
G
r

G
V
a

V
b

c

d

e

a

A
R
R
A

K
P
P
G
4

1

o
t
a
l
s
t
i
b
l
w
r
o
r
w
t

a

1
d

Chemical Engineering Journal 155 (2009) 339–346

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

raphite-supported TiO2 for 4-nitrophenol degradation in a photoelectrocatalytic
eactor

iovanni Palmisano a,b,c,∗, Vittorio Loddo a, Hossam Hamed El Nazer a,d, Sedat Yurdakal a,e,
incenzo Augugliaro a,∗∗, Rosaria Ciriminna b, Mario Pagliaro b

“Schiavello-Grillone” Photocatalysis Group, Dipartimento di Ingegneria Chimica dei Processi e dei Materiali, Università degli Studi di Palermo,
iale delle Scienze, 90128, Palermo, Italy
Istituto per lo Studio dei Materiali Nanostrutturati, CNR, Via Ugo La Malfa 153, 90146, Palermo, Italy
Dipartimento di Ingegneria Elettronica, Università degli Studi di Roma “Tor Vergata”, Via del Politecnico, 1, 00133, Roma, Italy
Photochemistry Department, National Research Centre, Al-Behoos St. (El-Tahrir street), 12622 Dokki-Cairo, Egypt
Kimya Bölümü, Fen Fakültesi, Anadolu Üniversitesi, Yunus Emre Kampüsü, 26470 Eskişehir, Turkey
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a b s t r a c t

Amorphous TiO2, prepared at room temperature through a sol–gel method implementing hydrolysis of
TiCl4, has been supported on graphite rods and then annealed at 673 K. In this way graphite was completely
covered by a porous anatase TiO2 layer, with an external thickness of about 1 �m, with graphite pores
completely filled by the semiconductor particles. The obtained electrode was structurally characterized
eywords:
hotoeletrocatalytic degradation
hotoelectrocatalytic reactor
raphite-supported TiO2

-Nitrophenol oxidation

by SEM microscopy coupled to EDAX mapping and by Raman spectroscopy. A Pyrex annular reactor
was designed in order to test the prepared electrodes for the photoelectrocatalytic degradation of 4-
nitrophenol, a target pollutant dissolved in aqueous conductive solution. The continuous reactor worked
in total recirculation mode and the degradation runs were carried out by applying near UV-light, bias or
both energy sources. The influence of flow rate, initial 4-nitrophenol concentration and applied potential

as st
on the degradation rate w

. Introduction

The efficiency of heterogeneous photocatalytic processes carried
ut through semiconductor oxides is measured through the quan-
um yield which is defined as the number of molecules reacting per
bsorbed photons. It is very difficult to measure the actual absorbed
ight in heterogeneous systems due to scattering of light by the
emiconductor particles. The common approach is to assume that
he entire incident light is absorbed and in this case the efficiency
s quoted as an apparent quantum yield. The charge recombination
etween the photogenerated electrons and holes is the main factor

owering the quantum yields of the reactions. In fact, in competition
ith charge transfer to adsorbed species, there is the electron–hole

ecombination [1–4], that can occur in the bulk or on the surface

f the semiconductor particle with the release of heat. Without
ecombination the quantum yield of the photocatalytic process
ould assume the ideal value of 1. In this case the rate of charge

ransfer would be dependent on the diffusion of charge carriers

∗ Corresponding author. Tel.: +39 091 23863720; fax: +39 091 7025020.
∗∗ Corresponding author.
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© 2009 Elsevier B.V. All rights reserved.

to the surface in the absence of excess surface charge. This case is
an idealization; in a real system recombination does occur and the
concentration of electrons and holes at the surface is not equal.

Electron and hole recombination is eventually detrimental to
the efficiency of a semiconductor photocatalyst so that many efforts
have been made for its enhancement such as by means of doping
with metal, non metal and ions. The efficiency of photocatalytic
processes may be improved by electrochemical means [5–17]. This
technique combines UV illumination with the application of a
controlled potential through a supported catalyst, resulting in a
decrease in the recombination rate of photogenerated electrons and
holes. In fact under the applied external anodic bias the photogen-
erated electrons are quickly driven to the counter electrode through
external circuit whereas the photogenerated holes react with sur-
face hydroxyls or adsorbed water to generate some reactive species,
such as •OH; by forcing the photogenerated electrons and holes in
different directions, the charge recombination is reduced to a large
extent.

The combination of heterogeneous photocatalysis with exter-

nal electric field appears to be one of the most promising ways
for improving the performances of photocatalytic oxidations. This
improvement is strictly related to the determination of the opti-
mum value of applied voltage for which the oxidation process
exhibits the highest performance at the lowest cost.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gpalmisano@dicpm.unipa.it
mailto:augugliaro@dicpm.unipa.it
dx.doi.org/10.1016/j.cej.2009.07.002
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Slurry photoelectrocatalytic reactors have been tested and the
nfluence of cell voltage, treatment time, oxygen concentration,
H value, catalyst amount and the conductivity of solution on the
rocess were investigated [11]. Film photoanodes have been also
repared and tested. The photoelectrocatalytic oxidation of aniline
as performed both in single and double compartment photoreac-

ors by using TiO2 film photoanodes prepared by direct oxidation
f titanium sheets in furnace under an atmosphere of air [18].
he kinetics and mechanism of photoelectrocatalytic oxidation of
itrite ion by using the rutile form of a TiO2/Ti photoelectrode with
igh electric field enhancement were also investigated [19].

Solar photoelectrochemical reactors have been also developed
20]. Large reactors of various sizes were employed containing
ylindrical photoanodes surrounding the counter electrode com-
artment; the electrodes were placed inside the glass tubes of
ither compound parabolic or parabolic trough collectors. In par-
icular the degradation of model pollutants at various solar light
ntensities has been performed. Ti/TiO2 photoanodes have been
repared from large cylindrical Ti metal foils. A thin (100 nm)
iO2 film was deposited on these cylindrical Ti sheets by dipping
hem into a methanol colloidal suspension containing TiO2 particles
20 nm in size) [14].

This paper reports the results of an investigation devoted to the
reparation and characterization of TiO2-coated graphite rods, used
s photoanodes for the oxidation of 4-nitrophenol (4-NP) in a con-
inuous reactor. During industrial manufacturing and processing
uge amounts of different organic substances, including nitrophe-
olic compounds, enter the environment. An important member of
his group is 4-NP, which is applied in agriculture, dyes/pigments,
ngineering polymers, and pharmaceuticals [21]. Owing to its sig-
ificant solubility in water, 4-NP breaks down readily in surface
aters, but it takes a long time to degrade in deep soil and ground
ater, being toxic to plant, animal and human health. In view of its

oxic effects, efforts have been made to remove it from wastewater.
he 4-NP photocatalytic degradation in aqueous TiO2 suspensions
as been widely studied [22–24]; the main reaction intermediates
ave been identified [25] and the possible reaction pathways have
een also investigated [26]. From the observed formation of hydrox-
nitrobenzene isomers there is a general agreement that the major
eaction pathway in the 4-NP photocatalytic degradation involves
he hydroxyl radicals generated onto the catalyst surface by irradi-
tion.

Electrocatalytic systems have been tested for 4-NP degrada-
ion [27,28]; the main intermediates detected were 4-nitrocatechol,
-hydroxy-benzoquinone, hydroquinone and benzoquinone. It is
enerally accepted that, when the current is switched on, numer-
us hydroxyl radicals are formed. These hydroxyl radicals react with
-NP mainly through electrophilic addition with the C–C double
onds of the benzene ring to form initially substituted aromatic
roducts.

Photoelectrocatalytic degradation of 4-NP [29,30] has been per-
ormed in batch cell and investigated from kinetic and mechanistic
oints of view. The use of hydrodynamic differential pulse voltam-
etry technique [31] to a TiO2 rotating disk electrode allowed to

etermine that hydroquinone, the main electroactive intermedi-
te product of 4-NP degradation, was produced through the direct
eaction between the highly powerful oxidant •OH radical and 4-NP.
herefore it is accepted that the degradation mechanism of 4-NP by
hotoelectrocatalytic oxidation over TiO2 involves the generation
nd reaction with •OH radicals as in the photocatalytic processes.
he applied cell voltage accelerates the degradation of 4-NP by

educing the electron–hole recombination but it does not change
he degradation mechanism of 4-NP.

In the present investigation the degradation tests of 4-NP aque-
us solutions were carried out by using a continuous annular
hotoelectrocatalytic reactor with total recirculation of reacting
ing Journal 155 (2009) 339–346

electrolyte solution. The photoanodes were home prepared by sup-
porting TiO2 onto graphite rods. Graphite was selected as support
anode due to its low cost and high conductivity, in contrast with the
common approach making use of titanium. The obtained electrode
was analysed by means of SEM coupled to EDAX mapping, in order
to study the electrode surface morphology and the cross-sectional
distribution of TiO2. Raman spectroscopy has been used in order to
investigate TiO2 crystallinity.

2. Experimental

2.1. Reactor

The set up used for all the reactivity runs is reported in Fig. 1;
it consisted of a photoelectrocatalytic reactor (PECR) in a recircu-
lation loop with a well stirred tank (ST) in which the oxygenation
of electrolyte solution was carried out by a continuous bubbling
of pure oxygen. The Pyrex annular PECR (outer diameter: 7.0 cm;
annulus gap: 1.5 cm and height: 10.0 cm) was specifically designed
and constructed; its scheme is reported in Fig. 2. Graphite rods (pur-
chased from Sigma–Aldrich: diameter: 3 mm; length: 15 cm) played
the role of anodes, whereas a gold sheet was the cathode. A 125 W
medium pressure Hg lamp (Helios Italquartz, Italy) was positioned
in the axis of the photoreactor; it was cooled by water circulating
through a Pyrex thimble. The radiation energy entering in the react-
ing volume from the inner surface of annulus had an average value
of 10 mW cm−2. It was measured by using a radiometer UVX Digi-
tal, at � = 360 nm. The six anodes were placed axially with respect
to the lamp whereas the golden sheet cathode covered all the inner
surface of the outer annulus tube for a height of 12 cm; in this way
the cathode also worked as a reflecting surfaces allowing the irra-
diation of the rear part of anodes. The total geometric surface of
anodes exposed to light was ca. 56 cm2.

Fig. 3 shows the Teflon support used to maintain at a fixed posi-
tion the upper part of anodes. Two series of holes are present: the
small internal ones provide the place for graphite rods, whereas
the bigger ones allow an easy circulation of electrolyte. The space
of the annulus between the cathode and the anodes was filled with
beads of 3 mm diameter, in order to minimize the residence time
of electrolyte inside the reactor; the beads were of Pyrex glass so
that they did not absorb any fraction of the UV-radiation enter-
ing the photoreactor. The total liquid hold up inside the reactor,
VPECR, was 130 mL. A peristaltic pump was used to feed the O2-
saturated aqueous solution to the bottom of the reactor at a constant
flow rate. A potentiostat (CHI630B Electrochemical Workstation, CH
Instruments) was connected to anodes and cathode.

2.2. Photoanode preparation and characterization

Graphite rods were purchased from Sigma–Aldrich; before sup-
porting TiO2, they were immersed in NaOH 10 M aqueous solution
for 30 min. Afterwards the rods were ultrasonicated in distilled
water for 1 h in order to clean them and to obtain a uniform surface;
the cleaning procedure was repeated three times.

Titanium tetrachloride (Fluka 98%) was used as starting material
for the preparation of TiO2 supported over graphite. TiCl4, without
any preliminary purification, was slowly added to distilled water
(volume ratio: 1:10) at room temperature. The hydrolysis reac-
tion was highly exothermic and produced a certain amount of HCl
fumes. After ca. 10 h of continuous stirring at room temperature,

a clear solution was obtained. The graphite rods were immersed
and kept inside the clear solution for 1 h. Thereafter the graphite
rods were dried at 343 K for ca. 20 min and then calcined in air
at 673 K for 3 h. This procedure, repeated 10 times, gave rise to
stable pure anatase films over graphite. The crystalline phase was
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Fig. 1. Set up of e

etected through Raman spectroscopy. A microprobe set-up (ISA-
obin-Yvon, model Labram), equipped with a CCD detector and a
e–Ne laser as excitation source (632.8 nm emission), was indeed
sed. SEM images, obtained using a microscope (Philips XL30 ESEM)
perating at 25 kV and coupled to EDAX analyses, were recorded
o monitor the surface morphology, and EDAX mapping was used
n order to determine the cross-sectional distribution of TiO2. The
amples to analyse rod cross-sectional surface were prepared by
reezing a graphite rod in liquid nitrogen and then breaking it
hrough brittle fractures.
.3. Reactivity runs procedure and analytical methods

The aqueous solution used to perform photo-, electro- and
hotoelectro-catalytic runs contained 4-NP (7.2 × 10−2 mM) and
a2SO4 (2 × 10−2 M) in order to ensure solution conductivity.

Fig. 2. Scheme of the photoelectrocatalytic reactor (PECR).
ental apparatus.

In some runs 4-NP initial concentration was moreover ranged
between ca. 2 × 10−2 and 1.5 × 10−1 mM in order to study the influ-
ence of substrate concentration on the reacting system. Positive
biases were applied, by using the functionalized graphite rods
always as anodes. Before all the runs, the whole aqueous solution
(total liquid volume, VT = 0.5 L) was put in the stirred tank (ST) and
O2-saturated by bubbling pure oxygen; this bubbling was main-
tained during all the reactivity runs, that lasted 6 h. After 30 min
bubbling and circulating the liquid in the reactor through a peri-
staltic pump, in order to saturate the suspension and to reach the
adsorption/desorption equilibrium, the reaction started by turn-
ing the lamp on and/or applying the bias. That time was taken as
the zero time of the run. Liquid samples were withdrawn at fixed

intervals of time at the inlet of reactor and analyzed by means of
a Beckman Coulter HPLC (System Gold 126 Solvent Module and
168 Diode Array Detector), equipped with a Luna 5 � phenyl–hexyl
column (250 mm long × 2 mm i.d.), using Sigma–Aldrich standards.

Fig. 3. Teflon support.
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etention times and UV spectra of the compounds were compared
ith those of standards. The eluent consisted of: 17.5% acetonitrile,

7.5% methanol, and 65% 40 mM KH2PO4 aqueous solution.
Since the main purpose of using the photoelectrocatalytic

ethod is that of checking the mineralization degree of the organic
ompound, the monitoring of the total organic carbon (TOC) con-
ent in the course of runs was also carried out (Shimadzu 5000). The
esults were completely unreliable as the graphite electrodes were
eleasing small amounts of carbon to the solution during the runs;
hese very small amounts were comparable to the 4-NP carbon con-
ent. Mineralization was however checked through the use of HPLC,
ble to check the presence/absence of peaks at any wavelength.

. Results and discussion

.1. Anodes characterization

As described in the Section 2, the covering procedure of graphite
ods was repeated 10 times, since depositing less layers of catalyst
ielded lower photocatalytic reactivity, indicating that not all the
od surface was indeed uniformly covered. The anodes showed to
e resistant to mechanical friction, stable in time (they have been
sed for ca. 6 months without any loss of activity), and the sup-
orted TiO2 did not leach significantly when the graphite rods were

mmersed in the aqueous reacting solution.

The Raman spectra, recorded by analyzing the anodes surface

nd reported in Fig. 4, clearly show that the only crystalline phase
resent is anatase, since all the four sharp peaks (at 145, 400,
20 and 644 cm−1) refer to that allotropic phase. The underly-

ng graphite did not affect the measurement at all. The annealing

Fig. 5. SEM images and digital photos (insets) of an

Fig. 6. Cross sectional SEM image (a) and the corresponding EDAX
Fig. 4. Raman spectrum of a TiO2-covered graphite rod.

temperature chose for the catalyst preparation (673 K) guaran-
tees the absence of rutile phase. Literature reports [32–34] that
pure anatase TiO2 nanoparticles, trapped in porous silica aerogels,
showed excellent photocatalytic performance being an order of
magnitude more active for trichloroethylene photooxidation and
six orders of magnitude greater for Bacillus subtilis cells inactiva-
tion than the commercial Degussa P25 TiO2. On the contrary the
rutile phase obtained at calcination temperatures beyond 873 K
deteriorated the activity of the photoelectrocatalytic degradation
of rhodamine B in water [35].
The surface of bare graphite rods, analyzed after the cleaning
treatments described in the experimental part, appears really rough
and irregular when observed by SEM microscopy (Fig. 5a). After
functionalisation with TiO2, however, the surface is very smooth
indicating indeed that the TiO2 sol precursor has filled all the

ode’s bare (a) and functionalised (b) surface.

mapping (b) of functionalised anode. Ti is yellow-coloured.
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uid volume. In the present case the VPECR/VT value is 0.26 and the
true kinetic constant is kT = kapp/0.26. On this basis the values of
kT are hereafter used for comparing the performances of different
reacting systems.
ig. 7. 4-NP concentration values versus the run time for (�) photocatalytic, (�)
lectrocatalytic and (�) photoelectrocatalytic representative runs.

raphite pores during the deposition of the first layers and then
ormed a uniform thin film above (Fig. 5b).

This feature was confirmed by analyzing the cross-sectional sur-
ace of the electrode by means of EDAX mapping. Fig. 6 shows a
epresentative SEM image and the corresponding EDAX mapping

ade in order to identify Ti distribution. It can be seen that TiO2
reatly enters the rod pores and that an external layer is however
ormed with a minimum average thickness of ca. 1 �m.

.2. Reactivity

The photo-, electro- and photoelectro-catalytic runs always
roduced the same stable intermediates of 4-NP degradation,

.e. hydroquinone and 4-nitrocathecol. The carbon mass balance,
arried out by taking into account the concentrations of 4-NP
nd stable intermediates, was satisfied for more than 97% thus
uggesting that 4-NP mineralization does not occur at the used
xperimental conditions.

Fig. 7 reports the experimental results of 4-NP concentration
alues (measured at the inlet of reactor) versus the run time for
hree typical photo-, electro- and photoelectro-catalytic runs. Even
f it is well recognized that the photoelectrocatalytic degradation
f organic pollutants follows pseudo-first-order kinetics [36], dif-
erent kinetics (zero and first order and Langmuir–Hinshelwood

odel) have been fitted to the data. Independently of the energy
ource, however, it was found that the 4-NP disappearance rate, (-
4-NP), is best described for all the runs by pseudo-first order kinetics
ith respect to 4-NP concentration:

−r4-NP) = −dC

dt
= kappC (1)

n which C is the 4-NP concentration at the inlet of reactor, t the
un time and kapp the apparent pseudo-first order rate constant.
he kapp kinetic constant, used in this paper to characterise the

bserved oxidation rates, is not a “constant” as it is affected by sev-
ral key factors such as 4-NP concentration, light intensity, total
rradiated area of TiO2 electrodes, voltage of applied electrical bias,
H condition, etc. Integration of Eq. (1) with the limit condition that
ing Journal 155 (2009) 339–346 343

C = C0 at t = 0 gives:

C = C0 exp(−kappt) (2)

By applying a least-squares best fitting procedure to the 4-NP
reactivity data, Eq. (2) allows to determine the best values of kapp.
In Fig. 7, the lines through the experimental data have been drawn
by using Eq. (2); it may be noticed that a very satisfactory fitting of
the model to the data occurs. For all the runs the fitting of data to
Eq. (2) gave determination coefficient (R2) values higher than 0.99
whereas for zero order kinetics the R2 values were in the 0.96–0.99
range.

The photoreacting system used in this work (see Fig. 1) is
composed by a PECR and a ST. The biased and/or irradiated
PECR determines the occurrence of 4-NP degradation whereas the
presence of a ST on the recycle loop determines that the 4-NP con-
centration at the PECR inlet is different from the outlet one. The
system is not at steady state so that the PECR inlet and outlet con-
centrations are varying with time. The dynamics of this system has
been discussed in detail by Wolfrum and Turchi [37] for a pho-
tocatalytic reaction whose kinetics obeys two limiting cases of the
Langmuir–Hinshelwood rate expression, i.e. the cases for which the
rate equation approaches zero order and first order. The authors
[37] demonstrate that, in both the cases, provided that the value of
the photoreactor residence time is small, the following relationship
holds:

dC

dt
=

[
VPR

VT

]
r(C) (3)

in which VPR is the liquid volume contained in the photoreactor, VT
the total liquid volume, C the inlet concentration to the photoreac-
tor and r(C) is the rate equation evaluated at the inlet concentration.
In other words, in a recycle system with low per-pass conversion
determined by low values of residence time for zero and first order
kinetics, the kapp values, determined by means of the measured val-
ues of concentration, are underestimated. The true values of kinetic
constant (kT) must be obtained by dividing the kapp ones by the ratio
of the liquid volume contained in the photoreactor to the total liq-
Fig. 8. Kinetic constant, kT, vs. liquid flow rate for 4-NP photocatalytic oxidation
(�), electrocatalytic oxidation with applied bias of 1 V (�) and photoelectrocatalytic
oxidation with applied bias of 1 V (�).
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established within the titania film, which produced the same effect
as band bending in single-crystal photoelectrodes [38]. As the pos-
itive potential increases, the resulting gradient separates holes and
electrons, decreasing their combination rate, increasing the pho-
tocurrent, and eventually accelerating the 4-NP degradation rate.
Fig. 9. Cyclic voltammetry in the a

.2.1. Influence of flow rate
Fig. 8 reports the kT values obtained from photo-, electro-, and

hotoelectro-catalytic runs carried out at different flow rates. In
he case of photocatalytic runs it can be seen that for flow rate val-
es higher than ca. 0.6 mL/s no significant difference in kT values

s observed, thus suggesting that for that limit flow rate the mass
ransfer resistance plays a negligible role on the process rate. The
ate limiting step hence can be assumed thus to be the substrate
xidation.

The electrocatalytic oxidation of 4-NP was carried out by select-
ng a bias value for which a degradation rate similar to the
hotocatalytic one was observed. The application of 1 V properly
atisfied this condition. The values of kT constant obtained with
lectrocatalytic runs also show that the limit flow rate is equal to
hat obtained from photocatalytic runs, i.e. ca. 0.6 mL/s.

Reactivity runs carried out with contemporary application of
ight and a 1 V bias showed that the limit flow rate was higher,
.e. ca. 1 mL/s. This finding can be explained by considering that
he TiO2 surface in the presence of irradiation and bias gets more
eactive and therefore the mass transfer resistance plays a role even
t higher flow rates.

By comparing the values of kT constant obtained from photo-
atalytic, electrocatalytic and photoelectrocatalytic experiments at
V bias, it can be seen that the disappearance rate of 4-NP is surely
igher when both energy sources are provided. The increase (from
a. 3 × 10−5 to 5 × 10−5 s−1) is about 50% with respect to both pho-
ocatalytic and electrocatalytic constants.

It must be reported that, if the photoelectrocatalytic process
s compared with that resulting from both the photocatalytic and
lectrocatalytic one, the performance of photoelectrocatalytic one
esults lesser than the sum of the two ones. The assumption under-
ying that way of comparison would be that the photocatalytic and
he electrocatalytic processes can occur in parallel on the TiO2 sur-
ace independently from the each other. In our opinion, however,
his assumption does not hold in our case owing to the fact that
hey operate with the same mechanism, as stressed by the find-
ng that the same intermediate products are generated by the three
rocesses. Even if it is not correct to invoke the presence of a syn-
rgetic effect in the photoelectrocatalytic process, in our opinion
he enhancement of 4-NP degradation by photocatalysis in com-
ination with an electrical field is determined by the fact that the
xternal electric field reduces the chances of the recombination of
he electron–hole pairs.
.2.2. Influence of electrode potential
The application of an anodic bias potential to a photoelectrode

rovides a potential gradient within the semiconductor film to
e (left) or presence (right) of light.

efficiently drive away the photogenerated holes and electrons at
opposite directions thus decreasing their recombination rate. In
general, the higher the applied bias potential the faster the reac-
tion is. Accordingly, the bias potential applied to the TiO2/graphite
electrode increases the number of holes available to initiate the
4-NP oxidation process.

To verify the importance of bias potential on 4-NP degradation,
experiments were carried out in 4-NP solutions under different
electrode potentials ranging from +1 V to +3 V. Fig. 9 reports the
cyclic voltammetries for TiO2/graphite photoelectrode in a 0.02 M
Na2SO4 solution in the absence or presence of irradiation. At 1 V the
current values are 6.7 × 10−2 A without irradiation and 8.1 × 10−2 A
with irradiation. The measured difference is clearly due to the light
effect.

At increasing positive potentials the 4-NP degradation rate
increases. The effect of applied cell voltage is shown in Fig. 10
which reports the kT values obtained at various biases by keep-
ing the flow rate constant at 3 mL/s; the kT value obtained from the
photocatalytic run without bias is also reported. When the applied
cell voltage increases from 2 to 3 V, the degradation rate con-
stants of 4-NP increase rapidly from ca. 3 × 10−5 to 19.5 × 10−5 s−1.
The degradation of 4-NP was noticeable by applying light and 3 V,
with a 4-NP conversion of 70% in 6.5 h of run. These results were
expected, since under the applied biases, a potential gradient is
Fig. 10. Kinetic constant, kT, vs. applied bias for photoelectrocatalytic oxidation. 4-
NP initial concentration, 7.2 × 10−2 mM; flow rate, 3 mL/s.
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ig. 11. Kinetic constant, kT, vs. initial 4-NP concentration. The empty symbol refers
o a run carried out by using air instead of pure oxygen.

oreover under higher applied cell voltages the external electric
eld could also improve the direct and/or indirect electro-oxidation
eactions at anodes.

.2.3. Influence of 4-NP concentration
Fig. 11 reports the kT values obtained in photoelectrocatalytic

uns (applied potential: +1 V) carried out for investigating the influ-
nce of the initial 4-NP concentration on its degradation. This Figure
lso reports the kT value obtained in a run carried out at equal reac-
ion conditions but by saturating the electrolyte solution with air
nstead that with pure oxygen. It may be noted that no appreciable
ifference in reactivity was found thus indicating that the oxygen
oncentration does not limit the reaction rate at the used experi-
ental conditions. The kT values of Fig. 11 indicate that the 4-NP

egradation rate decreases as the initial concentration increases. In
rder to explain this result, it is assumed that the rate-determining
tep of the 4-NP degradation process is the reaction of organic
olecules adsorbed upon the active sites of catalyst surface. These

ites are able to adsorb 4-NP and its degradation products. In this
ypothesis the reaction rate for the first order surface decompo-
ition of 4-NP may be written in terms of Langmuir–Hinshelwood
inetics as:

−r4-NP) = k′′�4-NP (4)

in which k′′ is the surface first order rate constant and �4-NP the
ractional coverage of the sites by 4-NP molecules. This variable can
e written in the following way:

4-NP = K4-NPC

1 + K4-NPC + ˙KICI
(5)

n which K4-NP and KI are equilibrium adsorption constants of 4-
P and the various intermediate products of 4-NP degradation.
q. (5), which contains several unknown factors, can be modified
y making the following simplifying assumption. Because of the
elationship between the adsorption coefficients of 4-NP with its
egradation products, it may be assumed that:

∑

4-NPC + KICI = KC0 (6)

here C0 is the initial concentration of 4-NP. This is equivalent
o assuming that: (i) the adsorption coefficients for the organic

olecules present in the reacting mixture are equal; and (ii) the [
Fig. 12. Linear form of Eq. (8).

4-NP degradation does not produce mineralization. By substituting
Eq. (6) into Eq. (5), the reaction rate equation becomes:

(−r4-NP) = k′′K
1 + KC0

C = kTC (7)

that is a first order kinetic equation with respect to 4-NP con-
centration. The linear form of kT is:

1
kT

= 1
k′′K

+ 1
k′′ C0 (8)

and Fig. 12 reports the 1/kT values versus the C0 ones. By
means of a least-squares best fitting procedure the values of
5.95 × 10−9 M×s−1 and 27.6 × 103 M−1 for k′′ and K, respectively,
have been determined.

4. Conclusion

In conclusion, the easy preparation of new graphite-supported
TiO2 electrodes has been reported. The deposited TiO2 formed a
stable layer and the electrodes were used for 6 months without
any drop in reaction rate. A photoelectrochemical reactor, axially
irradiated by a near-UV Hg lamp and connected to a potentiostat,
was assembled in order to test the prepared catalysts and the reac-
tivity tests indicated that the rods could work as photoanodes in
the photoelectrocatalytic oxidation of organic pollutants, such as
4-NP. Applying a small bias of few volts along with light increases
the 4-NP oxidation rate so that it may be concluded that 4-NP is
more efficiently removed from the wastewater by photoelectrocat-
alytic process than by individual utilization of either of two other
processes, photocatalytic or electrocatalytic.
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