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Summary

The photolysis of the suspension benzaldehyde solution in n-heptane—
silica gel has been studied by UV absorption spectroscopy and thermal gra-
vimetry. The formation of surface esters, oligomers and polymers during
irradiation is proposed on the basis of the results obtained. Significant lower-
ing of the silica-gel surface hydrophilicity is found after UV irradiation in the
presence of benzaldehyde,

1. Introduction

The chemical reactivity of various forms of solid silica is determined
primarily by the nature of their surface properties. The so-called excess
valences arising from the interruption of the crystal lattice periodicity on
the interface act. as active sites for reactions with molecules in the atmo-
sphere [1, 2]. Under normal conditions these sites are immediately hydrated
and the so-called silanol surface is formed [3]:
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The silanol surface possesses a strong hydrophilic character and yields
chemisorption reactions when in contact with various inorganic and organic
compounds [3 - 5]. Chemisorption reaction lowers or even eliminates the
hydrophilicity of the silica surface and has been frequently investigated. The
chemisorption of organosilicon compounds [6 - 9] and surface etherification
and esterification by organic alcohols [3, 4], acids [4, 10 - 12] and organic
acid derivatives [4] have been studied as methods for lowering the hydro-
philicity of the silica surface.
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Photochemically initiated chemisorption on the silanol surface has been
given relatively little attention. It has been found that both active surface
adsorption sites [13] and surface free radicals [14] are formed during
short-wavelength UV irradiation. Sevec [15] found that aryl radicals are
formed and chemisorption rises during irradiation of aromatic compounds
adsorbed on silica gel.

The photolysis of benzaldehyde has been studied in the gas phase and
in the liquid. Irradiating at a wavelength of about 270 nm causes the cleavage
of gaseous benzaldehyde to give benzene and carbon monoxide by a molecular
mechanism [16]. A yellow polymer was formed as a result of the n —> 7*
excitation of the gaseous benzaldehyde [16]. Although neither the detailed
polymerization mechanism nor the product structure has been elucidated,
a radical polymerization initiated by excited benzaldehyde has been pro-
posed. The products of benzaldehyde photolysis in solution are benzoin and
hydrobenzoin, and a radical pathway with (CgHsCHOH) and (C¢HsCO)
radicals as the primary intermediates has been proposed for this photoreac-
tion [17 - 19]. If the photolysis is carried out in the presence of oxygen, the
primary radicals are oxidized to peroxo radicals [20 - 23}, and the products
of benzaldehyde photo-oxidation are peroxobenzoic and benzoic acids and
oligomeric compounds of the type

CeH CeHs CesH
HO—CH—O—[CH—00—]--CH—OH
I

2. Experimental details

The benzaldehyde solution—silica gel suspension was irradiated in the
device illustrated in Fig. 1. The radiation source (a medium pressure mercury
lamp RVL-400 without luminophore, Tesla Holesovice, C.S.S.R.) and the
quartz reaction vessel were placed at the focus point of an elliptical body with
a reflecting inner surface. The silica gel (for chromatography, 5/40 um,
Lachema, C.S.S.R.) was dried for 3 h under vacuum at 90 °C. Benzaldehyde
(Reachim, U.S.8.R.} was purified with an aqueous solution of Na,COj, after
separation of the water layer, dried with anhydrous Na,SO,, filtrated and
distilled at 2.6 X 10> Pa and 81 °C. n-Heptane (for UV spectroscopy,
Lachema, C.S.S.R.) purified with anhydrous CuSO,4 and cyclohexane (for
UV spectroscopy, Lachema, C.S.S.R.) was used for the preparation of the
solutions and suspensions.

The silica gel (200 mg) was stirred for 1 h in 70 cm® benzaldehyde
solution in n-heptane. This length of time was found to be sufficient to
establish the adsorption equilibrium. After the silica gel had settled, a sample
of the solution was analysed spectrophotometrically at a wavelength of 240
nm and the equilibrium benzaldehyde concentration was determined. The
suspension was transferred to the reaction vessel and was irradiated
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Fig. 1. Schematic diagram of irradiation device: 1, irradiation source; 2, power supply;
3, reflecting body; 4, reaction vessel; 5, reflux condenser; 6, oxygen inlet; 7, water for
temperature control; 8, cooling water; 9, suspension.

for a fixed period at 20 °C. During irradiation, oxygen was bubbled into the
suspension. After irradiation the silica gel was repeatedly washed in n-
heptane and dried to constant weight at 40 °C under vacuum.

The samples of silica gel were studied by UV absorption spectroscopy,
thermogravimetry (T'G) and derivative thermogravimetry (DTG). The hydro-
philicity of the samples was determined by measuring the absorption of
water vapour.

The samples for UV spectroscopy were prepared according to the
method of Leemakers et al. [24]. The silica gel was weighed out into a
standard quartz cuvette of thickness 1.1 cm and was covered with cyclo-
hexane. As the values of the refractive indices of silica gel (1.43) and cyclo-
hexane (1.42) are similar, the resulting suspension is practically transparent
in the UV region [25, 26]. The spectra were recorded on a SPECORD UV-
visible spectrophotometer (C. Zeiss, G.D.R.).

TG and DTG curves were recorded on a 2 FA Thermoanalyzer (Mettler).
A flow of purified nitrogen of 7 dm> min™! and dynamic heating at 10 °C
min~! were employed and freshly burmt Al,0; was used as the standard.

Measurements of water vapour adsorption were performed in an atmo-
sphere with a saturated water vapour pressure of 2226 Pa (97% humidity). The
amount of the water adsorbed on the sample surface was evaluated in periods
of 5 - 10 min by measuring the relative increase in the weight of the sample.

3. Results and discussion

The absorption bands in the UV spectrum of benzaldehyde adsorbed on
silica gel (Fig. 2) are broader than the bands in the spectrum of the solution
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Fig. 2. UV spectrum of benzaldehyde adsorbed on silica gel (equilibrium benzaldehyde
concentration, 4 X 107 mol dm™3).

Fig. 3. UV spectrum of 3.8 X 10~° mol dm—? benzaldehyde in n-heptane solution.

(Fig. 3). This broadening originates from the various adsorption states of
benzaldehyde on the silica-gel surface. The maxima of the 7 — n* transi-
tions are at the same wavelengths in both spectra, so the electronic structure
of the benzaldehyde remains unchanged on adsorption. Therefore it may be
concluded that benzaldehyde is bonded to the silica gel surface by van der
Waals forces supplemented to a certain extent by interactions of the surface
silanols with the carbonyl oxygen. It is interesting to note that according
to Sidorov [27] the IR absorption of the benzaldehyde C=O group is
shifted only 6 cm™! after it is adsorbed on porous glass.

After irradiation for 1 h (equilibrium concentration of benzaldehyde in
the suspension, 4 X 107° mol dm~3) a new band appears at about 230 nm
(Fig. 4). After irradiation for 3 h the UV absorption of benzaldehyde on
silica gel completely disappears (Fig. 5), so the electronic structure of the
surface-bonded molecule is different from that before photolysw Its UV
spectrum is characteristic of the group

20
CGHS—C\O

TG and DTG curves of the initial silica gel and of that after irradiation
in benzaldehyde solution (equilibrium concentration of benzaldehyde in the
suspension, 4 X 10”5 mol dm™3) are shown in Fig. 6. There is a decrease in
weight at 50 - 150 °C from the distillation of bonded water, and from Fig. 6 it is
evident that the water content is significantly lower in the irradiated samples.
Further weight decreases resulting from the thermolysis of the surface struc-
ture at 250 -320 °C and 350 - 500 °C were recorded only for the irradiated
samples.
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Fig. 4. UV spectrum of silica gel after 1 h irradiation in benza]dehyde solution (equi-
librium benzaldehyde concentration, 4 X 105 mol dm™3),

Fig. 5. UV spectrum of silica gel after 3 h irradiation in benzaldehyde solution (equi-
librium benzaldehyde concentration, 4 x 10~% mol dm™?).

v
0oL A b

Imgs™)

100
001+

(%)

2
0005 }.

00 A N
100 200 300 400 t [°C) 100 200 300 400 ¢t [°C]

Fig. 6. (a) TG and (b) DTG curves of silica gel treated in benzaldehyde solution (equi-
librium benzaldehyde concentration, 4 X 10™5 mol dm™3): , untreated silica gel;
— — —, without irradiation; -«----- , 1 h irradiation; — - —, 3 h irradiation.

I S i

As the oxygen was contained in the solvent and on the silica-gel surface,
photo-oxidation reactions of benzaldehyde took place during the irradiation
of the system under study. The main primary product, i.e. the unstable
peroxobenzoic acid [20, 21], is able to oxidize benzaldehyde to benzoic
acid [28]. The TG and DTG curves of silica gel treated with a solution of
benzoic acid in n-heptane (equilibriumn concentration of benzoic acid,
4 X1075 mol dm™3), in the same way as with the previous samples but
without irradiation, are qualitatively consistent with untreated silica-gel



216

v b
Imgs']
0.01+
100} a
m 0,005
[°%] '
95}
90 n n N N " 00l .. 1 s " .
00 200 300 400 t [°C) 100 200 300 400 1 [°C]

Fig. 7. (a) TG and (b) DTG curves of silica gel treated in benzoic acid solution (equi-
librium benzoic acid concentration, 4 X 10~° mol dm™3).

curves (Fig. 7). Therefore the physically adsorbed benzoic acid did not
cause the observed changes on the TG and DTG curves for the irradiated
samples.

With regard to the UV absorption spectra and to the TG and DTG
curves of silica gel photolysed in benzaldehyde solution, the existence of
aromatic structures (probably surface esters) chemically bonded to the
silica-gel surface may be presumed:
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Analogous changes in the UV spectra, such as those shown in Figs.
4 and 5, were observed after irradiation of suspensions with a benzaldehyde
equilibrium concentration of up to 5 X 1073 mol dm™3. Photolysis of sus-
pensions with a higher benzaldehyde equilibrium concentration caused the
silica gel to become tawny coloured and its UV absorption bands were greatly
broadened (Fig. 8). This broadening may be connected with the chemical
nature of the surface structures being different from that of the structure
present in suspensions with a lower benzaldehyde concentration. A higher
concentration of benzaldehyde favours surface oligomerization, leading to
type I products or even to photochemical polymerization of benzaldehyde
[16].

The rate of water vapour adsorption on the solid surface can be de-
scribed to a first approximation by the first-order equation

a(t) = A{1 —exp(—kt)}

where a(t) is the amount adsorbed during the period t, k is the first-order
rate constant and A is the amount adsorbed in the saturated state. The
parameters A and k for the adsorption of water vapour on the silica-gel
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Fig. 8. UV spectra of silica gel after irradiation for 5.5 h in benzaldehyde solution:
(a) equilibrium benzaldehyde concentration, 1 X 10~2 mol dm™3; (b) equilibrium benzal-

dehyde concentration, 3.5 X 1072 mol dm—3.
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Fig. 9. Water vapour adsorption on silica gel treated in benzaldehyde solution (equilib-
rium benzaldehyde concentration, 4 X 10~5 mol dm™3): @, untreated silica gel; ©, without

irradiation; ®, 1 h irradiation; ©, 3 h irradiation.
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TABLE 1

Amount of water adsorbed on the silica-gel samples in the saturated state

Equilibrium benzaldehyde Period of A
concentration in suspension irradiation

(mol dm—3) (h)

Non-treated silica gel 0.215
4x10°5 0 0.205
4 x105 1 0.156
4 %1075 3 0.037
1x10™2 5.5 0.098
3.6 x 1072 5.5 0.084

samples were evaluated by non-linear regression [29]. According to Fig. 9
and Table 1 the capacity of the silica-gel surface to adsorb water vapour
is significantly reduced after irradiation in benzaldehyde solution, so its
hydrophilicity is decreased.
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