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Abstract

Photocatalytic synthesis of propan-1-thiol has been performed at room temperature under dynamic conditions by add&iam of H
propene in contact with illuminated TiOor CdS catalysts. Both photocatalysts were found to be active and selective in this reaction.
Propan-1-thiol was selectively obtained according to a reaction mechanism implying photogenefatadiGits. This work illustrates
the potentialities of photocatalysis in the field of thiochemistry.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction olefinic double bond by acid catalysis is preferred since
the dehydration of the alcohol also produces undesired
The interest of heterogeneous photocatalysis has re-products.
cently been growing particularly in the field of water and ~ Only few examples of photocatalytic synthesis of thio-
air decontamination in which the photocatalyst is able compounds can be found in the literature. Reduction of
to oxidize organic pollutants to GOwith oxygen from disulfides of bis(2-dipyridyl)disulfide for the synthesis of
the air [1]. If the oxidative degradation of molecules 2-mercaptopyridine on catalyst has been repdi@gdAddi-
in water and air purification is the main application of tionally, the photoreactivity of b5 in contact with photocat-
photocatalysig2,3], the synthesis of organic compounds alysts such as CdS, ZnS and Fi@as been investigated for
can also be performed4]. The wide applicability of H2S oxidation[9], sulfur recovery or hydrogen production
semiconductor-mediated photocatalysis for functional group [10,11]
transformations of organic compounds has been demon- The present study is aimed at investigating the photocat-
strated for substitution, addition, oxidation, reduction, de- alytic synthesis of mercaptans in the gas phase by direct
hydrodimerization and isomerizatidid]. These reactions reaction of an olefin with KS. For propan-1-thiol, only
have mainly been performed with organic molecules in- this route can be envisaged because in the heterogeneous
volving C—C, C-O or C-N bonds and, in a small extent, catalytic process, propan-2-thiol is mainly formed. In pho-
on sulfur-containing molecules. In the field of thiochem- tochemistry (i.e. without a photosensitive solid catalyst),
istry, mercaptans are increasingly used as intermediatesa secondary reaction producing a large amount of alkyl
for the synthesis of agrochemicals, pharmaceuticals, petro-sulfide is also observefdl2]. Presently, it is attempted to
chemicals, lubricants, cosmetics and gas odorants. Con-synthesize propan-1-thiol by a photocatalytic process, using
sequently, new synthetic routes for mercaptans are to beeither TiG; or CdS catalysts. In the presence ofSi the
developed. Primary mercaptans are usually prepared ei-surface of TiQ gets partially sulfurized and its photocat-
ther by heterogeneous catalysis fromalcohols or by alytic properties might be affected, whereas CdS should
photo-assisted addition of43 to «-olefins[6,7]. For sec- not be transformed. Additionally, CdS absorbs in the vis-
ondary and tertiary thiols, the addition of,8 on the ible region. Eventually, photocatalytic activity differences
have been observed between these two photocatalysts with
* Corresponding author. Tel:33-472-44-5336; fax:-33-472-44-5399.  respect to the final products obtained. For instance, the syn-
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to the Sisomer with platinized Ti@, whereas the racemic
mixture is obtained with platinized Cd&3].

passed through the fixed catalyst bed before reaching the
outlet. Propylene and thiol concentrations were measured
by gas chromatography using a HP 5890 chromatograph
equipped with a HP5 capillary columi®0 m x 0.32 mm),
and a flame ionization detector. The total flow rate was
18 crré/min, while propene and 6 partial pressures were
equal to 13 and 17 Torr, respectively (1 Togr 1333 Pa).
Analyses were performed on-line every 7 min. The interest
The titania catalyst used was a commercial HOMBIKAT of such a flow reactor is to provide information on the true
UV100 sample purchased from Sachtleben (Germany). Thekinetics in initial conditions. It enables one to follow the
method of preparation of cadmium sulfide particles was sim- activation/deactivation processes. Under these dynamic dif-
ilar to that employed by Ramsden and Gréfdl. Gaseous  ferential conditions, conversions were in the range of 1%.
hydrogen sulfide was introduced in an aqueous solution of The reaction rate (in mols™1) of thiol appearance was
Cd(NGs)2-4H,0 (Aldrich 98%), under vigorous stirring.  expressed as
CdS particles were rapidly formed and separated from the
solution by centrifugation before being washed out with dis-
tilled water. The yellow-orange powder obtained was used whereF is the molar flow rate of propene antithe con-
as photocatalyst without any further treatment. version. The weight of the catalyst has been optimized by
varying the mass for each catalyst in order to ensure a total
absorption of efficient photor[8]. In the absence of light,
and/or of catalyst, it was clearly checked that no reaction
X-ray powder diffraction patterns were recorded with occurred.
a Brucker D5500 diffractometer using CuaKradiation.
Particle shapes and sizes were determined by transmissior2.4. Determination of the quantum yield
electron microscopy (TEM), performed with a JEOL 2010
microscope operating at 200kV. Samples were prepared The quantum yield®, was defined as the ratio of the
by depositing a droplet of an ethanol slurry onto a holey reaction rate to the photon fluxR; actually absorbable by
carbon-coated copper grid. The crystalline phases werethe catalyst. It is expressed either in molecules converted
also determined by nanodiffraction or FT image process- per second per photon absorbed per second or in moles
ing. The elementary analyses were obtained by using EDX converted per second per Einstein absorbed per second
spectroscopy (Link Isis). BET surface areas were measured(1 Einstein= 1 mol of photons]17]. The determination of
with an automatized volumetric apparatus based on nitrogenthe quantum yields in photocatalysed heterogeneous reac-

2. Experimental

2.1. Preparation of the photocatalysts

r=FX

2.2. Characterization of the catalysts

adsorption at 77 K.

tions present some difficulties because of the scattering and

Bandgap energies were determined according to thethe reflection of light by the semiconductor grains. There-

method described by Webgt5]. UV-spectra of Kubelka-
Munk function F(R.,) vs. wavelength of incident photon

fore, the value determined constitutes only a minimum
value [18,23] The apparent quantum yield was calculated

were recorded with a Perkin-Elmer Spectro Lambda 9 and by assuming that all the incident photons are absorbed by

were represented d$ (R,,) X hv)2 vs. hv. The bandgap
energyEg corresponds to the intercept of the linear part of
the curve with thex-axis.

2.3. Photocatalytic thiolation of propylene

the semiconductor.

The total absorbable photon flow was calculated for each
semiconductor by taking into account: (i) the radiant flux
(sometimes called intensity, expressed in mWcend
measured with a radiometer: ORIEL Radiant Power Meter
(model 70260) equipped with a 70261 ORIEL Thermopile

Photocatalysed thiolation of propene was performed at Detector); (i) the spectrum of the lamp; (iii) the transmit-
room temperature in the dynamic gaseous photoreactortance of the filter; (iv) the semiconductor absorption spec-

having a cylindrical shap§l6]. The catalyst powder was

trum. The light flux was found maximum in the middle of

spread out on a microfibre glass filter, playing the role of the reactor and decreases along the radius of the irradiated

a photo-inert support of the immobilized photocatalytic

bed. UV-irradiation of the catalyst in the presence of reac-

surface. However, this maximum value has been used for
the entire illuminated section area of the photoreactor.

tants was provided by a 125 W high-pressure mercury lamp For each band of the lamp, the monochromatic photon
(PHILIPS HPK 125). IR beams were removed by a water flow actually absorbed by the catalyst was calculated from

cell. A Corning cut-off filter (0-52) was chosen for the
desired wavelength range, i.e. for> 340 nm. The section
area of the reactor was ca. 11em\, was used as the car-
rier gas for the gaseous mixture of propylernel,S, which

the monochromatic radiant flow (in mw/&ngiven by the

manufacturer and by taking into account the absorbance of
the solid and the transmittance of the optical filter as usually
done by one of us (JMH) since many years (see for instance

was introduced in the head-space of the photoreactor and20]).
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Table 1 correspond fairly well with those reported in the literature.
Physico-chemical properties of Tind CdS photocatalysts In fact, quantum size effects for TiGand CdS are expected

TiO, cds to occur for particle sizes below 5 nfh9].
Bandgap (eV) 3.3 2.3
Sset (M?/g) 286+ 4 42+2 3.2. Catalytic activities
Phase proportion (%) 100% Anatase 20% Hawleite/80%

Greenockite . . . .

Average size, XRD (hm) 8 14 As mentioned above, the differential flow system gives

directly the initial reaction rate and enables one to detect
any activation/deactivation processes.Hig. 4, the pho-
tocatalytic activities of TiQ and CdS under UV-visible

3. Results and discussion are compared. It can be observed that catalysts necessitate
an induction period of ca. 40 min to reach their optimum
3.1. Physico-chemical properties of the solids activities. After this activation period, the catalytic activ-

ity remains stable. Both solids are active in the thiolation

The two photocatalysts exhibit relatively high specific of propene performed in the gas phase. As in the case of
surface areas. The crystalline composition of J&nd CdS photocatalytic mild oxidation reactions, the photocatalysts
were determined from XRD patterns (s@able 1. The exhibit high selectivities since propan-1-thiol is formed
sulfide photocatalyst is a mixture of cubic and hexagonal with a selectivity >99%. It has to be underlined that this
phases, whereas titania is 100% anatase. The photocatselectivity is opposite to that would be expected in conven-
alytic activity of both CdS phases is not reported in the tional thermo-activated heterogeneous catalysis. Actually,
literature and we arbitrarily supposed that they are iden- the reactor was heated up to 413 K and then cooled down to
tical. Figs. 1 and 2provide the TEM micrographs of the room temperature and illuminateflig. 5 clearly illustrates
photocatalysts. These catalysts are composed of small andhow thermal or photonic activation affect the selectivity of
well-crystallized particles having a nearly spherical shape. each thiol. Under illumination, the photocatalytic activity
Mean sizes were comparable to those obtained from XRD of TiO is about three times higher than that of CdS. The
line broadening. The bandgap energies were determinedphotocatalytic properties of both solids are summarized
from the UV-absorption spectra presentedrig. 3. They in Table 2

Fig. 1. TEM image of TiQ photocatalyst (Hombikat UV 100).
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Fig. 2. TEM image of CdS photocatalyst.
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Fig. 3. UV spectral of Kubelka-Munk functioR(R) vs. wavelength of incident photon for TiqHombikat UV-100) and CdS, and insef (R.) x hv]?
Vs. energy.
Table 2

3.3. Reaction mechanism
Photocatalytic properties of Tigland Cd3

TiO, (UV-visible) ~ CdS (UV-visible) Since the behaviors of both titania and CdS are simi-
Adsorbable flux v/W/s) 38 x 1016 726 % 107 lar (with, in partlc_ulgr, 'Fhe same very high selectivity in

Rate (mols) % 10-9 38 x 10-10 propan-1-thiol), this indicates that they should follow the

Quantum yield 2 x 1072 3.15x 107

same reaction mechanism. For titania, which is known as a
a A Corning cut-off filter (0-52) was chosen for the desired wavelength PowerfUI oxidation photocata_lyst in oxygen, this |mp'||es that
range, i.e. forn. > 340 nm. its surface has to adapt to thiolation conditions. This can be
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Fig. 4. CdS and Ti@ photocatalytic activities under UV-visible light filtered by a Corning cut-off filter (0-52)Xefr 340 nm.

easily done at room temperature by a partial sulfidation of Simultaneously, the hydrocarbon co-reactant adsorbs at the
the surface by reaction of gaseous3with the amphoteric  surface of titania. It has been shown by one of us that (i)

hydroxy! groups of titania. alkanes adsorb on UV-illuminated titania at room tempera-
Under UV-irradiation, the photon absorption creates ture as an almost physisorbed monolayer without any elec-
photo-electrons and holes. tronic interaction with the solid20] and (ii) propene was
_ found to weakly chemisorb on titania during its mild ini-
TiOp +hv — € +p* 1) tial oxidation into propene oxide as the initial prod{@t].
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Fig. 5. Influence of thermal and photocatalytic activation on the conversion of thiols on TiO
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In both cases, no influence of the hydrocarbon partial pres- 3.4. Quantum yield
sures was observed on the electrical photoconductivity of
titania, indicating that these reactants are without any elec- The quantum yielg, defined above according to IUPAC
tronic interaction with the irradiated solid. Propene can be recommendation§23], has been determined for both cat-
considered in the present conditions as merely adsorbed alysts according to the procedure describedsettion 2
Their values are given iffable 2 Whereas titania appears
CsHe(g) + TiO2 — CgHe(ads (2) as only three times more active filg. 4, its quantum yield
is 70 times higher than that of CdS. This is because of
The fate of the photogenerated electrical charges has to behe visible photons which have been taken into account for
concerned with HS. Because of the acidic properties of CdS, in agreement with the UV-visible spectrdig. 3. To
H>S, a dissociative chemisorption can be proposed on theour experience, a quantum yield of 2% observed appears as
amphoteric sites of totally or partially sulfided surface of quite reasonable in the gas phase using a differential flow

titania photoreactor. It is of the same order of magnitude as that
of propene oxidatiofi21]. Its value higher than that of CdS
H2S+ TiO2 — HS 4+ Hlyo 3) confirms two points: (i) titania remains the best photocat-

alyst and (ii) titania, owing to its own surface properties,
The HS™ surface groups constitute good candidates for re- is able to adapt to many different reaction media, presently
acting with positive holes as their Othomologues in aque-  a sulfiding atmosphere, enabling it to perform a thiolation

ous medium, thus generating Skadicals reaction with a better yield than that of a sulfide. These
results, which were mainly exploratory, clearly indicate that
HS 4+ P" — HSads 4) a new area in titania's photoactivity can be developed in

thiochemistry (so-called thiophotocatalysis).

These electrophilic radicals subsequently react with the dou-
ble bond of the co-adsorbed olefin to generate a new radical

with the terminal position of the thiol group 4. Conclusion
- . The present work illustrates a new potential for photo-
HS, 44 + CH2=CH-C — HS-CH—-*CH-C o . i -
(ads 2 Foiads b P(ads catalysis in the synthesis of thio-compounds. The ability of
() TiO2 or CdS to perform the synthesis of mercaptans has been

clearly demonstrated. Both catalysts are highly selective in
This radical has to meet another radical to form a stable fi- the formation of propan-1-thiol, which was not the product
nal molecule. No dimerization of the thiol compound was expected in a heterogeneous catalytic system. New devel-

observed. The overall reaction CorreSpondS to the additionopments are undertaken to broaden this new thiochemical

of SH* and H on the double bond of adsorbed propene. fijelq.

By varying the contact time, we observed that traces of

propan-2-thiol are not related to the photocatalytic process

itself but apparently proceeds via another activation pro- Acknowledgements
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secondary minor process may explain the presence of traces

of 2-propan-thiol in the case of cadmium sulfide but also

for TiO, because of the partial sulfidation of the surface References
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