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Abstract

Photocatalytic degradation of acetonitrile was carried out in both gas—solid and liquid—solid regimes using two commeraatalysts
(Merck and Degussa P25). For the gas—solid regime, a continuous annular photoreactor was used. The influence on photodegradation kir
of the gas flow rate and concentrations of acetonitrile, oxygen, and water was investigated. Acetonitrile degradation products detected in
gas phase included carbon dioxide and hydrogen cyanide. The same photoactivity was exhibited in the presence and in the absence of
vapour. The liquid—solid regime used a batch photoreactor with an immersed lamp (the same as for the gas—solid regime). The oxidation prod
detected in the solution were cyanide, cyanate, nitrite, nitrate, methanoate, and carbonate ions. The Langmuir—Hinshelwood kinetic mode
the photoreactivity data obtained in both regimes and allowed us to determine the rate constant and equilibrium adsorption constant values.
adsorption constant and kinetic constant value were lower in the liquid—solid regime than in the gas—solid regime. The Merck catalyst had hig
values of these parameters for both regimes than the Degussa P25 catalyst. An evaluation of the possible competition between acetonitrile
water molecules for the surface sites of the photocataly&t(ifins and hydroxyl groups) revealed that for high®CHzCN ratios, as is typical
for the photo-oxidation process carried out in a liquid/solid regime, acetonitrile molecules were not able to provide a specific interaction with tl
surface sites of Ti@, remaining dissolved in the interface water molecular layers. In contrast, for J@WEH3CN 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.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction and industrial wastewaters; air in contact with liquid acetonitrile
can be easily contaminated with acetonitrile vapour because of
Among the advanced oxidation processes aimed at envirorits low boiling temperature. It is widely used as an eluent for
mental remediation, basic and applied research has been ddPLC analyses and is commonly used in heterogeneous photo-
voted to heterogeneous photocatalysis, especially for the oxid@atalysis research as a solvent for molecules that are insoluble
tion of organic pollutants in water or in it—3]. Acetonitrileis  in water. Apart from its environmental hazards, acetonitrile is
an extremely stable and toxic molecule present in various civih very interesting molecule for use in photo-oxidation studies
because it has alkyl and cyanide groups that may undergo dif-
-~ ferent oxidation routes.
Ef’,ﬁ;ffgggﬂl;i?‘;ﬁgﬂ;gﬁﬁﬁnﬁiﬂ}iﬁf’ﬁf{é’j Martra), Lichtin and Avudaithai[4] reported the feasibility of the
palmisano@dicpm.unipat. Palmisano). photocatalytic oxidation of acetonitrile in both liquid and
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vapour phases using near-UV irradiated Ji0egussa P25 and products were isocyanate and/or cyanate ions, the presence of
0. They found that acetonitrile was much more reactive in thevhich was a strong clue to the formation of cyanide species in
gas phase than in the liquid phase. In a gas—solid regime, théle course of acetonitrile degradation.

found, along with C@ and NG, cyanogen [(CNy], indicating The present paper deals with acetonitrile photodegradation
the formation of CN radicals with subsequent dimerization. carried out in both gas—solid and liquid-solid regimes using
Zhuang et al[5] performed FTIR investigation of acetonitrile two commercial polycrystalline Tigcatalysts (Merck and De-
photo-oxidation in a gas—solid system and found the oxidatio@ussa P25). This investigation focused on studying the influ-
products CG, H,0, and CQ2~ on the catalyst surface, along €nce of the reaction medium (liquid or gaseous) on the ki-
with isocyanate as a partially oxidized species. They did not ob?€tics and mechanisms of acetonitrile oxidation. Toward this
serve hydrogen cyanide, probably because this compound w882l the photoreactivity experiments were planned to obtain

not present in adsorbed phase but was released to the gas phdg. values of the kinetic and equilibrium adsorption constants

They claimed breakage of the acetonitrile C—C bond and proi_nvolved in the acetonitrile degradation process. To obtain in-

posed a reaction mechanism onto the catalyst surface in Whicfﬁrmanon_about the _reac_:'uon meChan'Sm’ the mtermedlgte and
the principal products are GCand No. Augugliaro et al[6] final species appearing in the reaction environment during the

studied the kinetics of acetonitrile degradation in a gas—soli(ﬁ) hotocatalytlc'process were 'd‘?F‘“f"?d and quantitatively deter-
. . . . mined. In addition, the competition in the dark between water

regime using two different continuous photoreactors to check o . . .

o - : and acetonitrile for TiQ adsorbing sites was explored by IR

whether the specific setup used for the reactivity expenmentg ectroscopy

affected the photoprocess performance. They reported that thg '

Laqgmu!r—H|nshelwood model adequately d_gsc_rlbed the de_graz Experimental

dation kinetics, and that the values of equilibrium adsorption

constants were independent of the used photoreactor, whereg3  Gas-solid regime

the kinetic constant values depended on the radiation conditions

of the photoreactor. Sunlight has been also used for carrying out The reactivity runs were carried out using a continuous an-

the photocatalytic oxidation of acetonitrile in aqueous suspennular Pyrex photoreactoF{g. 1A). The vertically positioned

sions of TiQ Degussa P2%7]. For that system, the influence photoreactor was provided with inlet and outlet ports for the

of a strong oxidant species §8,, S,08%~, CIO~) on acetoni-  reacting mixture. Ti@ Merck (100% anatase; BET specific sur-

trile abatement was also investigated. The acetonitrile oxidatioface area= ca. 10 nf g~1) and TiQ» Degussa P25 (80% anatase
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Fig. 1. Photoreactors set-up: (A) Gas—solid system; (B) liquid—solid system.
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and 20% rutile; BET specific surface areaca. 50 nfg—1) 2.2. Liquid—solid regime

were used with no preliminary treatment. A thin layer of the

catalyst (1 g for both photocatalysts) covered the internal wall A cylindrical Pyrex batch photoreactor containing 1.5 L of
of the outer tube of the annulus (6.5 cm i.d., 32.0 cm tall).aqueous suspensiofri¢. 1B) was used for the liquid—solid

In these conditions, the light transmitted by the Fi@yer regime. This photoreactor has ports in its upper section for inlet
was negligible, as checked with a radiometer (UVX Digital). and outlet gases, for sampling, and for pH and temperature mea-
A 500 W medium-pressure Hg lamp (Helios Italquartz, Italy; Surement. This photoreactor had the same irradiating apparatus
highest emission at 365 nm), equipped with a Pyrex waterused in the gr_;\s—solid regime, that is,_a SOOW medium-pressure
cooling thimble (5.4 cm o.d.), constituted the inner part of thet9 lamp (Helios Italquartz, Italy) equipped with a Pyrex water-

annulus. The Pyrex thimble, which is completely blind to radi-c0°ling thimble. , _ ,
ation with wavelength<300 nm, guaranteed that the radiation 1 1€ Same TiQ catalysts used in the gas—solid regime were

inside the photoreactor would be absorbed only by the, TiO used here as weI_I. In aII_ gxperiments, the amount O.f catalyst
catalyst P y by thez was 0.4 gt1. In this condition, the photon flow transmitted by
The gas fed to the photoreactor consisted of oxygen nitrot_he suspension was negligible for both catalysts. The initial ace-

L - g tonitrile concentration was varied in the range 0.24—24 mM. For
gen, acetonitrile, and water. Liquid acetonitrile and water were

. ; . h ivi h i luti [ [
added to the gas flow through an infusion pump (Orion Sagsome photoreactivity runs, the starting solution contained only

. %yanate ions, whose initial concentration varied in the range
pump M 361). The concentrations used were as follows: ace5 45_1 45 mM. The pH of the suspension was adjusted to 11
tonitrile, 0.1-1.1 mM; oxygen, 4-40 mM; and water vapour

o 'by adding NaOH. Pure oxygen or air was continuously bubbled
0.0-0.3 mM. A gas flow rate of 2.58 ¢ia* was used for most i the suspension before and during the runs. The temper-
of 'the runs. The temperature of the system at steady-state Cogg re inside the reactor during the runs was 30D K. The
ditions was 303t 2 K. photoreactivity runs lasted 5 h; before the lamp was switched

The run procedure was the same through the study. Irradigsn, the system was held at the imposed operative conditions for
tion was begun only after steady-state conditions were achievegis h. Samples (5 mL) were withdrawn at fixed time intervals
in the system, that is, after about 1 h from the start of photoreagor analysis. The catalyst was immediately separated from the
tor feeding. The runs lasted 4.0 h, and the gas leaving the phgolution by filtration through a 0.45-um cellulose acetate filter
toreactor was analysed periodically using an on-line gas chrqHA, Millipore).
matograph (Hewlett-Packard GC 6890 system) equipped with a The quantitative determination of GBN was routinely per-
methyl siloxane column (30 m 320 umx 0.25 um; Hewlett-  formed with the same gas chromatograph, column, and con-
Packard HP-1) and an FID detector, using grade helium as @itions used for the gas—solid experiments following this pro-
carrier. Gravimetric determination of the carbon dioxide pro-cedure: first, 1 mL of sample was placed in a vial, and then
duced was done for selected runs by bubbling the gas exiting tHée compounds present in the vapour phase were extracted (ex-
photoreactor in a saturated Ba(QHjqueous solution; the to- traction time, 5 min) using a 75-um carboxen-PDMS SPME
tal amount of CQ was determined as BaGCFor each run, the (SOlld Phase Micro EXtraCtion) fibre assembly (SUpelCO) with a
gas at the outlet of the photoreactor was bubbled in an aqueofi§re holder for manual sampling. The holder was then placed
solution of NaOH (0.1 M) to trap acetonitrile degradation prod-in the split/splitless injector of a gas chromatograph maintaingd
ucts. Quantitative determination of trapped cyanide ions wa8t 523 K. The oven temperature was 310 K for the first 3 min
performed by an ion-sensitive electrode (Orion model 94-06) ifnd thereafter increased to 523 K at a ramp rate of 60 K‘_i‘nm
an expandable ion analyser (Orion EA 920) and that of anionia-he quar_wtltatlve determlnatlpn of ionic species was carr!ed out
species (e.g., cyanate, nitrate and methanoate) was done &s_descnbed for the gas—solid experiments. A 5000A Shimadzu

ing an ionic chromatograph system (Dionex DX 120) equippe&Otal organic carpon analyser was used to determine the non-
with an lon Pac AS14 4-mm column (250 mm long DioneX)_purgeable organic carbon (NPOC) content of the samples.
Aqueous solution of NaHC®(8 mM) and NaCOs (1 mM)
were used as eluents at a flow rate @7x 102 cmPs L.

At the end of each run, the L_Jsed catalyst was scraped from TiO, powder was pressed in the form of self-supporting pel-
the photoreactor wall and put in water for 1 h; the resultmgletS (40 mg cm2). The IR quartz cell, equipped with KB win-
solution was analysed by ionic chromatography after separatiogio,ys was connected to a conventional vacuum line (residual
of the solid by filtration through a 0.45-um cellulose acetat€, assyre= 1.00 x 10~ Torr; 1 Torr= 133.33 Pa) allowing the
filter (HA, Millipore). performance of all adsorption—desorption experiments in situ.

The ferrioxalate actinometric meth¢8| was used to mea- Ccp,CN (99.8%, Aldrich) was used for the adsorption exper-
sure the photon flow emitted by the lamp. The used actinometrignents instead of CECN, to keep bands due to Fermi reso-
solution, which absorbs light wavelengths only in the 300-nance from perturbing the(CN) mode of the probe molecule
400 nm range, filled the photoreactor and was irradiated fo[9]. Acetonitrile and water were admitted onto the sample after
20 s. The measurements were repeated several times, and swveral freeze—pump—thaw cycles. FTIR spectra (4%cras-
average value of.2 x 10~° Einsteins* was determined. All  olution) were recorded with a Bruker Vector 22 spectrometer
of the reagents were of analytical grade (Aldrich). equipped with a DTGS detector.

2.3. IR measurements
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3. Results can be observed that the-£s) values increased with increas-
ing inlet acetonitrile or oxygen concentration up to an almost
For both the gas—solid and liquid—solid regimes, blank testsonstant value.
were performed under the same experimental conditions used For all runs, the degradation products revealed in the gas
for the photoreactivity experiments but in the absence of cataphase were carbon dioxide and hydrogen cyanide, while the
lyst, oxygen, or light. No reactivity was observed in any of thesgonic species found in the alkaline trap were cyanide ions and
cases. The contemporary presence gf @talyst, and irradia- traces of methanoate ions. The moles of cyanide ions found in

tion was needed for the acetonitrile degradation process. the alkaline trap were equal to the moles of degraded acetoni-
trile. Traces of nitrate and methanoate ions were found in the
3.1. Photoreactivity in the gas-solid regime aqueous solution in which the used catalysts were washed at

the end of the photocatalytic run.

Preliminary photoreactivity tests were performed at increas- SOMe runs were carried out using a dry reacting mixture.
ing flow rate values, with the aim of minimising mass trans- 1he observed values of the reaction rate were almost identi-

port resistances on the photocatalytic process. The reaction rt@l to those obtained with a wet reacting mixture. Acetonitrile
enhanced for flow rate b1.1 cn¥s-1, whereas for higher degradation products were the same as those obtained with wet
values it did not change significantly for either photocatalysts'€acting mixtures. Both catalysts also exhibited constant activ-
These findings indicate that mass transfer resistance plays & for long runs (72 h); in these runs, the catalysts maintained
important role for flow rates < 1.1 ¢hs~L. Based on this, it their initial white colour, indicating that no coloured poisons
was decided to carry out all of the photocatalytic experiment&ccumulated on the irradiated surface.
of acetonitrile degradation at a flow rate equal to 2.58 sm.

The acetonitrile concentrations at the inlet and outlet of the3.2. Photoreactivity in the liquid—solid regime
photoreactor were measured. The knowledge of these values
allowed us to determine the acetonitrile disappearance rate per Preliminary experiments were carried out to investigate the
unit of catalyst surface area-fs), by applying the following adsorption of acetonitrile onto the catalyst surface. Acetoni-

mass balance on the whole photoreactor: trile concentration was measured before and after the addition
W of TiO, powder to the aqueous solution. Even after long con-

(—rg) = —(Can.1 — CAN.O) (1) tacttimes (48 h), the acetonitrile concentration values were not
S , ,

significantly different than those of the starting solution. This

whereW is the volumetric gas flow rate is the total surface indicates that acetonitrile dissolved in water scarcely adsorbs in
area of catalyst, an@an,| andCan,o are the inlet and outlet the dark on the Ti@surface.
acetonitrile molar concentrations, respectively, at steady-state Fig. 3 reports acetonitrile concentration values versus irra-
conditions. diation time for runs carried out at different initial acetonitrile

For both catalystdsrig. 2a reports {rs) data obtained from concentrations for both catalysts. Acetonitrile concentration de-
runs in which the inlet acetonitrile concentration was varied bycreased with increasing irradiation time, and the pattern of ace-
keeping the inlet oxygen concentration constaid. 2b reports  tonitrile degradation was the same for both photocatalysts. No
(—rg) data obtained by varying the inlet oxygen concentratiorsignificant differences in photoreactivity resulted from bubbling
while maintaining a constant inlet acetonitrile concentration. Itair instead of oxygen (runs not reported for the sake of brevity).
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Fig. 2. (a) Specific reaction rate-(g) versus average acetonitrile concentration for runs carried out in the gas—solid system. Oxygen initial concentration equal
to 8 mM. (b) Specific reaction rate-¢g) versus inlet oxygen concentration for runs carried out in the gas—solid system. Acetonitrile initial concentration equal
to 0.5 mM.
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30 Degussa P25: empty symbols acetonitrile photodegradation. This behaviour was confirmed in
Mereke full symbols all of the runs carried out with both catalysts.
f O 00 o Some runs were devoted to investigating the photodegrada-
®e O o o tion kinetics of cya_nate ion at the same experimente}l conditior_13
20 | ® 9 P ° ° used for acetonitrile degradation. As was found with acetoni-
=) L trile, no significant difference of photoreactivity was observed
= by bubbling air or pure oxygen into the suspension. The cyanate
SZ A A A oxidation products found in the solution were nitrate and car-
) A A 1A\ A 4 bonate ions; only traces of nitrite were observed, and no am-
E = monia was detecteéfig. Sreports cyanate concentration values
oD B ma | versus irradiation time for runs carried out using the two cata-
5 = B m lysts at different initial cyanate concentrations.
¢s¢
$ % ¢ ¢ g 33, FTIRstudies
O 1 1 1 L ! 1 L L L
0 1 2 3 IR spectroscopic investigation of molecular events resulting
Time [h] from the adsorption of acetonitrile on the surface of the two

TiO, photocatalysts and subsequent UV irradiation in model
conditions has been the object of previous stufies0]. The
results of these studies can be summarized as follows: (i) in the

The determination of NPOC concentration indicated that for alpark’ on TiG Merck, acetonitrile is adsorbed as is, whereas on

runs, achieving complete mineralization required more time a]'IOz P25’. |t_|s tran_sformed by reaction with _surface bas_lc sites
characteristic of this type of photocataly$i] into acetamide-

higher initial acetonitrile concentrations. Cyanate and carbonl—ike species that are highly resistant to photodegradation, and

?te !ons v:/lere fourld "} S|gn|f|0(|:ant_?r_?oun_'is T the une;)hus SOIt'{hen subtract a part of the surface sites to the photocatalytic
lon, small amounts ot cyanide, hitrite, nitrate, and methanoa rocess; and (ii) the photodegradation of acetonitrile actually

ions were also detected. Both catalysts produced the same i wolves adsorbed species, likely occurring at a higher rate for

termediate species and final products of acetonitrile degrad?ﬁolecules adsorbed on“ti ions than those adsorbed on sur-
tion. Figs. 4 and b report the concentration of N-containing ;e hydroxyls.

ionic species (cyanide, cyanate, nitrite and nitrate) and of ace- The kinetic results presented in this work, indicating that in
tonitrile versus the irradiation time for two representative runsg gas—solid regime the presence of water in the feed (up to a 3:1
These figures also report the nitrogen molar balance achievegolar ratio with respect to acetonitrile) does not significantly
by adding the concentrations of all of the N-containing speciegffect the photoconversion rate of acetonitrile, whereas such a
quantitatively detected in the solution (acetonitrile, cyaniderate is significantly lower in a liquid—solid regime, stimulated us
cyanate, nitrite, and nitrate). This balance satisfied the initial nito use IR spectroscopy of adsorbed species to investigate possi-
trogen concentration for the duration of the run, indicating thable competition (in the absence of UV light) between acetoni-
volatile nitrogen compounds were not formed in the course ofrile and water molecules at the surface of Ti@he study was

Fig. 3. Acetonitrile concentration versus irradiation time for runs carried out in
the liquid—solid system.

16
12 | -
= 10 r @ acetonitrile |
E. O cyanide
E 8 4 cyanate | [
— (a) m nitrate (b)
] 6 - - total nitrogen containing I |
intermediate and product
4 -- nitrogen balance
g : .
2 P 2 8 . . . .
0 1 2 3 ; 1 2 3

Time [h] Time [h]

Fig. 4. Concentrations of acetonitrile, cyanide, cyanate, nitrate, total nitrogen containing intermediates and products and nitrogensaamaeiaion time for
a selected run carried out in liquid—solid system by bubbling pure oxygen. Photocatalysts:A#)ZEDegussa; (b) Ti&Merck. The lines drawn through the data
represent the kinetic model [Eq26) and (28)
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and some other weak components at lower frequencies. The
peak at higher wave numbers can be assigned to the stretch-
ing mode of isolated hydroxyl groups, whereas the broad band
o in the 3500-3000 cmt range should result from the overlap of
the bands due to the stretching mode of hydrogen-bonded —OH
groups and of water molecules coordinated witfiTions, the

° bending mode of which produces the component at 1640'cm

of the complex signal in the 1750-1550 thrange Fig. 6,

inset A, graph aj12—14] The other components in the 1750—
6 1300 cn1! range are due to carbonate-like groups, produced by
reaction by CQ with surface basic centres during the storage

Degussa P25: empty symbols

Merck: full symbols

Ceno 1 0* [M]
[o2e]

4 of photocatalyst powder in air.
Increasing doses of GJEN produce a progressive decrease
2 in intensity of the peak at 3665 crh, with transformation into
0 , , ) , , ) a broad absorption in the 3500-3000 thrange Figs. G-
0 1 2 3 d). This behaviour clearly indicates that the isolated hydroxyl

Time [h] groups act as adsorption sites for acetonitrile, with the observed
downshift of their stretching band resulting from the interac-

Fig. 5. Concentrations of cyanate versus irradiation time for runs carried OUion between such OH groups and lone pairs on the N atoms
in liquid—solid system. The lines drawn through the data represent the kinetic . o
model [Eq.(30)]. of CD3CN. The adsorption of acetonitrile was stopped after
disappearance of the 3665 thpeak due to unperturbed OH
. ) — .__groups, to avoid the formation of GEN liquid-like overlay-
restrain he Tig(Merck mide-lik ies? )
estrained to the Tig(Merck), because acetamide-like spec esers. At lower frequencies, the component at 1640 trap-

do notform on this photocatalyst, even in the dark. peared eroded to a slight extehRtd. 6, inset A), indicating that

Initially, acetonitrile alone was adsorbed on the IOhOtocatabart of the water molecules coordinated to surface cations had

lyst outgassed simply at room temperature. In this condition thgee, gisplaced by acetonitrile, passing in the vapour phase. The
TiOz surface is still completely covered with a full monolayer same pehaviour was observed for the adsorption of acetonitrile
of hydroxyl groups and coordinated water molecules, as shoulgdy Tio, P25[10], although here it was more evident because
occur in the first interface layer at both the solid—gas and thgf the greater number of water molecules on such types of tita-
solid—liquid boundaries in the photocatalytic runs. nia[11].

The spectrum of the TiQoutgassed at room temperature ex-  Peaks due to adsorbed acetonitrile appeared in the 2350—
hibited a peak at 3665 cm (Fig. 6a), a very broad band in the 2100 cnt?! range, observed more clearly in the zoomed dif-
3500-3000 cm? range, a complex band centred at 1640¢m  ference spectra reported in inset BFo§j. 6. The main peak at

2.0 - 3665
[-°]
=
]
2
5
2
3 <«
=
S 1.5 2300 2200 2100
"s wavenumber (cm™)
2 g
;‘E 15 2265 d
2
1.0

1725 1650 1575
-1
wavenumber (cm )

4000 3500 3000 2500 2000 1500
wavenumber (cm'])

Fig. 6. IR spectra of TiQ Merck: (a) outgassed at room temperature for 45 min and then contacted with (b) 0.3, (c) 0.7, and (d) 1.0;TMr BDenlarged view
of spectra (a) and (d) in the 1775—15257:1’rrange is reported in the inset A. Inset B: spectra, in the 2330-2056 cenge, of adsorbed GJTN obtained by
subtracting spectrum (a)—Tibefore C3CN admission—from spectra (b), (c), (d); the results are indicated’a€.8 () 0.7, and (€) 1.0 Torr CD;CN.
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Fig. 7. IR spectra recorded after admission of increasing doses of water vapogrig. 8. IR spectra recorded at decreasing coverage of co-adsorbg@h\Cand
on TiG, Merck with preadsorbed CSEN: (a) CD;CN alone (1.0 Torr), the - (a) 18 Torr (the same as curve efif. 7), (b) 4.0, (c) 2.0, (d) 1.0 Torr,
same as gurve%m the |n_set ofFig. 6; after admission of water vapour to reach e—g) upon outgassing for increasing time, up to 10 min. The spectra are re-
the following pressure in the cell: (b) 2.0, (c) 5, (d) 10, and (e) 18 Torr. The ;4o in Absorbance, after subtraction of the spectrum of the, TiGllet

spectra are reported in Absorbance, after subtraction of the spectrum of thﬁitially outgassed at room temperature prior TN and water adsorption.
TiO» pellet initially outgassed at room temperature prior4CIN adsorption.

2265 cnrt and its shoulder at 2305 cth are due tov(CN) to the C3CN bands merit mention: (i) they shifted progres-

ively toward the original positions that they exhibited when
mode of CBCN molecules adsorbed on hydroxyls groups and_ . : : ) - i
Ti%+ sites, respectively10]. The upward shift of these com- qsn interaction with surface hydroxyl groups; and (ii) they de

ponents with respect to the(CN) mode of liquid CRCN creased in intensity less markedly with respect tosthe band

1 ; . : . under progressive outgassing, still present after this last band
(22?2 o ) [15] relsu'ts fr‘.’t”r’]‘ .'”teraCF'O”LW'th the j‘dforb'?ﬁ anishedFigs. &, f). They finally disappeare@ig. &), due to
fﬁ;srifg’;{lg]commg argerwith increasing Lewis acid strength og reversibility of the interaction with the hydroxyl groups at

Furthermore, the weaker absorptions at 2216 and 2113 cm foom temperature, as observed in previous investigafidis
correspond to theid CC) + 8asyr{ C—C=N) combination band
and thevsym(CD3) mode, respectively16]. Apparently, both
of these are less sensitive to the Lewis acidity of the adsorbing'll Mechanistic aspects
sites.

A_s a second step, increa_sing amounts of water vapour were | o gas—solid regime, G@nd HCN were the main prod-
admitted on the sample with preadsorbed acetonitrile in th%cts of acetonitrile degradation for both photocatalysts. The
presence of water vapour pressure at room temperature ({[cN formation revealed by gas chromatography was con-
tal pressure, ca. 18 Torr). The increasing adsorption #H g0 by analysis of the alkaline solution contained in the trap.
molecules on the photocatalyst surface resulted in the formap, o 5jes of cyanide ions corresponded to those of degraded
tion of molecular “liquid-like” adlayers producing the growth ,enitrile. The second carbon atom present in the acetonitrile
of a band at 1640 Cr_ﬁ_l in the IR spectra due 0 thé4,0  molecule was almost quantitatively transformed into,C&s
mode, as yvell as modlf_lcatlons of the bands related to a_dsorb%termined by the gravimetric method. These findings support
CDsCN (Fig. 7). In particular, the shoulder at 2305 cfndis- e hypothesis of Zhuang et 46] claiming breakage of the
appeared after the admission of the first doségs, & and  ,cetonitrile C—C bond. The presence of traces of methanoate
b), reflecting the displacement of GON molecules from T 5 iy the trap can be attributed to the partial oxidation of
ions, whereas the bands related todCIN initially adsorbed on  the organic moiety of the molecule. Moreover, it is notewor-
hydroxyl groups exhibited a decrease in intensity and a shift t0g,y, hat the very small quantities of methanoate ions along with
ward higher frequencies (more pronounced for the two peakSitrate ions found adsorbed on the surface of the used catalysts
initially at 2265 and 2113 cmt, due to fundamental vibra- - confirm that acetonitrile was transformed almost completely to
tions of CD;CN) as the amount of adsorbed water |ncreaseq_|CN and CQ. The production of C@and HCN from acetoni-

(Figs. 7a—€). Notably, the final position and ratio of intensity of e degradation in the gas—solid regime can be described by
these components corresponded to those of the IR spectrum gf, following overall reaction:

CD3CN dissolved in water (not reported for the sake of brevity). _

A subsequent progressive outgassing of the system resultgsh,cN + %Oz Tio, CO, + HCN + H,0. 2)
in desorption of co-adsorbed acetonitrile and water molecules hv
in the IR spectra from a decreased intensity of dhgo band  In the liquid—solid regime, the acetonitrile photodegradation
at 1640 cm! and of the spectral pattern due to §IN inthe  process produced cyanate and carbonate ions and very small
2300-2100 cm? range Fig. 8). Two important features related amounts of cyanide, nitrite, nitrate, and methanoate ions. Based

4, Discussion
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on this finding, it may be assumed that the catalyst irradiatiomgroups were converted in a solute in the molecular water lay-
for both regimes determines the acetonitrile photoadsorptioers formed at the Ti@surface. This condition can be assumed
[5,17—-20]Jon TiO; surface sites. Lichtin and Avudaithi@i] hy-  as a model of the photocatalyst—solution interface in the liquid—
pothesized that the reaction between adsorbed acetonitrile asdlid regime, where no specific interactions between acetoni-
phototoproducedOH radicals is able to perform C-C bond trile molecules and the Ti®surface should occur because of
breakage with the production of cyanide radicals and methanotompetition with the prevailing amount of water molecules.
This fact agrees well with the strong decrease in the rate con-

TiOzh—”>Ti02(h+,e‘), (3) stant of acetonitrile photo-oxidation resulting from passage
L from the gas—solid regime to the liquid—solid regime.
O2+e — 02, 4) As for the results obtained by progressively decreasing the

e~ — . - total amount of adsorbed molecules to a monolayer or less
Oz +H20 — HOy' + OH”, (5) (Figs. 8, acetonitrile molecules were able to interact with sur-
OH™ + ht — "OH, (6) face hydroxyl groups slightly more strongly than water mole-

) . cules. Indeed, a slightly higher interaction energy of 5 kJthol
CHsCNads) + "'OH — CH3OH + CN". (") in favour of acetonitrile with respect to® was obtained in the
In the gas—solid regime, the Cadicals reacted with water modeling of their adsorption on siland4,25] This finding
adsorbed on the catalyst surface, giving rise to the formation gan be related to the kinetic analysis of the acetonitrile conver-
HCN, whereas methanol was photo-oxidised to,CO sion in the gas—solid regime, and it is evident that the presence

of small amount of water in the reaction feed did not alter the

CN' 4 H20 — HCN + "OH, (8)  rate constant with respect to that obtained for a dry feed. Ap-
CH3OH + 6'0H — CO;, + 5H,0. (9) parently, in these conditions the weak energetic advantage in
the adsorption of acetonitrile with respect to water makes the

In contrast, in the liquid—solid regime, most of the cyanide radcompetition of this latter less effective toward acetonitrile for
icals were transformed into cyanate ions, which desorbed frorthe surface sites.
the surface to the aqueous solution. The remaining cyanide rad-
icals produced cyanide ions, which were also released to th&3. Kinetic aspects
solution:

_ _ To model the photoreactivity results obtained in the gas—
CN +20H" + h* — CNO™ + H20, (10) solid and liquid—solid regimes, the assumption is made that
CN 4+ OH™ — CN™ + "OH. (11) all of the elementary reactions of acetonitrile degradation oc-
L , cur on the catalyst surface and involve adsorbed species. The
The cyamde_ lons prgduced through reactidd) underwent rate-determining step of the photo-oxidation process is hypoth-
phot_o catalyt.|c oxidation to cyan_a[e._o,21—23] T_h? PrOCesS  asized to be the reaction on the photocatalyst surface between
continued with cyanate photo-oxidation steps, giving rise to th%ydroxyl radicals and adsorbed acetonitrile molecules. The cat-

formation of carbonate and nitrate ions: alyst surface has sites able to adsorb acetonitrile together with
CNO™ + 100H" + 8h* — CO32~ 4+ NO3~ + 5H,0. (12) its degradation products, as well as sites able to adsorb oxygen.
Because the adsorbed oxygen acts as an electron trap, hindering
Methanol (species not detected, probably due to its fast oxthe electron hole recombination, tf@H concentration depends
idation), formed according t¢7), was oxidised to methanale, on the fractional site coverage by oxygen molecules. In this hy-
methanoate, and carbonate ions, although only the last tweothesis, the acetonitrile degradation rate per unit surface area,

species were detected: (—rs), for a second-order kinetic may be written in terms of
CH3OH + 2°OH — HCOH + 2Hs0, (13) Langmuir—Hinshelwood model as

HCOH + 30H™ + 2ht — HCOO™ + 2H,0, (14) (-r9)= —%d]z# = kxnBoxfan. (16)
HCOO™ +30H + 2ht — CO32™ + 2H,0. (15) WhereS is the surface area of the photocatalystay is the

) o . acetonitrile moles; is the time k is the surface second-order
In conclusion, acetonitrile photodegradation led to the formarate constant, angby anddan are the fractional site coverages

tion of Cyanate ions from the nitrile group and to their Subse'by oxygen and acetonitr”e’ respective|y_ m and@AN terms
guent oxidation to nitrate and carbonate ions [reac(ib?)], are given by

whereas methanol gave rise to carbonate ion as the final prod- KonC
uct [reactiong13)—(15). fox = ——X=0x_
1 + KOXCOX

4.2. IRdata: acetonitrile/water competition OaN = KanCan , (18)
1+ KanCan + ) KiC
The spectral features observed by admitting water vapour oim which Kox, Kan, and K| are the equilibrium adsorption
the photocatalyst with preadsorbed acetonitflgé. 6 and Y  constants of oxygen, acetonitrile, and intermediate products, re-
indicated that nitrile molecules initially adsorbed on hydroxyl spectively, andCox, Can, andC) are the oxygen, acetonitrile,

and a7
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and intermediate product concentrations in the fluid phase, re- =

. m Degussa P25
spectively.

& Merck

4.3.1. Gas-solid regime

The reactivity results show that acetonitrile is completely
converted to equimolar amounts of HCN and £@hich were
the unique species found in the gas phase. In this system, the =
concentration of intermediate produadfy, in the gas phasewas 5
negligible, and thus it may be assumed that they do not com- = .
pete with acetonitrile for adsorption on the catalyst surface. By -
puttingC; = 0 in (18) and substituting17) and(18)in (16), the
acetonitrile degradation rate is .

(—rs)=kXN( KoxCox )( KanCan ) (19) \

C/—\N,O

1+ KoxCox/ \ 1+ KanCaN

The photoreactivity runs exhibited a high conversion of ace-
tonitrile, so that the assumption of a differential photoreactor is
not valid. An acetonitrile molar balance on a differential control (Cani - Caxo)10* [M]
volume of the reactor may be written as

Fig. 9. Experimental data of (@an |/ CaN,0) Versus(Can,1 — Can,0)- The
—WdCan = (—rs) dS, (20) straight lines drawn through the data represent the kinetic mode(28}.

where & is the surface area of the photocatalyst in the controlrable 1

VOIume-_ ) ) ) .. Values of rate constant for acetonitrilkf&(\,) and cyanateld’C/NO) disappear-
Considering that the oxidation of one mole of acetonitrileance and of equilibrium adsorption constants of acetonitiigy(), cyanate

requires only 1.5 mol of oxygen [Eq2)] and that the oxy- (Kcno). and oxygen Kox) according to the Langmuir—Hinshelwood kinetic

gen concentration at the inlet of photoreactor was at least orjgodel. TheA constant s equal tokgy o Kceno/ kay Kan)

order of magnitude higher than that of acetonitrile under the ex- Merck Degussa P25
perimental conditions here, it can be assumed that the oxygen Gas-solid  Liquid—-solid Gas-solid  Liquid—solid
concentration from the inlet to the outlet of the photoreactor diq(Z\N (molsIm=2) 301x108 111x 108 211x 108 2.02x 109
not change substantially. Consequently, the oxygen coverage, - (mols tm-2) — 208x 10-8 — 160 x 102
on the catalyst also did not vary substantially from the inlet toxy (M—1) 23,060 2600 10,640 1900
the outlet. Based on this assumption, substitui® into (20)  Kcno M) - 1900 - 1200
leads to the following differential mass balance on acetonitrile:fOX (M~ 240 . 90 0.5
—WdCan = kpy (M) ) (21)
1+ KanCan this equation can be transformed to a linear equation in the fol-

where lowing way:
Kpn = ki (M) 9 __1 t 1 (24)

+ KoxCox,m kany  kanKox CoxM  kay
is a term constant for each run. (82), Coxm indicates the Eq. (24) represents a straight line in a/&,, versus

oxygen concentration value averaged between the inlet and out7 Coy v coordinate system. Using the usual fitting procedure,
let of the photoreactor; this term is introduced to take intothe values o,y and Kox were obtained. The values &
account the small variation of oxygen concentration along theind of Kan and Koy, reported inTable 1 indicate that TiQ
photoreactor. The integration @1), with the limit conditions  Merck has better photocatalytic performance than ,TIe-
that atS = 0 (the inlet of photoreactofan = Can, and at  gussa P25.

S = S (the outlet of photoreactofany = Can,o, gives, after

rearrangement, 4.3.2. Liquid—solid regime
Cani Kan As discussed earlier, the disappearance of acetonitrile in the
In c = 7kj\NS— KaN(CaN,1—CAN.O)- (23)  liquid—solid regime occurs through the same pathway as in
AN,O

the gas—solid regime and involves sites that are able to break
Eq. (23) represents a straight line in a@an.1/Can.0) Versus  the C-C bond. This route transforms acetonitrile in cyanide,

(Can, — Can.0) coordinate system; the experimental data arecyanate, nitrate, and carbonate ions. The finding that in aque-
reported inFig. 9using the previous coordinates. Using a leastous solution, cyanate concentration is far higher than cyanide
squares best-fitting procedure, straight lines were fit through thien concentration after the start of acetonitrile photodegradation
data, and the values @&fan andk),, were determined. The val- indicates that the cyanide radicals, photoproduced on the cata-
ues ofk,, depend on oxygen concentration by followif&9); lyst surface, are transformed predominantly to cyanate instead
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of cyanide ions. Based on this finding, we make the assumptioparametersky, kéyo, Kan, and Keno. The values okgy
that the parallel route producing cyanide ions can be neglecteahd Kcno may be determined by reactivity runs carried out
for the kinetic modeling of acetonitrile photodegradation. with suspensions containing only cyanate ions (Bag 5).

Itis useful to keep in mind that all of the photoreactivity runs Assuming that the kinetic model, adopted in the presence of
in the liquid—solid regime with either acetonitrile or cyanate acetonitrile, is also valid for cyanate ion alone, the disappear-
ion were carried out in a batch reactor by continuously bubance rate of cyanate ions may be expressed by the following
bling oxygen or air into the reacting suspension. Consequentlgquation:
the fractional site coverage by oxygéyx, remained constant
throughout the photoreactivity run. Moreover, for both cata——KdCCNO = k¢nofenofox = ngOM,
lysts, no significant difference in photoreactivity toward ace- § d 1+ KenoCeno
tonitrile or cyanate ion was observed by bubbling pure oxygenvhere thedox value of 1 has been substituted. E29) can be
or air. This finding indicates that under the experimental condi€asily integrated, with the limiting condition that at the start of
tions, the fractional site coverage by oxygen was equal to unityfradiation,z = 0, the cyanate ion concentration is the initial
for all of the reactivity runs, that igjox = 1. one,Ccno = Ceno,o- Thus the following integral relationship

For modeling the photoreactivity results, it is useful to ex-betweenCcno andz is obtained:
press the kinetic law as a function of the concentration of 1 CenNoo vV 1
dissolved acetonitrileCan, because it was the parameter mea-tf = ( - ) + S (Ccno,o — Ceno)-
sured experimentally. Introducing the reaction voluriig,in CNO
the definition of the reaction rate [séE6)] and the unit value (30)
of fox, the kinetics of acetonitrile disappearance are expressethe values ofk/y o and Kcno were obtained by applying a
as least squares best-fitting procedure to the experimental values
1 dNan V dCan , of Ccno versust; these are reported ifable 1 In Fig. 5, the
(=re)=—+ =—= = kanOAN- (25)  lines drawn through the data represés®) in which the pre-

S dt S dt : p .
As f thefan t . d the int diat d tV|ous values okgyq and Kcno have been substituted; a very
S far as AN €M IS concerned, the intermediateé produc good fit of the kinetic model to the data can be seen.

of acetonitrile degradation is cyanate ion, which may be photo- To determine the values &f, and Ky, the ratio between

catalytically transformed to nitrate ion. Based on this finding, N = .
) - 28) and(26) was calculated, ng rise to the following equa-
in (18)the Y K, C) term is equal ta&KcnoCeno, WhereKeno (28) (26)w u gving wing equ

(29)

S kitnoKeno -\ Ceno

. e ) . tion:
is the equilibrium adsorption constant afigno is the con- ,
centration of cyanate ion. Therefore, the disappearance rate ofdCcno —1_ kenoKeno Ceno —1_ A Ceno (31)
acetonitrile is dCan kZ\N Kan  Can Can
KdCAN " KanCan (26) which contains only one unknown parameter, theonstant

S dr ~ "AN14 KanCan + KenoCeno' (equal tokdyoKeno/ kan Kan). Integrating(31) with the limit
Solving (26) requires determining the dependence of cyanaté&ondition thatCeno = 0 for Can = Can,o gives
concentration on irradiation time, that is, modeling the kinet- ClAcA _ ¢
ics of cyanate photo-oxidation. The assumption is made that g = —AN-0 AN AN
the second-order kinetic model used for acetonitrile degrada- 1-4
tion also holds for cyanate photodegradation; that is, the cyanateor each catalyst, the value dfsatisfying all of the reactivity
degradation rate per unit surface areaycno, depends on runs was determined by a least squares best-fitting procedure;
the cyanate and oxygen fractional coverages. Considering thtitese values are reportedTiable 1 Fig. 10reports the experi-
cyanate ion is produced in the first step of acetonitrile degramental values of cno versusCan for some representative runs
dation but is consumed by its subsequent oxidation to nitratef each catalyst; the lines drawn through the data represent the
ion, the rate of cyanate formation in the course of acetonitrilenodel equatior{32) and indicate a very good fit of the kinetic
degradation is given by the following equation: model to the experimental data.

The integration 0f(26) and (28) was done by the Runge—
1 dieno = v dCeno Kutta methgd using fEhe)nonligea)r fit protocol gf Mathemgatica
S/, dr 5 . dr 4.1 software. The two differential equations contain an un-
= kan®antlox — kcnoflenotox, 27 known parametek),, or Kan. The value of this parameter that
in which k¢, andfcno are the second-order rate constant andbest fits the kinetic model to the experimental values was deter-
fractional site coverage of cyanate ion, respectively. Taking intanined using an iterative procedufi@ble 1reports the values of
account that the value @by is 1, substitution of the explicit kjxy and Kan obtained with this procedure for both catalysts.
expressions afan andfcno in (27)yields The full lines drawn through the datalig. 4 represent the ki-
netic model (26) and(28)]. A very good fit of the experimental
= . (28) data to the model can be seen, indicating that the kinetic model
s de 1+ KanCan + KenoCeno describes the photoreactivity results well.
The differential Eqs(26) and (28)re coupled, so they mustbe  Examining the parameters relative to acetonitrile photode-
solved simultaneously. These equations contain four unknowgradation reported iffable 1shows that the values for Merck

(32)

V dCeno _ kanKanCan — kdyoKenoCeno
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Degussa P25: empty symbols in the gas—solid regime. These findings suggest breakage of
- Merck: full symbols the acetonitrile C—C bond in both regimes. In the gas—solid
regime, nitrile moiety formed a cyanide radical that evolved
to volatile hydrogen cyanide, whereas the methyl moiety un-
- . derwent a fast and quantitative oxidation to £&hd HO. In

“ the liquid—solid regime, the acetonitrile molecule follows the
same route of degradation as seen in the gas—solid regime, char-
acterised by C-C breaking. The nitrile part of the acetonitrile
molecule formed cyanate, which was released to the aqueous
solution for subsequent photocatalytic oxidation to nitrate and
carbonate, whereas oxidation of the methyl moiety was rel-
atively slow, allowing the detection of a certain quantity of
methanoate.

Photocatalytic degradation kinetics in both regimes can be
described using the Langmuir—Hinshelwood model. A compar-
ison between the constants obtained by kinetic modeling indi-
cates that liquid water played a fundamental role in the photo-
Can10% [M] process performance. In fact, the liquid medium hindered both
. . . . the adsorption and the photoreactivity of dissolved molecules.
Fig. 10. Cyanate concentration versus acetonitrile concentration for runs car; . . .
ried out in liquid—solid system. The lines drawn through the data (dotted IineAS for the adSOI‘p'[IOI’l in the dark, IR data confirmed the role
Degussa P25, continuous line Merck) represent the kinetic mode{32)j. of water as the predominant competitor for Ji€urface sites
with respect to acetonitrile molecules, which in turn interacted

TiO, were always higher than those for Degussa P25 TThe preferentially vyith the _TiQ surface when the acetonitrile—water
photoprocess performance in both the liquid—solid and gasdaseous feed is poor in water.
solid regimes was higher with Merck Ti®han with P25 TiQ.
The presence of liquid water negatively affected the kinetic conf\cknowledgments
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