreasing
he recombination probability [27].

In this paper, new TiO2-carbon composites were prepared by
 sol–gel process and the xerogels obtained were deeply charac-
erized and tested in the degradation of organic pollutants under
isible light. The photocatalytic activity of the composites was eval-
ated using Orange G (OG) as a target molecule, and the relationship
f the photocatalytic activity with the physicochemical characteris-
ics of composites was studied. The prepared new materials present

 high performance for the complete mineralization of pollutants
OG) under visible light.

. Experimental

.1. Synthesis of TiO2-carbon xerogel composites

TiO2-carbon xerogel composites were prepared by sol-gel syn-
hesis using resorcinol-formaldehyde and titanium isopropoxide
IV) as carbon and titanium oxide precursor, respectively, in the
resence of a non-ionic surfactant (Span 80). In a typical synthe-
is procedure, Span 80 (S) was dissolved in 900 mL  of n-heptane
nd heated at 70 ◦C under reflux and stirring (450 rpm). Then a
ixture containing resorcinol (R), formaldehyde (F) and water (W)
as added dropwise into the above solution. Immediately after this

ddition, the proper amount of titanium isopropoxide was  added
rop by drop to the mixture. The molar ratio of the mixture was
/F = 1/2, R/W = 1/14 and R/S = 4.5.

The formed gel was aged at 70 ◦C for 24 h under stirring, and
fter that the suspension was filtered and the obtained solid, which
isplays an intense orange color, was placed in acetone (5 days,
hanging acetone twice daily) to exchange water within the pores
y acetone. This procedure reduces the collapse of porosity dur-
ng the subsequent drying process [28]. Then, the gel was  filtered
gain and dried by microwave heating under argon atmosphere in
eriods of 1 min  at 300 W until constant weight using a Saivod MS-
87W microwave oven, according to previous results [28]. Pyrolysis
: Environmental 201 (2017) 29–40

of organic xerogel-titanium oxide composites to obtain the corre-
sponding carbon xerogel-titanium oxide composites was  carried
out at 900 ◦C in a tubular furnace using a N2 flow of 300 cm3/min,
and a heating rate of 1 ◦C/min, in order to allow a soft removing of
pyrolysis gases, and soaking time of 2 h at this temperature.

In this way, four TiO2-carbon xerogel composites were prepared
with different amount of titanium oxide (tentatively 10, 20, 30, and
40 wt% in the carbonized materials) by fitting the alkoxide ratio
(assuming a weight loss during carbonization of 50%). TiO2-carbon
xerogel composites were refereed as CTiX (X corresponding to the
theorical percentage of titanium oxide present in the carbonized
composite, e.g. CTi40 should contain 40% wt. of TiO2).

In order to make a comparison, carbon spheres covered by TiO2
were also synthesized. For that, the synthesis method was modi-
fied: the mixture of R, F and W was  previously pre-gelled at 60 ◦C
during the half of the time (2 h) needed to achieve the gel point.
Then this pre-gelled mixture was  added dropwise to a n-heptane
solution containing Span 80 and maintained 1 h at 70 ◦C under
reflux and stirring. This procedure permits the formation of organic
xerogels structured in spheres which were finally coated with TiO2
by adding dropwise to the reactor the proper amount of titanium
isopropoxide to obtain a TiO2 loading of 30 wt.%. After dry and
carbonization, following the procedure previously described, this
sample was refeered as CTi30s2h.

A pure carbon xerogel (C100) prepared following the same sol-
gel method used for CTi30s2h synthesis (but without Ti-alkoxide),
P25 (from Degusa) and TiO2 anatase (From Sigma-Aldrich) were
used as reference materials.

2.2. Characterization

Textural characterization was carried out by N2 and CO2 adsorp-
tion at −196 ◦C and 0 ◦C, respectively, using a Quantachrome
Autosorb-1 equipment. The BET and Dubinin–Radushkevich equa-
tions were applied to determine the apparent surface area (SBET)
and the micropore volume (W0), the mean micropore width (L0)
and the microporous surface (Smic), respectively. Furthermore, the
DFT method was used to calculate the mesopore volume of the sam-
ples (Vmes). Pore size distributions were also obtained by applying
the DFT method [29–32]. The total pore volume was  considered as
the volume of N2 adsorbed at P/P0 = 0.95 [33]. The morphology of
supports was studied by scanning electron microscopy (SEM) using
a LEO (Carl Zeiss) GEMINI-1530 microscope.

The titanium oxide phase was determined by powder X-ray
diffraction (XRD) pattern using a Bruker D8 Advance X-ray diffrac-
tometer with Cu K� radiation at a wavelength (�) of 1.541 Å. The 2�
angles were scanned from 20 to 70◦. The average crystallite sizes
(D) were estimated by the Debye-Scherer equation, D = 0.95�/�
cos �, where � is the diffraction angle and � is the full width at
half-maximum (fwhm). The fwhm was determined with an extrap-
olated baseline between the beginning (low-angle side) and the end
(high-angle side) of a diffraction peak with the highest intensity.

Optical absorption spectra of samples were obtained on a
double-beam UV–vis spectrophotometer (CARY 5E from VARIAN)
equipped with a Praying Mantis diffuse reflectance accessory
(DRS). The reflectance spectra were analyzed according to the
Kulbelka–Munk (KM) method in order to calculate the band gap
(Eg) of samples. The graphic representations (F(R)·h�)n versus
E = h� were used to calculate Eg; where F(R) is a function of the
reflactance; F(R) = (1-R)2/2R, R is the absolute reflectance of the

sample layer and h� is the photon energy (eV), assuming also a
value of n = ½ for an indirect allowed transition and n = 2 for a direct
allowed transition. The Eg value was obtained by extrapolating the
slope to a = 0 according to the procedure used by López et al. [34].
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dditional details of the theoretical approach and calculations were
ecently published [35].

.3. Dye adsorption isotherms and kinetics

The orange G adsorption kinetics on photocatalysts were stud-
ed by recording the concentration decay curves in order to
alculate the time required to reach the adsorption equilibrium at
aturation. These experiments were carried out by placing 0.25 g of
ach sample in contact with 250 mL  of Orange G solution (25 ppm)
n a flask, this dispersion was maintained under shaking in a ther-

ostatic bath at 298 K and aliquots were removed from the reactor
t different times and filtered to determine their orange G concen-
ration. The concentration of Orange G was measured by UV–vis
pectrophotometry at 487 nm (5625 Unicam Ltd., Cambridge, UK)
n the range indicating a linear relationship between absorbance
nd concentration. Adsorption kinetics shown the required time
o reach the saturation equilibrium of maximum 3 h depending on
ample used.

The Orange G adsorption isotherm on CTiX was carried out
lso in the same thermostatic bath at 298 K. For this, a volume of
5 mL  with different initial concentrations (5–50 mg/L−1) of dye
as placed in a flask and 0.025 g of sample was added. The flask
as placed inside the thermostatic bath under shaking for 4 h to

nsure the equilibrium are reached.
After reaching equilibrium, the adsorbed amount (q) from

xperimental data was calculated by the following equation:

 = V

m
(C0 − Ce)

here q is the adsorbed amount (mg/g), V the volume of solution
L), C0 the initial Orange G concentration (mg/L), Ce the equilibrium
range G concentration (mg/L) and m is the amount of adsorbent

g).
Experimental data on the adsorption equilibrium of Orange G

ere interpreted using the adsorption isotherm models of Lang-
uir and Freundlich [36,37]. The Langmuir isotherm [36] is valid

or monolayer adsorption onto a surface with a finite number of
dentical sites. It is given as the following equation:

 = qm · KL · Ce

1 + KL · Ce

here q is the amount of adsorbate adsorbed per specific amount
f adsorbent (mg/g) and Ce is equilibrium concentration (mg/L); qm

elates to the maximum adsorption capacity (mg/g); KL is Langmuir
quilibrium constant (L/mg). The linearized form of the Langmuir
quation is

Ce

q
= 1

qmKL
+ Ce

qm

m and KL are determined from the linear plot of Ce/q versus Ce.
On the other hand, the Freundlich isotherm equation [37] is

iven as below:

 = KF · Ce
1/n

here KF is the relative adsorption capacity, n is relative with
dsorption intensity so, (1/n) is an indicator of sorption intensity.
f n lies between one and ten, this indicates a favorable sorption
rocess [38]. The linearized form of the Freundlich equation is

nq = LnKF + 1
n

lnCe
he value of KF and n can be estimated from the intercept and
lope of the linear plot of experimental data of ln q versus ln Ce.
he Freundlich isotherm provides no information on the monolayer
dsorption density in comparison with the Langmuir model.
: Environmental 201 (2017) 29–40 31

2.4. Photocatalytic reactor set-up and degradation procedure in
presence of saturated photocatalysts

The photocatalytic activity of CTiX composites was compared in
the OG degradation using a glass photoreactor (inner diameter of
8.5 cm x height of 20 cm)  equipped with an inner tube of 2.5 cm of
diameter placed in the reactor centre, allowing to fit a visible lamp
of 14 W (ReptoLux 2.0) inside to ensure an uniform irradiation of
all solution volume (Fig. 1). The degradation kinetic was follow by
UV-spectrometry using a UV–vis spectrophotometer (5625 Unicam
Ltd., Cambridge, UK), previously calibrated.

Before catalytic experiments, all the photocatalysts (800 mg)
were saturated with the dye solution (800 mL)  in dark to avoid the
influence of the different adsorptive performance of each sample on
the evolution of the dye concentration. This was carried out taking
into account the previously results obtained (adsorption capacity
and equilibrium time) from the kinetics and isotherms adsorp-
tion experiments. After saturation, the initial dye concentration
(C0) was fitted in all cases to 10 mg/L, and then, visible light was
turned on and this time was  considered as the start degradation
time. At a regular interval of 10 min, equal aliquot was removed
from the reactor, filtered and the OG concentration measured by
UV-spectrometry. The OG mineralization degree was followed by
the evolution of total organic carbon (TOC) present in the solution
during the photo-degradation experience using an analyzer Shi-
madzu V-CSH analyser with ASI-V autosampler and subtracting the
inorganic carbon value in each sample from the total carbon value.

Finally, toxicity tests of solutions before and after cat-
alytic degradation were performed using the normalized biotest
(UNE/EN/ISO 11345-2) of luminescent inhibition of Vibrio Fischeri
bacteria using the LUMIStox 300 system (Dr. LangeGmbH) with a
LUMIStherm incubator. Toxicity was  expressed as inhibition per-
centages at 15 min  of exposure (I15) with reference to a stock saline
solution used as control.

3. Results and discussion

The fraction of TiO2 present in the CTiX carbon composites was
determined by TGA, after burning the carbon phase in air flow.
The TiO2 percentages are slightly higher than the theoretical ones
due to the fact that the weight lost during the carbonization is not
exactly 50%, however the experimental data are much closed to
the expected ones (Table 1). Morphology of sample was studied
by scanning electron microscopy (Fig. 2). CTiX samples (Fig. 2a)
show a typical structure of carbon xerogels [39] which consists in
primary nanospheres connected between them to build a three-
dimensional and porous structure. A homogeneous structure is
obtained, without differentiation between the organic-inorganic
phases. The EDX analysis of these samples showed an homoge-
neous Ti-distribution along all the sample independently of the
TiO2-loading present in each composite (Fig. 2b and c)

However, after pregelification of the organic RF solution, iso-
lated carbon microspheres were obtained (Fig. 2d). Evidently,
pregelification provokes that the primary particle sizes obtained
were larger. Microspheres of around 100 �m are obtained in this
case, while the particle size of primary particles in CTiX samples
are at the nanometer scale. TiO2-coated carbon microspheres are
shown in Fig. 2e, and f, showing a more heterogeneous material;
TiO2-coating shows different thicknesses. EDX  spectra of a covered
microsphere are also depicted in Fig. 2g, which clearly matches the
recorded spectra.
These differences in the homogeneity of the samples were also
pointed out when analyzing the thermal stability of composites in
air flow. The TGA and DTG profiles of samples with similar TiO2-
content (30%), composite CTi30 and coated CTi30s2h are compared
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Fig. 1. Visible-light-assisted glass photoreactor used in the photodegradation reactions.

Table 1
Textural characteristics of the CTiX composites and reference materials.

Carbon SBET m2 g−1 W0 (N2) cm3 g−1 W0 (CO2) cm3 g−1 L0 (N2) nm L0 (CO2) nm Vmes cm3 g−1 Smic (CO2) m2 g−1 V0.95 cm3 g−1 TiO2 %

C100 571 0.226 0.275 0.76 0.56 0.100 856 0.330 0
CTi10  523 0.206 0.223 0.87 0.58 0.116 768 0.322 17
CTi20  480 0.190 0.205 0.76 0.56 0.203 737 0.393 22
CTi30  481 0.192 0.176 0.97 0.58 0.242 608 0.434 34
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CTi30s2h 401 0.154 0.164 0.91 

CTi40  586 0.227 0.174 1.21 

P25  57 0.038 – – 

n Fig. 3. The carbon combustion starts at around 380 ◦C and is
omplete at around 650 ◦C in both cases. The TG-profiles are quite
imilar below 500 ◦C, but from this temperature, a delay is observed
n the case of CTi30s2 h. The minimum for CTi30 sample in the DTG
rofile at 500 ◦C corresponds to the maximum combustion rate,
nd this unique peak demonstrates the homogeneity and homoge-
ous distribution of the organic phase in the composite. The delay
ointed out in the TG profile, and the appearance of a second peak in
he DTG profile of CTi30s2h indicates the greater heterogeneity of
he sample. Because the first minimum in the DTG profile is nearly
oincident with the previously described for CTi30, the nature of
he burned at this temperature organic phase should be also simi-
ar, in agreement with the similar recipe used. Thus, this first peak
s associated to the uncoated or only partially coated carbon phase,

hile the second peak is associated to the burning of TiO2-coated
arbon spheres, where the higher combustion temperature needed
s induced by the slower diffusion of oxygen and the combustion
ases to/from the interior of the coated spheres. In this sense, by
ntegration of both peaks, 72.5% of spheres are covered by TiO2.

Due to the different morphology previously denoted by SEM,
amples present porosity at different pore range. The pore structure
f all photocatalysts was studied by nitrogen and carbon dioxide
dsorption measurements, and results are also collected in Table 1.
he results obtained from CO2 and N2 adsorption show a great vari-
tion of the textural properties between the composites. Increasing

he% TiO2, the total porosity (V0.95) increases and is favored by a
evelopment of the volume of mesopores (Vmes); a lineal relation-
hip between both parameters is observed.
0.59 0.100 559 0.254 33
0.62 0.438 562 0.665 45
– 0.080 – 0.118 100

The micropore distribution can be analyzed by comparing the
results from CO2 and N2-adsorption experiments. It is well known
that the CO2 adsorption provides information about the narrow
microporosity, corresponding to micropores with diameter lower
than 0.7 nm,  while the total microporosity is obtained from N2
isotherm only in absence of diffusion restrictions. The microporos-
ity determined by N2 adsorption becomes wider (L0 (N2) increases)
increasing the titanium oxide content while the ultramicroporosity
(W0 (CO2)) progressively decrease. In this sense, the SBET of com-
posites also decreased, because microporosity is mainly associated
to the carbon phase, thus, this parameter is about ten times smaller
for pure TiO2 than for pure carbon xerogel. A linear decrease of W0
(N2), W0 (CO2) and Smic is observed with increasing TiO2 content. In
this manner, at 20% of titanium oxide, W0 (N2) < W0 (CO2) denoting
certain diffusion restrictions of N2 into the microporosity, induced
by the narrow microporosity of the predominant carbon phase, but
increasing the TiO2 content, W0 (N2) > W0 (CO2) as the consequence
of the commented pore widening.

A high decrease of microporosity was obtained when carbon
microspheres (C100) were covered by TiO2 (CTi30s2h) due to the
microporosity blockage by TiO2. Also, it is well-know that micro-
porosity of carbon xerogels come from the intra-particle structure
while meso and macroporosity are due to the voids inter-particles.
Thus, no mesoporosity is obtained in CTi30s2h sample, which is
formed by isolated carbon microspheres. On the contrary, meso-

porosity is developed in CTi30 sample due to the smaller primary
particle size and interconnected three-dimensional structure pre-
viously analyzed by SEM.
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Fig. 2. Morphology of CTiX samples a) SEM images of CTi30, b) Ti-distribution determined by EDX on samples CTi10 and c) CTi40; d) SEM image of Ti30s2h, and e) surface
detail  of CTi30s2h and f) EDX analysis on selected points of a heterogeneously coated microsphere of CTi30s2h sample.
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Fig. 3. TGA and DTG profiles of TiC30 and TiC30s2h.

Fig. 4. Powder XRD patterns of samples: CTi10 ( ), CTi20 (♦), CTi30 (�), CTi40 (©),
C
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rystalline structures.

Powder XRD measurements were performed in order to study
he TiO2 crystallinity. As it is known, TiO2 can be present in two
rystalline structures, anatase and rutile. Anatase is a metastable
olymorphic form which transforms to rutile upon heating. For
ure oxides, this transformation is fast at temperatures above
30 ◦C but has been shown to depend on impurity content, particle
ize, and surface area [40]. In previous manuscript, we demon-
trated that the carbon phase difficult the crystal growth of the
norganic phase (SiO2, Al2O3 or TiO2) in the corresponding C/oxide
omposite [24,41]. Fig. 4 shows XRD patterns obtained for the CTiX
omposites series. Below a TiO2 content of 30%, XRD patterns do
ot shown any defined diffraction peak corresponding to the inor-
anic phase. For a TiO2 content of 40%, width and low intense

iffraction peaks, corresponding to the anatase polymorphic form
re observed. Due to the samples were carbonized at 900 ◦C, only
utile phase was to be expected in the final carbon-titanium oxide
Fig. 5. Raman spectrum of composite CTi40.

composites. Nevertheless, only anatase phase was  observed, and
only at significantly high TiO2 content. These results point out that
the TiO2 phase is well dispersed on the carbon matrix (as is also
observed by SEM/EDX mapping), and that the interaction between
both phases prevents the sintering of TiO2 nanoparticles and sta-
bilizes the anatase polymorph in the carbon/TiO2 range studied,
even at high carbonization temperature. However, when TiO2 is
deposited on the organic xerogel microspheres the contact, and
consequently the interactions between both phases are smaller.
Thus, the influence of the carbon phase on the TiO2 properties is also
smaller; larger anatase crystals, and even an incipient rutile forma-
tion, can be described from the CTi30s2h pattern, in comparison
with the similar CTi30 composite.

The Raman spectroscopy was  used to complement the crystal-
lographic characterization of TiO2 in the composites. The Raman
spectrum of sample CTi40 is shown in Fig. 5. Four bands were
observed. The more intense bands, located at 1582 and 1336 cm−1

correspond to the characteristics G and D of carbon materials [42].
The similar intensity of these bands (ID/IG = 1.02) denotes the poor
ordering (graphitization) of the carbon component. Two additional
small bands are observed at 622 and 390 cm−1 associated in this
case to the TiO2 component. According to factor group analysis,
six Raman transitions (1A , 2B and 3Eg) are allowed for anatase

phase with bands located at 144, 197, 399, 513 and 639 cm−1.
In the case of rutile, five Raman active modes (B1g, multi-proton
process, Eg, A1g, B2g) located at 144, 446, 612 and 827 cm−1, are
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Fig. 6. XPS spectra of TiO2-Carbon

escribed [43,44]. Because bands in the CTi40 spectrum are shifted
o lower frequencies regarding typical values (the carbon D-band
ppears at 1350 cm−1, and the anatase peaks Eg (635 cm−1) and B1g
399 cm−1)) we can conclude that the bands observed at 622 and
90 cm−1 correspond to the anatase phase. The results of Raman
pectroscopy and XRD do not provide evidences of rutile forma-
ion on CTi40. Taking into account that the carbon phase produces

 delay in the anatase-rutile transformation, it is assumed a lower
xtent of this process in composites with smaller TiO2 contents.

The surface chemistry of samples was analysed by XPS. Results
re collected in Table 2 and Fig. 6. The deconvolution of Ti2p spec-
ral region of TiO2 and P25 samples presents only one component at
inding energy BE = 459.2 eV, corresponding to Ti+4, in agreement
o the BE values previously published [45]. However, in the case
f composite samples two peaks were needed to fit this spectral
egion. The first one, at 459.2 eV, corresponds to Ti4+ as is previ-
usly described and the peak at 458.3 eV was assigned to Ti3+ [46].
his fact is due to the reducing character of the organic phase, but
t is noteworthy that a similar Ti+4 reduction degree (at around
5%) is obtained for CTiX samples during carbonization indepen-
ently of the TiO2 content. This result points out again the uniform
istribution of TiO2 on the carbon phase when carbon/TiO2 com-
osites are prepared. However, the reduction degree significantly
ecreases for sample CTi30s2h (until 41%), as consequence of the
orse contact between both phases and the larger TiO2 crystal size

f the coating, as previously discussed.

Two components, at 530.8 and 532.2 eV, were used to fit the O1s

pectral region of TiO2 and P25 samples. The first one, and major
omponent of O1s spectral region, corresponds to the ‘bulk’ oxygen
tom in the stoichiometric TiO2 form, while the high BE compo-
BE (eV)

osites, a) Ti2p and b) O1s regions.

nent correspond to oxygen-containing surface functional groups,
mainly hydroxyl (−OH) groups were described [47,48]. However,
four components were used to fit the O1s spectral region of com-
posites samples, due to the formation of different Ti-species and the
oxygen linked to the carbon phase. Thus, as previously, the com-
ponent at 530.2 eV corresponds to oxygen bonded to Ti+4 while
oxygen bonded to Ti+3 appears at 531.3 eV [40]. On  the other hand,
the peaks at 532.6 and 533.9 eV correspond to the oxygenated sur-
face groups of the carbon phase, assigned respectively to C O and
C O bonds. These two last peaks are predominant in the compos-
ites with low TiO2 content. In the case of composites with higher
TiO2 content, the main components of the O1s spectra are those cor-
responding to oxygen bonded to Ti4+ and Ti3+ species (see the deep
change of their O profiles, Fig. 6). It is noteworthy that oxygenated
surface groups of carbon materials can contribute to the dispersion
and anchoring of TiO2 nanoparticles to the carbon surface, as have
been recently pointed out [49]. Note also that Ti and O peaks appear
in the composites at BE around 0.7 eV higher than those detected
for pure titania; this poorest electronic environment can be due to
the ability of the carbon phase to accommodate electrons from the
inorganic phase.

The electronic characteristics of samples were studied by diffuse
reflectance analysis (Fig. 7) and band gap (Eg) of samples were cal-
culated using a modified Kubelka–Munk theory [34]. Theoretical
and calculations details were recently published [35]. The calcu-
lated band gaps for pure P25, TiO2, CTi30s2h and CTi30 samples

were 3.5 eV, 3.6 eV, 2.6 and 2.8 eV, respectively. P25 have a slightly
lower band gap than TiO2 due to the presence of 25% of rutile phase
which it is well known presents a lower band gap energy [50]. The
small TiO2 particle size of TiC30 and the incipient rutile formation
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Table 2
XPS results of composite samples: the surface titanium content, binding energy and percentage of the components used to fit the Ti2p, O1s and C1s spectral regions of CTiX
composites.

Sample BE (eV) C1s Peak % BE (eV) Ti2p Peak % BE (eV) O1s Peak % CXPS %Wt  OXPS %Wt  TiXPS %Wt  O/Ti

TiO2 – – 459.5 100 530.8 92 – 41.4 58.6 2.1
532.2 8

P25  – – 459.5 100 530.7 92 – 45.4 54.6 2.5
532.2 8

CTi10 284.6 67 458.3 54 530.4 4 93.3 2.4 0.2 15.5
285.5 16 459.2 46 531.3 2
286.6 7 532.5 53
287.5 3 533.9 41
289.2 5
290.8 2

CTi20 284.6 73 458.2 59 530.0 23 94.6 4.0 1.4 8.5
285.6 14 459.0 41 531.3 12
286.6 5 532.6 36
287.5 2 533.9 29
289.2 3
290.6 2

CTi30 284.6 71 458.3 54 530.1 62 82.7 6.9 10.5 2.0
285.6 14 459.1 46 531.3 14
286.6 6 532.7 16
287.7 3 533.9 7
289.2 4
291.0 2

CTi30s2h 284.6 70 458.7 41 530.3 59 72.0 13.3 14.7 2.7
285.7 16 459.2 59 531.1 20
286.8 5 532.5 16
287.9 4 533.8 5
289.4 3
291.0 2

CTi40 284.6 70 458.3 55 530.2 67 73.3 11.8 15.0 2.4
285.5 14 459.2 45 531.1 22
287.0 7 532.2 6
288.6 4 533.0
289.9 3
291.1 2
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last one induced by the carbon phase.
Changing the composition of the composite not only the pore
ig. 7. Diffuse reflectance spectra of P25 (�), TiO2 (�), CTi30s2h (�) and CTi30 (�).

n TiC30s2h can contribute to the small differences observed. Also
ote that CTiX samples show smaller band gap as compared with
oth pure TiO2. These Eg values obtained from diffuse reflectance
pectra results indicate that the performance of CTiX samples under
isible radiation can be enhanced regarding pure TiO2 phases. This
edshift in CTiX samples band gap could be due to the quantum
onfinement experienced by the well dispersed TiO2 on the carbon
atrix [51]. Also, the presence of oxygen vacancies and/or partially

educed Ti sites detected by XPS act as new states localized in the

and gap which could narrow the Eg and confer significant visible

ight absorbance to TiO2. These results are in agreement with those
 5

recently published based on CNT-TiO2 photocatalytic system used
for water splitting [52].

3.1. Adsorption equilibrium studies

Orange G adsorption isotherms on CTiX composites are depicted
in Fig. 8a. These isotherms were modeled using both Freundlich and
Langmuir equations. The results obtained are given in Table 3. The
maximum adsorption capacity (qm) of the composite increased in
the order CTi10 < CTi20 < CTi30 < CTi40 (Table 3). These results point
out an extended monolayer with increasing the titania content,
which is related to the textural characteristics of the composites
(Table 1). However, it is noteworthy that the adsorption capacity is
not related with the micropore volume (in fact, qm increases when
W0 decreases), but with the mesopore one, denoting several diffu-
sion restrictions of OG into the narrowest porosity. Fig. 8b shows the
maximum adsorption capacity (qm) as a function of the adsorbents
mesopore volume. A linear relationship is observed between both
parameters, which denote a preferential adsorption of Orange G
on the mesoporosity. Due to the kinetic size of Orange G (x = 5.44 A,
Y = 10.14 A and Z = 15.67A) [53] and the micropore size on CTiX sam-
ples (maximum L0 = 12.1 A for CTi40), micropores do not play an
important contribution in the Orange G adsorption. In fact, sam-
ples with similar Vmeso, P25 and CTi30s2h, have similar Orange G
adsorption capacity instead the higher micropores volume of the
size distribution changes but also, the nature of the surface. The
heterogeneity of the surface is tentatively discussed on the basis of



E. Bailón-García et al. / Applied Catalysis B: Environmental 201 (2017) 29–40 37

0

90

180

0 35 70
Ce (mg/L)

q 
(m

g/
g)

0

80

160

0 0.25 0.5

Vmes o (cm3/g)

qm
 (m

g/
g)

A B
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Table 3
Results of application of the Langmuir equation to the adsorption isotherm of Orange G on pure oxides and CTiX composites at 298 K.

P25 C100 CTi10 CTi20 CTi30 CTi30s2h CTi40

Langmuir isotherm
qm, (mg/g) 3.83 9.28 18.64 35.53 94.72 11.40 157.27
KL, (L/mg) 0.14 0.08 0.11 0.30 0.71 0.36 2.39
R2 0.975 0.987 0.989 0.982 0.992 0.995 0.999

Freundlich isotherm

t
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KF 0.75 1.25 3.46 

n  2.39 2.01 2.39 

R2 0.871 0.989 0.988 

he Freundlich results, because in this model many types of sites,
ith different affinity by the adsorbate (OG), are simultaneously
orking. This is related with the Freundlich exponent n, in such a
anner that when n = 1 the adsorption isotherm is lineal in the con-

entration range and the adsorption energy constant. The isotherm
urvature is therefore consequence of the saturation of similar sites,
nd the Langmuir model can be then more appropriate. In fact,
he linear regression coefficient values show that, in general, the
angmuir equation fitted much better the experimental data than
reundlich equation. In the case of the Langmuir model, the adsorp-
ion equilibrium constant KL can be also related with the adsorption
inding energy. Thus, after guarantying the accessibility of differ-
nt molecules to the adsorption sites, KL increases with the affinity
or the adsorbate. It is noteworthy that the Freundlich exponent n
lso increases linearly with the TiO2 content (R2 = 0.9), indicating, as
ommented from the characterization results, a high homogeneity
f the TiO2 nanoparticles distribution and nature. Also KL increases
n the same sense, but in this case a deep increase is observed in
he case of CTi40, which can be related also with a more opened

icroporosity (Table 1).

.1.1. Photocatalytic activity
The photocatalytic activity of CTiX composites was  evaluated

owards the degradation of the same industrial textile dye, namely
range G (OG), under a low power (14 W)  artificial visible light.
amples were previously saturated with OG, according the previ-
us results, in order to avoid adsorption interferences. Both pure
hases, P25 and C100 were also used as reference materials. Fig. 9a
hows the removal of OG as a function of the irradiation time. As
t can be seen, no degradation is obtained without using catalyst

photolysis) as well as using the carbon xerogel (C100). An increase
n the OG degradation is observed increasing the amount of TiO2
n the composite, being the OG removed 37, 62, 79, 90% at 400 min
f reaction for CTi10, CTi20, CTi30 and CTi40, respectively. Thus,
17.92 48.94 3.61 115.10
6.70 6.48 2.93 9.98
0.977 0.990 0.907 0.962

it was  found that among the synthesized catalysts, CTi40 decol-
orized the dye to the largest extent. Only the composite with the
smaller TiO2 content (CTi10) showed a worse performance than
commercial P25, which only reach a 43% of removal after 400 min
of reaction. Due to the samples were previously saturated in dark,
this increased performance is not related with a higher adsorption
capacity.

CTiX composites are more efficient than the pure TiO2 samples.
These data show that there is a very high synergic effect between
carbon xerogel and TiO2 improving the photoactivity of the pure
samples and, what is more important, turning them into active cat-
alysts under visible light even instead the low lamp power (14 W).
These results can be related with the band gap of each sample. Con-
sidering the emission spectrum of the visible lamp used (Fig. 9b) it
can be observed that around 2% of the emitted radiation has a higher
energy than the P25 band gap, allowing some photocatalytic effect
of this sample on the OG degradation. Due to the lowest band gap
of CTiX materials, the higher photocatalytic activity of these mate-
rials on the visible range can be also related with its higher visible
absorption capacity.

The band gap decrease in CTiX materials could be related with
the presence of the oxygen vacancies shown by XPS. Oxygen vacan-
cies have important impacts on the electronic properties of TiO2
leading to a shifting of the band gap to lower energy range. In this
sense, Nakamura et al. [54] ascribed the appearance of the visi-
ble light activity in plasma-treated TiO2 photocatalyst to the newly
formed oxygen vacancy state between the valence and the conduc-
tion bands in the TiO2 band structure. The oxygen vacancy states
in anatase TiO2 were determined to be located 2.02–2.45 eV above
the valence band. Similar results were observed by Yan et al. [55].

These authors describe the formation of vacancies in both anatase
or rutile phases by annealing the samples at different temperatures
and found a direct correlation between the photocatalytic activ-
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Fig. 9. Left: Kinetic of Orange G photocatalytic degradation and Right: lamp emission spectrum. C100 (♦), CTi10 (�), photolysis (+), P25 (�), CTi20 (�), CTi30 (�) and CTi40
(�).
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Fig. 10. a) % OG removed at 90 min  as a function of% TiO2 in the composite

ty and the defect density. Oxygen vacancy clusters enhance the
ctivity for the photooxidation of �-phenethyl alcohol.

Nevertheless, additional factors could contribute to this
nhanced behaviour. As showed by SEM or XRD, TiO2 is well dis-
ersed onto carbon matrix. Due to this good dispersion and contact
etween the carbon matrix and TiO2 nanoparticles, the flow of elec-
rons amidst the carbon matrix and conduction band of TiO2 is
ncreased (as is detoned by BE values in XPS). This synergistic effect
etween these components effectively reduces the recombination
f electron-holes leading to the increased charge carrier separation
ith a significant increase of the photoactivity.

When compare the performance of CTiX catalysts, a linear cor-
elation between the TiO2 content and the reached OG degradation
s obtained (Fig. 10a). This fact confirms again the homogeneous
istribution of TiO2 nanoparticles along the carbon matrix in all
he samples, and the homogenous surface chemistry of these
anoparticles. Nevertheless, when compare the performance of
Ti30s2h and CTi30 samples (Fig. 10b), both with a similar TiO2
ontent, a best behaviour is observed for CTi30s2h in spite of
he smaller TiO2 reduction degree (Table 2) and the larger crys-
al size in this case. However, the photocatalytic performance is
avoured by the higher TiO2 content on surface (Table 2) also

nduced by the preparation method. In the case of CTi30 sam-
le some TiO2 particles could be embedded on carbon matrix
nd not be accessible to OG degradation. Additionally, this sam-
Time (min)

b) kinetic of OG photocatalytic degradation of CTi30 (�) and CTi30s2h (�).

ple presents an incipient rutile formation. As it is well known,
anatase is more active than rutile instead its higher band gap (3.2
vs 3.0 eV for anatase and rutile, respectively). Preferential diffu-
sion of excitons along certain crystallographic directions has been
proposed to be important to explain surface orientation depen-
dencies in their oxidation/reduction behaviour [56]. However, a
mixture of anatase-rutile (as in the case of P25) makes better pho-
tocatalyst than pure anatase. Such a mixture of phases seem to
effectively transfer photo-excited electrons from the conduction
band of anatase to that of rutile, favouring electron-hole separa-
tion and enhancing the visible light photocatalytic activity [57].
Thus, the partial anatase − rutile transformation can also favour
the photocatalytic activity of CTi30s2h sample.

Finally, we must consider not only the OG degradation obtain-
ing a colourless solution, but also the total pollutant mineralization
degree to CO2 avoiding the formation of intermediate oxidation
compounds and the toxicity of this solution. The total organic car-
bon (TOC) concentration was measured and compared with the
TOC calculated according the OG concentration determined by UV
at each reaction time (Fig. 11). As observed, although decolouriza-
tion is initially faster, after around 180 min  of reaction both TOC
and decolourization present similar values, indicating that Orange

G is completely mineralized. Also, toxicity showed the same ten-
dency. This fact indicates that photodegradation of Orange G is
complete to CO2, progressively reducing the toxicity of the treated
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ater. Toxicity was determined according to the inhibition of Vibrio
ischeri bacteria degree, as described in the experimental section.
fter 400 min  of reaction, the toxicity (I15) of the solution treated
ith CTi40 is close to zero, while is significantly high for the solu-

ion treated with P25. As consequence, it is important remark that
TiX composites are new advanced materials which not only permit
he change of UV radiation by visible light during photo-catalytic
eactions but, more importantly, are able to mineralize completely
he dye avoiding the formation intermediate pollutant products, in
uch a manner that the toxicity of water is also removed.

In industrial applications, the separation and recovering of the
atalyst after the water treatment must be also considered. The
asy recuperation of the catalysts favours the catalyst reuse and
educes the separation costs. Thus, in some cases special properties
ike the magnetic behaviour is induced by doping with metal (Fe) to
avour the separation process [58]. In this case, the composite easily
recipitates by itself after turning off the stirring, making possible
n easy separation from the media after reaction, while commer-
ial P25 remain in suspension needing an additional centrifugation
rocess (Fig. 12).
: Environmental 201 (2017) 29–40 39

4. Conclusions

Carbon xerogel-TiO2 composites (CTiX) were successfully syn-
thesized by sol-gel techniques. Composites present a homogeneous
and three-dimensional mesoporous structure, where both phases
are also homogenously and intimately distributed. This procedure
can be fitted to obtain TiO2 coating the carbon phase structured
microspheres, obtaining microporous materials. Due to the interac-
tions between both phases all composites present a high dispersion
of anatase TiO2 nanoparticles on the carbon support in spite that
samples are carbonized a 900 ◦C. These nanoparticles are partially
reduced, with an oxygen surface distribution highly dependent
on the TiO2 content. However, the smaller contact between both
phases in coated carbon particles favours the crystallinity of anatase
and the incipient transformation to rutile. This interaction also pro-
voke that the band gaps of the CTiX samples are lower than 2.8 eV,
making then excellent photocatalyts under visible light. An indus-
trial textile dye, Orange G, was  selected as target molecule. The
OG adsorption is controlled by the mesopore volume, and con-
sequently favoured on CTiX regarding coated samples. CTiX also
showed a high efficiency in the OG photodegradation under visi-
ble light due to the synergetic effect between organic and inorganic
phases, being more effective than commercial samples of pure TiO2.
This better behaviour could be related with different properties of
the composites: i) the organic matrix favour the titania reduction
during carbonization. Oxygen vacancies plays an important role
on the catalytic performance, producing new hybrid states in the
band gap, which narrows the band gap and confer significant visible
light absorbance, ii) carbon phase favour the electron transfer from
TiO2 nanoparticles, reducing the charge carriers recombination, iii)
carbon phase avoid the sintering of titania nanoparticles and the
transformation to the less active rutile phase. In these small TiO2
nanoparticles, the distance that the photogenerated electrons and
holes need to travel to surface reaction sites is reduced, thereby
reducing also the recombination probability. TiO2-coated photo-
catalyst present even an improved performance, favoured by the
greater accessibility of pollutant to the TiO2 active centers, and an
additional synergetic effect between rutile-anatase phases.
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