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Abstract

Photocatalytic degradation of acetonitrile was carried out in both gas–solid and liquid–solid regimes using two commercial TiO2 catalysts
(Merck and Degussa P25). For the gas–solid regime, a continuous annular photoreactor was used. The influence on photodegrada
of the gas flow rate and concentrations of acetonitrile, oxygen, and water was investigated. Acetonitrile degradation products dete
gas phase included carbon dioxide and hydrogen cyanide. The same photoactivity was exhibited in the presence and in the absen
vapour. The liquid–solid regime used a batch photoreactor with an immersed lamp (the same as for the gas–solid regime). The oxidatio
detected in the solution were cyanide, cyanate, nitrite, nitrate, methanoate, and carbonate ions. The Langmuir–Hinshelwood kineti
the photoreactivity data obtained in both regimes and allowed us to determine the rate constant and equilibrium adsorption constant
adsorption constant and kinetic constant value were lower in the liquid–solid regime than in the gas–solid regime. The Merck catalyst h
values of these parameters for both regimes than the Degussa P25 catalyst. An evaluation of the possible competition between ace
water molecules for the surface sites of the photocatalyst (Ti4+ ions and hydroxyl groups) revealed that for high H2O/CH3CN ratios, as is typica
for the photo-oxidation process carried out in a liquid/solid regime, acetonitrile molecules were not able to provide a specific interaction
surface sites of TiO2, remaining dissolved in the interface water molecular layers. In contrast, for low H2O/CH3CN ratios, as is typical for the
photo-oxidation process carried out in a gas–solid regime, acetonitrile could win the competition with water for surface hydroxyls.
 2005 Elsevier Inc. All rights reserved.

Keywords: Acetonitrile degradation; Heterogeneous photocatalysis; TiO2; IR investigation
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1. Introduction

Among the advanced oxidation processes aimed at env
mental remediation, basic and applied research has bee
voted to heterogeneous photocatalysis, especially for the o
tion of organic pollutants in water or in air[1–3]. Acetonitrile is
an extremely stable and toxic molecule present in various
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and industrial wastewaters; air in contact with liquid acetonit
can be easily contaminated with acetonitrile vapour becaus
its low boiling temperature. It is widely used as an eluent
HPLC analyses and is commonly used in heterogeneous p
catalysis research as a solvent for molecules that are inso
in water. Apart from its environmental hazards, acetonitrile
a very interesting molecule for use in photo-oxidation stud
because it has alkyl and cyanide groups that may undergo
ferent oxidation routes.

Lichtin and Avudaithai[4] reported the feasibility of the
photocatalytic oxidation of acetonitrile in both liquid an
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vapour phases using near-UV irradiated TiO2 Degussa P25 an
O2. They found that acetonitrile was much more reactive in
gas phase than in the liquid phase. In a gas–solid regime,
found, along with CO2 and NO2, cyanogen [(CN)2], indicating
the formation of CN· radicals with subsequent dimerizatio
Zhuang et al.[5] performed FTIR investigation of acetonitri
photo-oxidation in a gas–solid system and found the oxida
products CO2, H2O, and CO3

2− on the catalyst surface, alon
with isocyanate as a partially oxidized species. They did not
serve hydrogen cyanide, probably because this compound
not present in adsorbed phase but was released to the gas
They claimed breakage of the acetonitrile C–C bond and
posed a reaction mechanism onto the catalyst surface in w
the principal products are CO2 and N2. Augugliaro et al.[6]
studied the kinetics of acetonitrile degradation in a gas–s
regime using two different continuous photoreactors to ch
whether the specific setup used for the reactivity experim
affected the photoprocess performance. They reported tha
Langmuir–Hinshelwood model adequately described the de
dation kinetics, and that the values of equilibrium adsorp
constants were independent of the used photoreactor, wh
the kinetic constant values depended on the radiation condi
of the photoreactor. Sunlight has been also used for carryin
the photocatalytic oxidation of acetonitrile in aqueous susp
sions of TiO2 Degussa P25[7]. For that system, the influenc
of a strong oxidant species (H2O2, S2O8

2−, ClO−) on acetoni-
trile abatement was also investigated. The acetonitrile oxida
ey
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products were isocyanate and/or cyanate ions, the presen
which was a strong clue to the formation of cyanide specie
the course of acetonitrile degradation.

The present paper deals with acetonitrile photodegrada
carried out in both gas–solid and liquid–solid regimes us
two commercial polycrystalline TiO2 catalysts (Merck and De
gussa P25). This investigation focused on studying the in
ence of the reaction medium (liquid or gaseous) on the
netics and mechanisms of acetonitrile oxidation. Toward
goal, the photoreactivity experiments were planned to ob
the values of the kinetic and equilibrium adsorption consta
involved in the acetonitrile degradation process. To obtain
formation about the reaction mechanism, the intermediate
final species appearing in the reaction environment during
photocatalytic process were identified and quantitatively de
mined. In addition, the competition in the dark between wa
and acetonitrile for TiO2 adsorbing sites was explored by
spectroscopy.

2. Experimental

2.1. Gas–solid regime

The reactivity runs were carried out using a continuous
nular Pyrex photoreactor (Fig. 1A). The vertically positioned
photoreactor was provided with inlet and outlet ports for
reacting mixture. TiO2 Merck (100% anatase; BET specific su
face area= ca. 10 m2 g−1) and TiO2 Degussa P25 (80% anata
Fig. 1. Photoreactors set-up: (A) Gas–solid system; (B) liquid–solid system.
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and 20% rutile; BET specific surface area= ca. 50 m2 g−1)
were used with no preliminary treatment. A thin layer of t
catalyst (1 g for both photocatalysts) covered the internal
of the outer tube of the annulus (6.5 cm i.d., 32.0 cm ta
In these conditions, the light transmitted by the TiO2 layer
was negligible, as checked with a radiometer (UVX Digita
A 500 W medium-pressure Hg lamp (Helios Italquartz, Ita
highest emission at 365 nm), equipped with a Pyrex wa
cooling thimble (5.4 cm o.d.), constituted the inner part of
annulus. The Pyrex thimble, which is completely blind to ra
ation with wavelength<300 nm, guaranteed that the radiati
inside the photoreactor would be absorbed only by the T2

catalyst.
The gas fed to the photoreactor consisted of oxygen, n

gen, acetonitrile, and water. Liquid acetonitrile and water w
added to the gas flow through an infusion pump (Orion S
pump M 361). The concentrations used were as follows:
tonitrile, 0.1–1.1 mM; oxygen, 4–40 mM; and water vapo
0.0–0.3 mM. A gas flow rate of 2.58 cm3 s−1 was used for mos
of the runs. The temperature of the system at steady-state
ditions was 303± 2 K.

The run procedure was the same through the study. Irra
tion was begun only after steady-state conditions were achi
in the system, that is, after about 1 h from the start of photor
tor feeding. The runs lasted 4.0 h, and the gas leaving the
toreactor was analysed periodically using an on-line gas c
matograph (Hewlett-Packard GC 6890 system) equipped w
methyl siloxane column (30 m× 320 µm× 0.25 µm; Hewlett-
Packard HP-1) and an FID detector, using grade helium
carrier. Gravimetric determination of the carbon dioxide p
duced was done for selected runs by bubbling the gas exitin
photoreactor in a saturated Ba(OH)2 aqueous solution; the to
tal amount of CO2 was determined as BaCO3. For each run, the
gas at the outlet of the photoreactor was bubbled in an aqu
solution of NaOH (0.1 M) to trap acetonitrile degradation pro
ucts. Quantitative determination of trapped cyanide ions
performed by an ion-sensitive electrode (Orion model 94-06
an expandable ion analyser (Orion EA 920) and that of ani
species (e.g., cyanate, nitrate and methanoate) was don
ing an ionic chromatograph system (Dionex DX 120) equip
with an Ion Pac AS14 4-mm column (250 mm long, Dione
Aqueous solution of NaHCO3 (8 mM) and Na2CO3 (1 mM)
were used as eluents at a flow rate of 1.67× 10−2 cm3 s−1.

At the end of each run, the used catalyst was scraped
the photoreactor wall and put in water for 1 h; the result
solution was analysed by ionic chromatography after separa
of the solid by filtration through a 0.45-µm cellulose acet
filter (HA, Millipore).

The ferrioxalate actinometric method[8] was used to mea
sure the photon flow emitted by the lamp. The used actinom
solution, which absorbs light wavelengths only in the 30
400 nm range, filled the photoreactor and was irradiated
20 s. The measurements were repeated several times, a
average value of 7.2 × 10−5 Einstein s−1 was determined. Al
of the reagents were of analytical grade (Aldrich).
ll
.

-

-
e
e
-

n-

a-
d
-

o-
-
a

a

e

us

s

c
us-

m

n

ic

r
an

2.2. Liquid–solid regime

A cylindrical Pyrex batch photoreactor containing 1.5 L
aqueous suspension (Fig. 1B) was used for the liquid–soli
regime. This photoreactor has ports in its upper section for
and outlet gases, for sampling, and for pH and temperature
surement. This photoreactor had the same irradiating appa
used in the gas–solid regime, that is, a 500 W medium-pres
Hg lamp (Helios Italquartz, Italy) equipped with a Pyrex wat
cooling thimble.

The same TiO2 catalysts used in the gas–solid regime w
used here as well. In all experiments, the amount of cata
was 0.4 g l−1. In this condition, the photon flow transmitted b
the suspension was negligible for both catalysts. The initial
tonitrile concentration was varied in the range 0.24–24 mM.
some photoreactivity runs, the starting solution contained o
cyanate ions, whose initial concentration varied in the ra
0.45–1.45 mM. The pH of the suspension was adjusted t
by adding NaOH. Pure oxygen or air was continuously bubb
into the suspension before and during the runs. The tem
ature inside the reactor during the runs was 300± 2 K. The
photoreactivity runs lasted 5 h; before the lamp was switc
on, the system was held at the imposed operative condition
0.5 h. Samples (5 mL) were withdrawn at fixed time interv
for analysis. The catalyst was immediately separated from
solution by filtration through a 0.45-µm cellulose acetate fi
(HA, Millipore).

The quantitative determination of CH3CN was routinely per-
formed with the same gas chromatograph, column, and
ditions used for the gas–solid experiments following this p
cedure: first, 1 mL of sample was placed in a vial, and t
the compounds present in the vapour phase were extracte
traction time, 5 min) using a 75-µm carboxen-PDMS SP
(Solid Phase Micro Extraction) fibre assembly (Supelco) wi
fibre holder for manual sampling. The holder was then pla
in the split/splitless injector of a gas chromatograph mainta
at 523 K. The oven temperature was 310 K for the first 3 m
and thereafter increased to 523 K at a ramp rate of 60 K mi−1.
The quantitative determination of ionic species was carried
as described for the gas–solid experiments. A 5000A Shima
total organic carbon analyser was used to determine the
purgeable organic carbon (NPOC) content of the samples.

2.3. IR measurements

TiO2 powder was pressed in the form of self-supporting p
lets (40 mg cm−2). The IR quartz cell, equipped with KBr win
dows, was connected to a conventional vacuum line (resi
pressure= 1.00× 10−6 Torr; 1 Torr= 133.33 Pa) allowing the
performance of all adsorption–desorption experiments in
CD3CN (99.8%, Aldrich) was used for the adsorption exp
iments instead of CH3CN, to keep bands due to Fermi res
nance from perturbing theν(CN) mode of the probe molecu
[9]. Acetonitrile and water were admitted onto the sample a
several freeze–pump–thaw cycles. FTIR spectra (4 cm−1 res-
olution) were recorded with a Bruker Vector 22 spectrome
equipped with a DTGS detector.



212 M. Addamo et al. / Journal of Catalysis 235 (2005) 209–220

est
use
ata
ese
-

as
ns-
n ra
r
sts
ys
t
nt

the
alu
e p

t
sta

by

tion
. I

s-
ost

gas
the

and
d in
toni-
the
d at

ure.
enti-
rile
h wet
ctiv-
ned
ns

the
oni-
ition
on-
not

his
bs in

rra-
ile
de-

ace-
. No
ing
ity).
3. Results

For both the gas–solid and liquid–solid regimes, blank t
were performed under the same experimental conditions
for the photoreactivity experiments but in the absence of c
lyst, oxygen, or light. No reactivity was observed in any of th
cases. The contemporary presence of O2, catalyst, and irradia
tion was needed for the acetonitrile degradation process.

3.1. Photoreactivity in the gas–solid regime

Preliminary photoreactivity tests were performed at incre
ing flow rate values, with the aim of minimising mass tra
port resistances on the photocatalytic process. The reactio
enhanced for flow rate by�1.1 cm3 s−1, whereas for highe
values it did not change significantly for either photocataly
These findings indicate that mass transfer resistance pla
important role for flow rates < 1.1 cm3 s−1. Based on this, i
was decided to carry out all of the photocatalytic experime
of acetonitrile degradation at a flow rate equal to 2.58 cm3 s−1.

The acetonitrile concentrations at the inlet and outlet of
photoreactor were measured. The knowledge of these v
allowed us to determine the acetonitrile disappearance rat
unit of catalyst surface area, (−rS), by applying the following
mass balance on the whole photoreactor:

(1)(−rS) = W

S
(CAN,I − CAN,O)

whereW is the volumetric gas flow rate,S is the total surface
area of catalyst, andCAN,I andCAN,O are the inlet and outle
acetonitrile molar concentrations, respectively, at steady-
conditions.

For both catalysts,Fig. 2a reports (−rS) data obtained from
runs in which the inlet acetonitrile concentration was varied
keeping the inlet oxygen concentration constant.Fig. 2b reports
(−rS) data obtained by varying the inlet oxygen concentra
while maintaining a constant inlet acetonitrile concentration
s
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can be observed that the (−rS) values increased with increa
ing inlet acetonitrile or oxygen concentration up to an alm
constant value.

For all runs, the degradation products revealed in the
phase were carbon dioxide and hydrogen cyanide, while
ionic species found in the alkaline trap were cyanide ions
traces of methanoate ions. The moles of cyanide ions foun
the alkaline trap were equal to the moles of degraded ace
trile. Traces of nitrate and methanoate ions were found in
aqueous solution in which the used catalysts were washe
the end of the photocatalytic run.

Some runs were carried out using a dry reacting mixt
The observed values of the reaction rate were almost id
cal to those obtained with a wet reacting mixture. Acetonit
degradation products were the same as those obtained wit
reacting mixtures. Both catalysts also exhibited constant a
ity for long runs (72 h); in these runs, the catalysts maintai
their initial white colour, indicating that no coloured poiso
accumulated on the irradiated surface.

3.2. Photoreactivity in the liquid–solid regime

Preliminary experiments were carried out to investigate
adsorption of acetonitrile onto the catalyst surface. Acet
trile concentration was measured before and after the add
of TiO2 powder to the aqueous solution. Even after long c
tact times (48 h), the acetonitrile concentration values were
significantly different than those of the starting solution. T
indicates that acetonitrile dissolved in water scarcely adsor
the dark on the TiO2 surface.

Fig. 3 reports acetonitrile concentration values versus i
diation time for runs carried out at different initial acetonitr
concentrations for both catalysts. Acetonitrile concentration
creased with increasing irradiation time, and the pattern of
tonitrile degradation was the same for both photocatalysts
significant differences in photoreactivity resulted from bubbl
air instead of oxygen (runs not reported for the sake of brev
ion equal
n equal
Fig. 2. (a) Specific reaction rate (−rS) versus average acetonitrile concentration for runs carried out in the gas–solid system. Oxygen initial concentrat
to 8 mM. (b) Specific reaction rate (−rS) versus inlet oxygen concentration for runs carried out in the gas–solid system. Acetonitrile initial concentratio
to 0.5 mM.
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Fig. 3. Acetonitrile concentration versus irradiation time for runs carried ou
the liquid–solid system.

The determination of NPOC concentration indicated that fo
runs, achieving complete mineralization required more tim
higher initial acetonitrile concentrations. Cyanate and carb
ate ions were found in significant amounts in the aqueous s
tion; small amounts of cyanide, nitrite, nitrate, and methano
ions were also detected. Both catalysts produced the sam
termediate species and final products of acetonitrile degr
tion. Figs. 4a and b report the concentration of N-contain
ionic species (cyanide, cyanate, nitrite and nitrate) and of
tonitrile versus the irradiation time for two representative ru
These figures also report the nitrogen molar balance achi
by adding the concentrations of all of the N-containing spe
quantitatively detected in the solution (acetonitrile, cyan
cyanate, nitrite, and nitrate). This balance satisfied the initia
trogen concentration for the duration of the run, indicating t
volatile nitrogen compounds were not formed in the cours
l
t
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e
in-
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-
.
d

s
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acetonitrile photodegradation. This behaviour was confirme
all of the runs carried out with both catalysts.

Some runs were devoted to investigating the photodegr
tion kinetics of cyanate ion at the same experimental condit
used for acetonitrile degradation. As was found with acet
trile, no significant difference of photoreactivity was observ
by bubbling air or pure oxygen into the suspension. The cya
oxidation products found in the solution were nitrate and c
bonate ions; only traces of nitrite were observed, and no
monia was detected.Fig. 5reports cyanate concentration valu
versus irradiation time for runs carried out using the two c
lysts at different initial cyanate concentrations.

3.3. FTIR studies

IR spectroscopic investigation of molecular events resul
from the adsorption of acetonitrile on the surface of the
TiO2 photocatalysts and subsequent UV irradiation in mo
conditions has been the object of previous studies[6,10]. The
results of these studies can be summarized as follows: (i) in
dark, on TiO2 Merck, acetonitrile is adsorbed as is, whereas
TiO2 P25, it is transformed by reaction with surface basic s
characteristic of this type of photocatalyst[11] into acetamide-
like species that are highly resistant to photodegradation,
then subtract a part of the surface sites to the photocata
process; and (ii) the photodegradation of acetonitrile actu
involves adsorbed species, likely occurring at a higher rate
molecules adsorbed on Ti4+ ions than those adsorbed on s
face hydroxyls.

The kinetic results presented in this work, indicating tha
a gas–solid regime the presence of water in the feed (up to
molar ratio with respect to acetonitrile) does not significan
affect the photoconversion rate of acetonitrile, whereas su
rate is significantly lower in a liquid–solid regime, stimulated
to use IR spectroscopy of adsorbed species to investigate p
ble competition (in the absence of UV light) between aceto
trile and water molecules at the surface of TiO2. The study was
ta

Fig. 4. Concentrations of acetonitrile, cyanide, cyanate, nitrate, total nitrogen containing intermediates and products and nitrogen balance versus irradiation time for
a selected run carried out in liquid–solid system by bubbling pure oxygen. Photocatalysts: (a) TiO2 P25 Degussa; (b) TiO2 Merck. The lines drawn through the da
represent the kinetic model [Eqs.(26) and (28)].
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Fig. 5. Concentrations of cyanate versus irradiation time for runs carried
in liquid–solid system. The lines drawn through the data represent the ki
model [Eq.(30)].

restrained to the TiO2 (Merck), because acetamide-like spec
do not form on this photocatalyst, even in the dark.

Initially, acetonitrile alone was adsorbed on the photoc
lyst outgassed simply at room temperature. In this condition
TiO2 surface is still completely covered with a full monolay
of hydroxyl groups and coordinated water molecules, as sh
occur in the first interface layer at both the solid–gas and
solid–liquid boundaries in the photocatalytic runs.

The spectrum of the TiO2 outgassed at room temperature e
hibited a peak at 3665 cm−1 (Fig. 6a), a very broad band in th
3500–3000 cm−1 range, a complex band centred at 1640 cm−1,
t
ic

-
e

ld
e

and some other weak components at lower frequencies.
peak at higher wave numbers can be assigned to the str
ing mode of isolated hydroxyl groups, whereas the broad b
in the 3500–3000 cm−1 range should result from the overlap
the bands due to the stretching mode of hydrogen-bonded
groups and of water molecules coordinated with Ti4+ ions, the
bending mode of which produces the component at 1640 c−1

of the complex signal in the 1750–1550 cm−1 range (Fig. 6,
inset A, graph a)[12–14]. The other components in the 175
1300 cm−1 range are due to carbonate-like groups, produce
reaction by CO2 with surface basic centres during the stora
of photocatalyst powder in air.

Increasing doses of CD3CN produce a progressive decrea
in intensity of the peak at 3665 cm−1, with transformation into
a broad absorption in the 3500–3000 cm−1 range (Figs. 6b–
d). This behaviour clearly indicates that the isolated hydro
groups act as adsorption sites for acetonitrile, with the obse
downshift of their stretching band resulting from the inter
tion between such OH groups and lone pairs on the N at
of CD3CN. The adsorption of acetonitrile was stopped a
disappearance of the 3665 cm−1 peak due to unperturbed O
groups, to avoid the formation of CD3CN liquid-like overlay-
ers. At lower frequencies, the component at 1640 cm−1 ap-
peared eroded to a slight extent (Fig. 6, inset A), indicating tha
part of the water molecules coordinated to surface cations
been displaced by acetonitrile, passing in the vapour phase
same behaviour was observed for the adsorption of aceton
on TiO2 P25[10], although here it was more evident beca
of the greater number of water molecules on such types of
nia [11].

Peaks due to adsorbed acetonitrile appeared in the 2
2100 cm−1 range, observed more clearly in the zoomed
ference spectra reported in inset B ofFig. 6. The main peak a
Fig. 6. IR spectra of TiO2 Merck: (a) outgassed at room temperature for 45 min and then contacted with (b) 0.3, (c) 0.7, and (d) 1.0 Torr CD3CN. An enlarged view
of spectra (a) and (d) in the 1775–1525 cm−1 range is reported in the inset A. Inset B: spectra, in the 2330–2050 cm−1 range, of adsorbed CD3CN obtained by
subtracting spectrum (a)—TiO2 before CD3CN admission—from spectra (b), (c), (d); the results are indicated as: (a′) 0.3, (b′) 0.7, and (c′) 1.0 Torr CD3CN.
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Fig. 7. IR spectra recorded after admission of increasing doses of water v
on TiO2 Merck with preadsorbed CD3CN: (a) CD3CN alone (1.0 Torr), the
same as curve c′ in the inset ofFig. 6; after admission of water vapour to rea
the following pressure in the cell: (b) 2.0, (c) 5, (d) 10, and (e) 18 Torr.
spectra are reported in Absorbance, after subtraction of the spectrum
TiO2 pellet initially outgassed at room temperature prior CD3CN adsorption.

2265 cm−1 and its shoulder at 2305 cm−1 are due toν(CN)
mode of CD3CN molecules adsorbed on hydroxyls groups a
Ti4+ sites, respectively[10]. The upward shift of these com
ponents with respect to theν(CN) mode of liquid CD3CN
(2262 cm−1) [15] results from interaction with the adsorbin
centres, becoming larger with increasing Lewis acid strengt
the sites[15].

Furthermore, the weaker absorptions at 2216 and 2113 c−1

correspond to the 2ν(CC) + δasym(C–C≡N) combination band
and theνsym(CD3) mode, respectively[16]. Apparently, both
of these are less sensitive to the Lewis acidity of the adsor
sites.

As a second step, increasing amounts of water vapour
admitted on the sample with preadsorbed acetonitrile in
presence of water vapour pressure at room temperature
tal pressure, ca. 18 Torr). The increasing adsorption of H2O
molecules on the photocatalyst surface resulted in the fo
tion of molecular “liquid-like” adlayers producing the grow
of a band at 1640 cm−1 in the IR spectra due to theδH2O
mode, as well as modifications of the bands related to adso
CD3CN (Fig. 7). In particular, the shoulder at 2305 cm−1 dis-
appeared after the admission of the first doses (Figs. 7a and
b), reflecting the displacement of CD3CN molecules from Ti4+
ions, whereas the bands related to CD3CN initially adsorbed on
hydroxyl groups exhibited a decrease in intensity and a shif
ward higher frequencies (more pronounced for the two pe
initially at 2265 and 2113 cm−1, due to fundamental vibra
tions of CD3CN) as the amount of adsorbed water increa
(Figs. 7a–e). Notably, the final position and ratio of intensity
these components corresponded to those of the IR spectru
CD3CN dissolved in water (not reported for the sake of brevi

A subsequent progressive outgassing of the system res
in desorption of co-adsorbed acetonitrile and water molec
in the IR spectra from a decreased intensity of theδH2O band
at 1640 cm−1 and of the spectral pattern due to CD3CN in the
2300–2100 cm−1 range (Fig. 8). Two important features relate
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Fig. 8. IR spectra recorded at decreasing coverage of co-adsorbed CD3CN and
H2O: (a) 18 Torr (the same as curve e inFig. 7), (b) 4.0, (c) 2.0, (d) 1.0 Torr
(e–g) upon outgassing for increasing time, up to 10 min. The spectra a
ported in Absorbance, after subtraction of the spectrum of the TiO2 pellet
initially outgassed at room temperature prior CD3CN and water adsorption.

to the CD3CN bands merit mention: (i) they shifted progre
sively toward the original positions that they exhibited wh
in interaction with surface hydroxyl groups; and (ii) they d
creased in intensity less markedly with respect to theδH2O band
under progressive outgassing, still present after this last b
vanished (Figs. 8e, f ). They finally disappeared (Fig. 8g), due to
full reversibility of the interaction with the hydroxyl groups
room temperature, as observed in previous investigations[10].

4. Discussion

4.1. Mechanistic aspects

In the gas–solid regime, CO2 and HCN were the main prod
ucts of acetonitrile degradation for both photocatalysts.
HCN formation revealed by gas chromatography was c
firmed by analysis of the alkaline solution contained in the tr
The moles of cyanide ions corresponded to those of degr
acetonitrile. The second carbon atom present in the aceton
molecule was almost quantitatively transformed into CO2, as
determined by the gravimetric method. These findings sup
the hypothesis of Zhuang et al.[5] claiming breakage of th
acetonitrile C–C bond. The presence of traces of methan
ions in the trap can be attributed to the partial oxidation
the organic moiety of the molecule. Moreover, it is notew
thy that the very small quantities of methanoate ions along
nitrate ions found adsorbed on the surface of the used cata
confirm that acetonitrile was transformed almost completel
HCN and CO2. The production of CO2 and HCN from acetoni
trile degradation in the gas–solid regime can be describe
the following overall reaction:

(2)CH3CN+ 3
2O2

TiO2−→
hν

CO2 + HCN+ H2O.

In the liquid–solid regime, the acetonitrile photodegradat
process produced cyanate and carbonate ions and very
amounts of cyanide, nitrite, nitrate, and methanoate ions. B
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on this finding, it may be assumed that the catalyst irradia
for both regimes determines the acetonitrile photoadsorp
[5,17–20]on TiO2 surface sites. Lichtin and Avudaithai[4] hy-
pothesized that the reaction between adsorbed acetonitrile
phototoproduced·OH radicals is able to perform C–C bon
breakage with the production of cyanide radicals and metha

(3)TiO2
hν→TiO2(h

+,e−),

(4)O2 + e− → ·O2
−,

(5)·O2
− + H2O→ HO2

· + OH−,

OH− + h+ → ·OH, (6)

CH3CN(ads)+ ·OH → CH3OH + CN·. (7)

In the gas–solid regime, the CN· radicals reacted with wate
adsorbed on the catalyst surface, giving rise to the formatio
HCN, whereas methanol was photo-oxidised to CO2:

CN· + H2O → HCN + ·OH, (8)

CH3OH + 6·OH → CO2 + 5H2O. (9)

In contrast, in the liquid–solid regime, most of the cyanide r
icals were transformed into cyanate ions, which desorbed
the surface to the aqueous solution. The remaining cyanide
icals produced cyanide ions, which were also released to
solution:

CN + 2OH− + h+ → CNO− + H2O, (10)

CN· + OH− → CN− + ·OH. (11)

The cyanide ions produced through reaction(11) underwent
photocatalytic oxidation to cyanate[10,21–23]. The process
continued with cyanate photo-oxidation steps, giving rise to
formation of carbonate and nitrate ions:

(12)CNO− + 10OH− + 8h+ → CO3
2− + NO3

− + 5H2O.

Methanol (species not detected, probably due to its fast
idation), formed according to(7), was oxidised to methanal
methanoate, and carbonate ions, although only the last
species were detected:

CH3OH + 2·OH → HCOH+ 2H2O, (13)

HCOH+ 3OH− + 2h+ → HCOO− + 2H2O, (14)

(15)HCOO− + 3OH− + 2h+ → CO3
2− + 2H2O.

In conclusion, acetonitrile photodegradation led to the for
tion of cyanate ions from the nitrile group and to their sub
quent oxidation to nitrate and carbonate ions [reaction(12)],
whereas methanol gave rise to carbonate ion as the final p
uct [reactions(13)–(15)].

4.2. IR data: acetonitrile/water competition

The spectral features observed by admitting water vapou
the photocatalyst with preadsorbed acetonitrile (Figs. 6 and 7)
indicated that nitrile molecules initially adsorbed on hydro
n
n

nd

l:

f

-

d-
e

e

-

o

-
-

d-

n

groups were converted in a solute in the molecular water
ers formed at the TiO2 surface. This condition can be assum
as a model of the photocatalyst–solution interface in the liqu
solid regime, where no specific interactions between ace
trile molecules and the TiO2 surface should occur because
competition with the prevailing amount of water molecul
This fact agrees well with the strong decrease in the rate
stant of acetonitrile photo-oxidation resulting from pass
from the gas–solid regime to the liquid–solid regime.

As for the results obtained by progressively decreasing
total amount of adsorbed molecules to a monolayer or
(Figs. 8), acetonitrile molecules were able to interact with s
face hydroxyl groups slightly more strongly than water mo
cules. Indeed, a slightly higher interaction energy of 5 kJ mo−1

in favour of acetonitrile with respect to H2O was obtained in the
modeling of their adsorption on silanols[24,25]. This finding
can be related to the kinetic analysis of the acetonitrile con
sion in the gas–solid regime, and it is evident that the pres
of small amount of water in the reaction feed did not alter
rate constant with respect to that obtained for a dry feed.
parently, in these conditions the weak energetic advantag
the adsorption of acetonitrile with respect to water makes
competition of this latter less effective toward acetonitrile
the surface sites.

4.3. Kinetic aspects

To model the photoreactivity results obtained in the g
solid and liquid–solid regimes, the assumption is made
all of the elementary reactions of acetonitrile degradation
cur on the catalyst surface and involve adsorbed species
rate-determining step of the photo-oxidation process is hyp
esized to be the reaction on the photocatalyst surface bet
hydroxyl radicals and adsorbed acetonitrile molecules. The
alyst surface has sites able to adsorb acetonitrile together
its degradation products, as well as sites able to adsorb oxy
Because the adsorbed oxygen acts as an electron trap, hind
the electron hole recombination, the·OH concentration depend
on the fractional site coverage by oxygen molecules. In this
pothesis, the acetonitrile degradation rate per unit surface
(−rS), for a second-order kinetic may be written in terms
Langmuir–Hinshelwood model as

(16)(−rS) ≡ − 1

S

dNAN

dt
= k′′

ANθOxθAN,

whereS is the surface area of the photocatalysts,NAN is the
acetonitrile moles,t is the time,k′′

AN is the surface second-ord
rate constant, andθOx andθAN are the fractional site coverag
by oxygen and acetonitrile, respectively. TheθOx andθAN terms
are given by

(17)θOx = KOxCOx

1+ KOxCOx
and

(18)θAN = KANCAN

1+ KANCAN + ∑
KICI

,

in which KOx, KAN, and KI are the equilibrium adsorptio
constants of oxygen, acetonitrile, and intermediate products
spectively, andCOx, CAN, andCI are the oxygen, acetonitrile
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and intermediate product concentrations in the fluid phase
spectively.

4.3.1. Gas–solid regime
The reactivity results show that acetonitrile is complet

converted to equimolar amounts of HCN and CO2, which were
the unique species found in the gas phase. In this system
concentration of intermediate products,CI , in the gas phase wa
negligible, and thus it may be assumed that they do not c
pete with acetonitrile for adsorption on the catalyst surface
puttingCI = 0 in (18)and substituting(17)and(18) in (16), the
acetonitrile degradation rate is

(19)(−rS) = k′′
AN

(
KOxCOx

1+ KOxCOx

)(
KANCAN

1+ KANCAN

)
.

The photoreactivity runs exhibited a high conversion of a
tonitrile, so that the assumption of a differential photoreacto
not valid. An acetonitrile molar balance on a differential cont
volume of the reactor may be written as

(20)−W dCAN = (−rS)dS,

where dS is the surface area of the photocatalyst in the con
volume.

Considering that the oxidation of one mole of acetonit
requires only 1.5 mol of oxygen [Eq.(2)] and that the oxy-
gen concentration at the inlet of photoreactor was at least
order of magnitude higher than that of acetonitrile under the
perimental conditions here, it can be assumed that the ox
concentration from the inlet to the outlet of the photoreactor
not change substantially. Consequently, the oxygen cove
on the catalyst also did not vary substantially from the inle
the outlet. Based on this assumption, substituting(19) into (20)
leads to the following differential mass balance on acetonit

(21)−W dCAN = k′
AN

(
KANCAN

1+ KANCAN

)
dS,

where

(22)k′
AN = k′′

AN

(
KOxCOx,M

1+ KOxCOx,M

)

is a term constant for each run. In(22), COx,M indicates the
oxygen concentration value averaged between the inlet and
let of the photoreactor; this term is introduced to take i
account the small variation of oxygen concentration along
photoreactor. The integration of(21), with the limit conditions
that atS = 0 (the inlet of photoreactor)CAN = CAN,I and at
S = S (the outlet of photoreactor)CAN = CAN,O, gives, after
rearrangement,

(23)ln
CAN,I

CAN,O
= KAN

W
k′

ANS − KAN(CAN,I−CAN,O).

Eq. (23) represents a straight line in a ln(CAN,I/CAN,O) versus
(CAN,I − CAN,O) coordinate system; the experimental data
reported inFig. 9using the previous coordinates. Using a le
squares best-fitting procedure, straight lines were fit through
data, and the values ofKAN andk′

AN were determined. The va
ues ofk′ depend on oxygen concentration by following(22);
AN
e-
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-
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-
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e
-
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e

:

t-

e

t
e

Fig. 9. Experimental data of ln(CAN,I/CAN,O) versus(CAN,I − CAN,O). The
straight lines drawn through the data represent the kinetic model [Eq.(23)].

Table 1
Values of rate constant for acetonitrile (k′′

AN) and cyanate (k′′
CNO) disappear-

ance and of equilibrium adsorption constants of acetonitrile (KAN), cyanate
(KCNO), and oxygen (KOx) according to the Langmuir–Hinshelwood kinet
model. TheA constant is equal to (k′′

CNOKCNO/k′′
ANKAN)

Merck Degussa P25

Gas–solid Liquid–solid Gas–solid Liquid–sol

k′′
AN (mol s−1 m−2) 3.01× 10−8 1.11× 10−8 2.11× 10−8 2.02× 10−9

k′′
CNO (mol s−1 m−2) – 2.08× 10−8 – 1.60× 10−9

KAN (M−1) 23,060 2600 10,640 1900
KCNO (M−1) – 1900 – 1200
KOx (M−1) 240 – 90 –
A – 1.37 – 0.50

this equation can be transformed to a linear equation in the
lowing way:

(24)
1

k′
AN

= 1

k′′
ANKOx

1

COx,M
+ 1

k′′
AN

.

Eq. (24) represents a straight line in a 1/k′
AN versus

1/COx,M coordinate system. Using the usual fitting procedu
the values ofk′′

AN andKOx were obtained. The values ofk′′
AN

and ofKAN andKOx, reported inTable 1, indicate that TiO2
Merck has better photocatalytic performance than TiO2 De-
gussa P25.

4.3.2. Liquid–solid regime
As discussed earlier, the disappearance of acetonitrile in

liquid–solid regime occurs through the same pathway a
the gas–solid regime and involves sites that are able to b
the C–C bond. This route transforms acetonitrile in cyan
cyanate, nitrate, and carbonate ions. The finding that in a
ous solution, cyanate concentration is far higher than cya
ion concentration after the start of acetonitrile photodegrada
indicates that the cyanide radicals, photoproduced on the
lyst surface, are transformed predominantly to cyanate ins
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of cyanide ions. Based on this finding, we make the assump
that the parallel route producing cyanide ions can be negle
for the kinetic modeling of acetonitrile photodegradation.

It is useful to keep in mind that all of the photoreactivity ru
in the liquid–solid regime with either acetonitrile or cyana
ion were carried out in a batch reactor by continuously b
bling oxygen or air into the reacting suspension. Conseque
the fractional site coverage by oxygen,θOx, remained constan
throughout the photoreactivity run. Moreover, for both ca
lysts, no significant difference in photoreactivity toward a
tonitrile or cyanate ion was observed by bubbling pure oxy
or air. This finding indicates that under the experimental co
tions, the fractional site coverage by oxygen was equal to u
for all of the reactivity runs, that is,θOx = 1.

For modeling the photoreactivity results, it is useful to
press the kinetic law as a function of the concentration
dissolved acetonitrile,CAN, because it was the parameter m
sured experimentally. Introducing the reaction volume,V , in
the definition of the reaction rate [see(16)] and the unit value
of θOx, the kinetics of acetonitrile disappearance are expre
as

(25)(−rS) ≡ − 1

S

dNAN

dt
= −V

S

dCAN

dt
= k′′

ANθAN .

As far as theθAN term is concerned, the intermediate prod
of acetonitrile degradation is cyanate ion, which may be ph
catalytically transformed to nitrate ion. Based on this findi
in (18) the

∑
KICI term is equal toKCNOCCNO, whereKCNO

is the equilibrium adsorption constant andCCNO is the con-
centration of cyanate ion. Therefore, the disappearance ra
acetonitrile is

(26)−V

S

dCAN

dt
= k′′

AN
KANCAN

1+ KANCAN + KCNOCCNO
.

Solving (26) requires determining the dependence of cyan
concentration on irradiation time, that is, modeling the kin
ics of cyanate photo-oxidation. The assumption is made
the second-order kinetic model used for acetonitrile degr
tion also holds for cyanate photodegradation; that is, the cya
degradation rate per unit surface area,−rCNO, depends on
the cyanate and oxygen fractional coverages. Considering
cyanate ion is produced in the first step of acetonitrile de
dation but is consumed by its subsequent oxidation to nit
ion, the rate of cyanate formation in the course of acetoni
degradation is given by the following equation:

rCNO ≡ 1

S

dNCNO

dt
= V

S

dCCNO

dt

(27)= k′′
ANθANθOx − k′′

CNOθCNOθOx,

in whichk′′
CNO andθCNO are the second-order rate constant a

fractional site coverage of cyanate ion, respectively. Taking
account that the value ofθOx is 1, substitution of the explici
expressions ofθAN andθCNO in (27)yields

(28)
V

S

dCCNO

dt
= k′′

ANKANCAN − k′′
CNOKCNOCCNO

1+ KANCAN + KCNOCCNO
.

The differential Eqs.(26) and (28)are coupled, so they must b
solved simultaneously. These equations contain four unkn
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parameters:k′′
AN, k′′

CNO, KAN, andKCNO. The values ofk′′
CNO

and KCNO may be determined by reactivity runs carried o
with suspensions containing only cyanate ions (seeFig. 5).
Assuming that the kinetic model, adopted in the presenc
acetonitrile, is also valid for cyanate ion alone, the disapp
ance rate of cyanate ions may be expressed by the follo
equation:

(29)−V

S

dCCNO

dt
= k′′

CNOθCNOθOx = k′′
CNO

KCNOCCNO

1+ KCNOCCNO
,

where theθOx value of 1 has been substituted. Eq.(29) can be
easily integrated, with the limiting condition that at the star
irradiation, t = 0, the cyanate ion concentration is the init
one,CCNO = CCNO,0. Thus the following integral relationshi
betweenCCNO andt is obtained:

(30)

t = V

S

1

k′′
CNOKCNO

ln

(
CCNO,0

CCNO

)
+ V

S

1

k′′
CNO

(CCNO,0 − CCNO).

The values ofk′′
CNO and KCNO were obtained by applying

least squares best-fitting procedure to the experimental va
of CCNO versust ; these are reported inTable 1. In Fig. 5, the
lines drawn through the data represent(30) in which the pre-
vious values ofk′′

CNO andKCNO have been substituted; a ve
good fit of the kinetic model to the data can be seen.

To determine the values ofk′′
AN andKAN, the ratio between

(28)and(26)was calculated, giving rise to the following equ
tion:

(31)−dCCNO

dCAN
= 1− k′′

CNOKCNO

k′′
ANKAN

CCNO

CAN
= 1− A

CCNO

CAN
,

which contains only one unknown parameter, theA constant
(equal tok′′

CNOKCNO/k′′
ANKAN). Integrating(31)with the limit

condition thatCCNO = 0 for CAN = CAN,0 gives

(32)CCNO = C1−A
AN,0C

A
AN − CAN

1− A
.

For each catalyst, the value ofA satisfying all of the reactivity
runs was determined by a least squares best-fitting proce
these values are reported inTable 1. Fig. 10reports the experi
mental values ofCCNO versusCAN for some representative run
of each catalyst; the lines drawn through the data represen
model equation(32) and indicate a very good fit of the kinet
model to the experimental data.

The integration of(26) and (28) was done by the Runge
Kutta method using the nonlinear fit protocol of Mathemat
4.1 software. The two differential equations contain an
known parameter,k′′

AN or KAN. The value of this parameter th
best fits the kinetic model to the experimental values was d
mined using an iterative procedure.Table 1reports the values o
k′′

AN andKAN obtained with this procedure for both catalys
The full lines drawn through the data inFig. 4represent the ki
netic model [(26)and(28)]. A very good fit of the experimenta
data to the model can be seen, indicating that the kinetic m
describes the photoreactivity results well.

Examining the parameters relative to acetonitrile photo
gradation reported inTable 1shows that the values for Merc



M. Addamo et al. / Journal of Catalysis 235 (2005) 209–220 219

ca
line

as

on
e;
er
re
m
sig

or
e
ers
hi
fo

ium
il

han

the
ge

eou
vi
th

de
id–
5
, n
uid

e of
olid
ed
un-

he
char-
rile
eous
and
rel-
of

be
par-
ndi-
oto-
oth
les.
ole

ted
er

oj-

ork,

95

-

57.
ar-

pez,
ra-

73.
75)

od-
4–

77).

r 15

89)

c.,
Fig. 10. Cyanate concentration versus acetonitrile concentration for runs
ried out in liquid–solid system. The lines drawn through the data (dotted
Degussa P25, continuous line Merck) represent the kinetic model [Eq.(32)].

TiO2 were always higher than those for Degussa P25 TiO2. The
photoprocess performance in both the liquid–solid and g
solid regimes was higher with Merck TiO2 than with P25 TiO2.
The presence of liquid water negatively affected the kinetic c
stant values with respect to those obtained in the gas phas
the P25 catalyst, thek′′

AN value decreased by about one ord
of magnitude, whereas the decrease for Merck was only th
fold. The liquid water also negatively affects the equilibriu
adsorption constant of acetonitrile; both catalysts showed
nificantly lowerKAN values; this effect was more important f
Merck TiO2 than for P25 TiO2. In the gas–solid regime, th
equilibrium adsorption constant of acetonitrile was two ord
of magnitude higher than that of oxygen for both catalysts. T
finding obviously indicates that photoadsorption is easier
a vapour than for a gas. The kinetic constant and equilibr
adsorption constant of cyanate photodegradation were sim
to those of acetonitrile photodegradation. Thek′′

CNO value for
Merck TiO2 was more than one order of magnitude higher t
that for Degussa P25 TiO2, whereas theKCNO value was a little
higher in the former than in the latter.

Although making a straightforward correlation between
kinetic parameters and adsorption properties of a species is
erally very difficult (because the surface sites in heterogen
photocatalysis are produced under irradiation), it can be en
aged that the liquid medium hinders both the adsorption and
photoreactivity of dissolved molecules.

5. Conclusions

The photoreactivity results indicate that photocatalytic
gradation of acetonitrile occurred in the gas–solid and liqu
solid regimes using commercial TiO2 catalysts (Degussa P2
and Merck). The intermediate products cyanide, cyanate
trate, carbonate, and methanoate ions were found in the liq
solid regime, whereas hydrogen cyanide and CO2 were found
r-
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-
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e-

-

s
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ar
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s
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e
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in the gas–solid regime. These findings suggest breakag
the acetonitrile C–C bond in both regimes. In the gas–s
regime, nitrile moiety formed a cyanide radical that evolv
to volatile hydrogen cyanide, whereas the methyl moiety
derwent a fast and quantitative oxidation to CO2 and H2O. In
the liquid–solid regime, the acetonitrile molecule follows t
same route of degradation as seen in the gas–solid regime,
acterised by C–C breaking. The nitrile part of the acetonit
molecule formed cyanate, which was released to the aqu
solution for subsequent photocatalytic oxidation to nitrate
carbonate, whereas oxidation of the methyl moiety was
atively slow, allowing the detection of a certain quantity
methanoate.

Photocatalytic degradation kinetics in both regimes can
described using the Langmuir–Hinshelwood model. A com
ison between the constants obtained by kinetic modeling i
cates that liquid water played a fundamental role in the ph
process performance. In fact, the liquid medium hindered b
the adsorption and the photoreactivity of dissolved molecu
As for the adsorption in the dark, IR data confirmed the r
of water as the predominant competitor for TiO2 surface sites
with respect to acetonitrile molecules, which in turn interac
preferentially with the TiO2 surface when the acetonitrile–wat
gaseous feed is poor in water.
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