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Abstract 

Immobilized cobalt@) and zinc(II) phthalocyanine and SALEN complexes have been studied as catalysts or photocata- 
lysts for oxidation of 2-mercaptoethanol and sodium thiosulfate. The complexes have been anchored on silica or intercalated 
in the galleries and cavities of layered double hydroxides (I-IT) and NaX zeolite. Both the degree of monomerization of 
phthalocyanine complexes and their activity as catalysts or photocatalysts, after intercalation within supports with well 
defined intracvstalline cavities, are higher than those observed for the complexes supported on SiO,. The coadsorption of 
water in the galleries and cavities of hydrotalcite and the zeolite retards the diffusion of dioxygen and sulfur-containing 
compounds towards the active catalytic sites. For this reason the activity of the immobilized catalyst samples for the 
oxidation and photooxidation is lower than that of the complexes in homogeneous phase. After hydrophobic modification of 
hydrotalcite and NaX zeolite by dodecylsulfate or tetrabutylammonium ions the catalysts sample activity is increased 
2-8 X , because of the improved diffusion of the reactants towards the phthalocyanine molecules intercalated within the bulk 
of the supports. The degree of photodestruction of the zinc phthalocyanine complexes in the volume of the hydrotalcite or 
the faujasite is lower in comparison to that in homogeneous phase owing to the retarded diffusion of dioxygen towards the 
photoactive molecules. After hydrophobic modification of the catalysts samples the diffusion of dioxygen and quantum yield 
of the generated ‘0; (%¶,) are promoted and the degree of photodestruction of the immobilized phthalocyanine complexes is 
increased. The stability of zinc phthalocyanine complexes intercalated within the bulk of hydrotalcite or NaX zeolite is quite 
higher than that in the homogeneous phase due to deactivation of the singlet dioxygen on the walls of the supports. 0 1997 
Elsevier Science B.V. 
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1. Introduction 

Sulfur-containing compounds, such as mer- 
captans, alkali sulfides, alkali sulfites and alkali 
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thiosulfates are by-products of industrial pro- 
cesses and pollutants of waste and natural wa- 
ters [ 1,2]. Mercaptan and alkali sulfide oxida- 
tion, catalyzed by cobalt phthalocyanine com- 
plexes (CoPc), has been reported to be incom- 
plete, the end products being disulfides, sulfur 
and thiosulfates [2-51. This is reasonable bear- 
ing in mind the redox mechanism of catalytic 
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oxidation [6,7] and the redox potentials of cata- 
lyst and reagents [8]. The complete oxidation of 
sulfur-containing compounds, before discharg- 
ing them into waterways, has been suggested as 
a possible solution of the environmental pollu- 
tion problem. It has been established [9,10] that 
upon irradiation with visible light the phthalo- 
cyanine complexes with long-living excited 
triplet state exhibit high catalytic activity in the 
complete oxidation of sulfur-containing com- 
pounds. Photocatalytic activity is demonstrated 
by nonmetallic phthalocyanine complexes and 
those containing metal ions with filled electron 
shells or d orbitals like Zn2+, Mg2+ and A13+ 
[6,8]. During interaction between dioxygen and 
the long-living triplet state of these complexes a 
chemically more reactive *O, (‘A, > is being 
formed, which further interacts with compounds 
containing sulfur of various oxidation states. 

The catalyst effectiveness is substantially af- 
fected by aggregation of the phthalocyanine 
complexes [3,4,6-91 which is specific for this 
type of molecules [lo]. Upon formation of 
dimers as a result of bimolecular triplet anni- 
hilation, the excited triplet electron state of the 
complexes is quenched and the quantum yield 
of ‘0, (‘As ) is decreased [6,7]. It has been 
shown [6] that upon self-association in solution 
the photocatalytic activity of the phthalocyanine 
complexes is decreasing 5-10 X . A photode- 
composition of the phthalocyanine complexes is 
also being observed during catalytic oxidation 
of the sulfur-containing compounds [6,7]. 

This work deals with sulfur-containing com- 
pounds oxidation and photooxidation catalyzed 
by phthalocyanine complexes, immobilized on 
crystalline inorganic supports with well-defined 
structures. It is known that upon intercalation 
into layered clays [4,9,11- 131 or encapsulation 
in zeolites [ 14-171 the monomeric distribution 
of the phthalocyanine, porphyrin and SALEN 
complexes remains high. For such systems the 
individual guest chelate complexes are isolated 
in an inorganic environment of molecular di- 
mensions and their easy dimerization is thus 
avoided. 

2. Experimental 

Copper@)-2,9,16,23-phthalocyanine tetracar- 
boxylic acid [CuPc(COOH),], cobalt@@2,9,16, 
23-phthalocyanine tetracarboxylic acid 
[CoPc(COOH),] and zinc(II)-2,9,16,23-phthalo- 
cyanine tetracarboxylic acid [ZnPc(COOH),] 
were prepared and purified according to the 
methods described in the literature I: 181. Fltia 
2-mercaptoethanol (MEA) and Na,S,O, .5H,O 
were used without further purification. The oxi- 
dation of MEA to sulfonic acid has been con- 
fiied semiquantitatively by means of IR spec- 
troscopy and acid-base titration [7]. The amount 
of sulfate ions formed upon photooxidation of 
Na,S,O, was determined by means of iodomet- 
tic titration of the solutions or gravimetrically 
by precipitation with BaCl,. The accuracy of 
the analysis was +7 wt%. 

A hydrotalcite-like layered double hydroxide 
[Mg,A1,(OH),,~C031 - yH,O (HT) was pre- 
pared by coprecipitation of stoichiometric 
amounts of Mg2+ and A13+ in the presence of 
carbonate at pH = 12.7 [4,9,19]. After washing 
and drying the hydrotalcite is analyzed accord- 
ing to the described methods [ 191. The double 
hydroxide was heated in argon at 723 K for 24 
h. The BET surface area of I-IT was = 220 m2 

- ‘. CoPc(COOH), , ZnPc(COOH), and 
;uPc(COOH) 4 were intercalated into HT by 
means of ion exchange in aqueous medium 
[4,9,11]. The contents of metal phthalocyanine 
complexes in the intercalation compounds were 
determined after decomposition of the hydrotal- 
cite with diluted hydrochloric acid and separa- 
tion of the insoluble complexes. The contents of 
metal phthalocyanine complexes (Table l>, in- 
tercalated in hydrotalcite, were determined pho- 
tometrically. 

Zeolite encapsulated Co(B) and Zn(II) non- 
substituted phthalocyanine complexes (CoPc and 
ZnPc) were prepared according to described 
methods [14,15], as follows. The zeolite 13X 
(Fluka, powder) was either cobalt or zinc ion- 
exchanged. The degree of loading (about 4 wt%) 
was determined complexometrically 1141. The 
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dried ion-exchanged NaX zeolite samples were 
mixed with 1,Zdicyanobenzene and heated in 
an inert atmosphere at 523 K for 8 h. The 
reaction product was extracted in a Soxhlet 
apparatus with acetone and pyridine to remove 
the phthalocyanine complexes formed on the 
external surface of the zeolite. The concentra- 
tion of ZnPc and CoPc (Table 1) encaged in 

NaX were determined photometrically after dis- 
solving the complexes in concentrated H 2 SO,. 

Zeolite encaged Zn(II)-SALEN complexes 
were prepared in situ in the presence of 1,6-bis 
(2-hydroxyphenyl)-2,5-diaza-1,5-hexadiene 
(SALEN) [17]. The purification of the material 
was done via Soxhlet extraction with aceto- 
nitrile and dichloromethane. 

Table 1 
Photooxidation of 2mercaptoethanol (10 mmol) and Na,S,O, (30 mmol) in an aqueous solution at pH = 9.24, catalyzed by water-dis- 
solved or supported chelate complexes (1.7 pmol). Quantity of modifying additive: Quinoline 1.24 pmol; TBAC 1 mmol; SDS 0.3 mmol 

No. Sample Amount 
(pm01 g-l) 

Modifying 
additive 

Substrate r (mol-‘1 Degradation of chelate (%) 
after 200 mitt 

1 ZnPc(COOH), 
2 ZnPc(COOH), 
3 ZnPc(COOH), 
4 CoPdCOOH), 
5 CoPc(COOH), 
6 ZnPc(COOH), 
7 ZnP&OOH), 
8 ZnPc(COOH), 
9 ZnPc(COOH), 
10 ZnPc(COOH), 
11 CoPc(COOH),/HT 
12 CoPc(COOH),/HT 
13 CoPc(CO0H)J-D 
14 ZnPc(COOH),/HT 
15 ZnPc(COOH),/Hf 
16 Z~PC(COOH)~/HT 
17 ZnPc(COOH),/HT 
18 ZnPc(COOH),/HT 
19 ZnPc(COOH),/HT 
20 ZnPc(COOH),/HT 
21 CoPc/NaX 
22 CoPc/NaX 
23 ZnPc/NaX 
24 ZnPc/NaX 
25 CoPc/SiO, 
26 CoPc/SiO, 
27 ZnPc/SiO, 
28 ZnSALEN/NaX 
29 ZnSALEN/NaX 
30 ZnPc(COOH), 
31 ZnPc(COOH), 
32 CoPc(COOH),/HT 
33 ZnPdCOOH&/HT 
34 ZnPc(COOH),/HT 
35 ZnPc(COOH),/HT 
36 ZnPc/NaX 
37 ZnPc/NaX 
38 ZnPc/SiO, 

- 

_b 

40.0 
40.0 
40.0 
13.3 
13.3 
13.3 
40.0 
40.0 
99.5 
99.5 
69.0 
69.0 

4.3 
4.3 

17.2 
17.2 
20.7 

154.6 
154.6 
- 

40.0 

40.0 
40.0 
40.0 

4.3 
4.3 

20.7 

- 
Quin. 
TBAC 
- 
- 

- 
SDS 
TEIAC 
SDS 
- 

SDS 
SDS 
- 

SDS 

SDS 

SDS 
- 

TBAC 
- 

TBAC 
- 
- 
- 
- 
TBAC 

&in. 
SDS-Quin. 
- 

SDS 
SDS-Quin. 

TJ3AC 

- 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 
MEA 

NazS,Os 
NazSzOs 
NazSzOs 
NazS,Os 
Na2S20s 
Na2S203 
NaZS203 

Na1S20s 

- 60 
72 
88 

84.4a 
81.2 

no oxidation= 
24.2 64 
21.8 58 
20.0 52 

135.6 74 
55.4 
50.0a 
60.6a 

no oxidationa 
14.1 39 
28.8 50 
11.8 33 
24.7 42 

7.6 29 
20.6 35 
22.9” 

101.8” 
16.5 15 

145.7 35 
16.2” 
15.5 
12.9 33 
5.7 

36.8 
0.7 35 
1.8 44 

no oxidation” 
0.6 10 
1.1 22 
2.4 39 
0.7 14 
2.9 30 
0.4 Na2S203 

aWithout irradiation, 
b0.8 pmol. 
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Anchored nonsubstituted phthalocyanine 
complexes (ZnPc and CoPc) were synthesized 
on silica gel, Davisil (Aldrich, surface area 300 
m* g- ‘), modified by zinc(I1) and cobalt(B) 
ions, in the presence of 1,2_dicyanobenzene [20]. 
The amounts of ZnPc and CoPc (Table l), 
deposited on the support, were determined pho- 
tometrically after dissolving the complexes in 
concentrated H 2 SO,. 

The absorption spectra of the catalysts sam- 
ples were registered on a Hewlett-Packard 89500 
UV-VIS spectrophotometer, whereas the dif- 
fuse-reflectance spectra were recorded on a 
Beckman 5270 UV-VIS instrument. The ESR 
spectra of the zinc and copper samples were 
registered on a Bruker ER 200D SRC instru- 
ment at 298 K in the presence of appropriate 
ESR standards [21]. Each ESR sample con- 
tained 1 pmol of the respective phthalocyanine 
complex. 

The rates of 2-mercaptoethanol (MEA) and 
sodium thiosulfate catalytic and photocatalytic 
oxidation were evaluated on the basis of the 
consumption of dioxygen, which was measured 
using a gas burette. The oxidation process was 
performed at 298 K, pH = 9 and atmospheric 
pressure in a static reactor by exposure to a 
halogen lamp (12 V, 50 W), the illumination 
being 38 mW/cm*. Both the NaX zeolite and 
SiO,, modified with cobalt and zinc ions, do 
not catalyse the redox processes under consider- 
ation. 

3. Results 

X-ray diffraction patterns of the sample, con- 
taining 1.10e3 mol phthalocyanine complex per 
gram hydrotalcite, showed that the 
ZnPc(COO-), anion (Fig. 1) intercalates into 
the support by anion exchange. The gallery 
height of HT was estimated to be 1.8 + 0.05 nm 
which indicates that the complex molecule was 
intercalated almost perpendicular to the brucite 
layers [4,9,11]. Along with diffractions of inter- 
calated ZnPc(COOH), (Fig. l), lines specific 

Fig. 1. X-ray diffraction patterns of HT-ZnPc(COOH- ),: CO; 
exchanged H’T (0); crystallized ZnPc(COONa), (x). 

for a microcrystalline complex [9,18] and for- 
mation of impurities of CO; exchanged HT 
[4,9,11] were also registered. As a rule phthalo- 
cyanine microcrystals are formed at high de- 
grees of ionic exchange. The microcrystals are 
located most likely on the external surface of 
the hydrotalcite [4]. The low degree of ion 
exchange of ZnPc(COOH),, as well as that of 
CoPc(COOH), (Table 1) is suitable for prepar- 
ing heterogeneous catalysts of high monomeric 
distribution of the complexes on the support 
material. 

Diffuse-reflectance UV-VIS spectra of the 
immobilized phthalocyanine complexes showed 
different monomeric distribution, depending on 
the concentration of the complexes and the na- 
ture of the supports (Fig. 2). The self-associa- 
tion with phthalocyanine complexes and the 
nature of the intermolecular interactions that 
lead to this process are widely discussed in the 
literature [6,7,10,22]. In agreement with previ- 
ous assignment [6,23,24], the absorption transi- 
tions at 675-685 nm and 620-630 nm (Fig. 2) 
are attributed to monomeric and dimeric species, 
respectively. The monomeric distribution (A = 
685 nm) [22,24] of the immobilized phthalo- 
cyanine complexes in zeolite or hydrotalcite is 
higher than that on the surface of SiO,. This is 
due to the well defined structure of NaX and 
HT and the possibility to encapsulate phthalo- 
cyanine molecules in the gallery of the hydrotal- 
cite [4,9,1 l-131 or in the supercages of the 
zeolite [14-16,24,25]. 

The distribution of immobilized ZnPc and 
ZnPc(COOH), complexes that serve as photo- 
catalysts of the investigated redox processes 
was also studied by ESR spectroscopy (Fig. 3). 
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Fig. 2. UV-VIS diffuse-reflectance spectra of zinc phthalocyanine 
complexes: (a) 20.7 kmol/g ZnPc/SiO,; (b) 13.3 pmol/g 
ZnPc(COOH), /HT; (c) 40 pmol/g ZnPc(COOH), /HT, (d) 99.5 
pmol/g ZnPc(COOH),/HT, (e) 4.3 pmol/g ZnPc/NaX; (f) 
aqueous solution of ZnPc(COOH), 

The zinc phthalocyanine complexes are diamag- 
netic. A narrow ESR singlet at g = 2 appears in 
the spectrum of zinc, cobalt and metal-free 
phthalocyanine complexes in their crystal state 
[4,12,15,26,27]. It may be associated with the 
presence of defects in the crystal lattice of the 
phthalocyanine complexes [ 12,26,27]. By the 
intensity of the ESR singlet (Fig. 3a, c, d, f and 
g) one can judge the presence of microcrystals 
of zinc phthalocyanine molecules, which are 
most probably situated on the outer surface of 
the support. By increasing the amount of 
ZnPc(COO-), in the intercalation compounds, 
the enhanced intensity of the ESR singlet indi- 
cates an increase in the amount of the micro- 
crystal phthalocyanine complex (Fig. 3a, c and 
d). The highest degree of crystallization was 
observed with ZnPc deposited on SiO,. Param- 
agnetic CuPc does not catalyze the oxidation 
reaction considered in this study but it is a 
suitable probe molecule (Fig. 3b and e) for 

illustrating the aggregation and crystallization of 
the supported metal phthalocyanine complexes 
[3,4,15]. The ESR spectrum (Fig. 3b), manifest- 
ing well expressed hyperfine splitting from 
63’65Cu ( I = 5) and superhyperfine splitting from 
14N (I = l), is specific for magnetically diluted 
molecules of the complexes [3,4]. The broad 
singlet ESR signal from CuPc complexes (Fig. 
3e) is direct evidence for exchange dipole-di- 
pole interactions between the paramagnetic 
molecules and it shows that aggregates and 
microcrystals are formed parallel to immobi- 
lized monomeric phthalocyanine complexes 
[4,15,27]. Intercalation compounds containing 
CoPc(COOH), [4,12] and CoPc encapsulated in 
the supercage of zeolite NaX [15] have already 
been studied by means of ESR spectroscopy. 

The catalytic and photocatalytic activity of 
the phthalocyanine complexes (Table 1) in the 
oxidation of MEA and Na,S,O, is expressed 
by r (mol 0, min-‘/mol PC). The initial rates 
of catalytic and photocatalytic oxidation of the 
sulfur-containing compounds were determined 

+ :I 
d 

A 

f / 

g 

1 I,. * ~ 3.. . 
2800 3000 3200 3400 w=s 

Fig. 3. ESR spectra of phthalocyanine complexes (complex amount 
1 pmol). Samples: (a) 13.3 pmol/g ZnPc(COOH),/HT, (b) 
13.3 pmol/g CuPc(COOH),/HT; (c) 40 pmol/g 
ZnPc(COOH), /I% (d) 99.5 pmol/g ZnPdCOOH), /HT; (e) 
99.5 pmol/g CuPc(COOH), /HT; (f) 20.7 pmol/g ZnPc/SiO,; 
(g) 4.3 pmol/g ZnPc/NaX. 
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Fig. 4. Oxidation of MEA (10 mmol) photocatalyzed by (a) 
ZnPc/NaX (4.3 pmol/g), TBAC; (c) ZnPc(COOH),/HT 
(13.3pmol/g), SDS and catalyzed by (b) CoPc(COOH), /HT 
(40.0~mol/g), SDS. Photooxidation of Na,S,O, (30 mmol) by: 
(d) ZnPc/NaX (4.3 Fmol/g), TBAC. 

from the linear part of the plot of dioxygen 
consumption with time (Fig. 4). 

Cobalt phthalocyanine complexes, which ex- 
hibit a high catalytic activity in the dark, in 
homogeneous and heterogeneous phase show no 
rate increase in the oxidation of MEA under 
irradiation (Table 1). The amount of 0, con- 
sumed in the dark or under irradiation is related 
to the formation of disulfide 

4R-S - + 0, + 2H,O + 2RSSR + 40H- (1) 
The oxidation of Na,S,O, is not catalyzed by 
cobalt phthalocyanine complexes (Table 1) [6]. 

Zinc phthalocyanine complexes (Table 1) 
show no catalytic activity for oxidation of MEA 
and Na,S,O, in the dark. They demonstrate 
high catalytic activity only on irradiation with 
visible light. Like the catalytic process in homo- 
geneous phase [6], the rate of photocatalytic 
oxidation of the thiosulfate ion can be deter- 
mined from the dioxygen consumption accord- 
ing to the stoichiometry of the following reac- 
tion: 

S,O,2- + 20, + H,O + 2SO42- + 20H- (2) 
The kinetics of photocatalytic complete oxi- 

dation of MEA is somewhat more complex 
because the process is accomplished by a series 
of parallel reactions (Fig. 4a and c). Sulfoxides 
and sulfones are formed as intermediate species 

in the process of complete oxidation of the 
mercapto ion to sulfonic acid. In alkali aqueous 
solution MEA is photooxidized completely ac- 
cording to the following general equation: 

2RS - + 30, + 2RS0, (3) 

The initial rates of photocatalytic oxidation of 
MEA and Na,S,O, are represented in Table 1. 

The hydrophilic surface of hydrotalcite or 
NaX zeolite can be modified via ionic exchange 
reactions with detergents whereupon the hy- 
drophobicity of the catalyst samples is in- 
creased. The effect of the hydrophobic modifi- 
cation on the catalytic and photocatalytic activi- 
ties of immobilized phthalocyanine complexes 
is illustrated in Table 1. 

The phthalocyanine complexes having a cen- 
tral metal ion with filled d orbitals or electron 
shells decompose with the time upon irradiation 
with visible light in the presence of dioxygen. 
Their stability was determined by the decrease 
of the Q-band absorption at about 680 nm [6,7]. 
The photodestruction of the zinc(II)-phthalo- 
cyanine complexes, immobilized on the sup- 
ports or in solution, in relation to the reaction 
conditions and the presence of oxidizible sub- 
strate is shown in Table 1. 

4. Discussion 

The oxidation and photooxidation of sulfur 
containing compounds, catalyzed by phthalo- 
cyanine complexes, proceeds involving the par- 
ticipation of dioxygen (Eqs. (l)-(3)). The acti- 
vation of the dioxygen and its possible partici- 
pation in a catalytic or photocatalytic process is 
dependent upon the electronic structure of the 
chelate complexes and that of the central metal 
atom [6,7]. The immobilized cobalt phthalo- 
cyanine complexes can reversibly coordinate and 
activate dioxygen in the dark [3,4,9,15,22] which 
is the basis of the redox mechanism of catalytic 
oxidation of sulfur containing compounds [28]. 
Similar to the homogeneous phase process 
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[6,7,29], the catalytic activity of immobilized 
cobalt phthalocyanine complexes is one and the 
same both in the dark and on irradiation with 
visible light (Table 1, No. 4, 5, 11, 13, 25 and 
26). The lack of photocatalytic activity of the 
cobalt complexes is due to exchange interac- 
tions arising from mixing the rr and d elec- 
tronic states of the ligand and the metal, as a 
result of which the excited triplet state of the 
complex is quenched [7,30]. These complexes 
exhibit a very short lifetime of the excited triplet 
state (Ta,,, = 0.06 ps) [30]. They are not able 
to convert ‘0, (?&) into singlet dioxygen, ‘0, 
(b,). The complete oxidation of MEA (Fig. 4b) 
is not occurring as homogeneous or heteroge- 
neous reaction catalyzed by cobalt phthalo- 
cyanine complexes [3,4,6,7,22,28]. MEA is oxi- 
dized catalytically to disulfide according to Eq. 
(1). This is reasonable bearing in mind the 
redox potentials of the catalyst and reagents 
[22]. Similar to the homogeneous phase process 
[6], the immobilized cobalt phthalocyanine com- 
plexes do not oxidized Na,S,O, to sulfates 
(Table 1, No. 32). 

The zinc(II)-phthalocyanine complexes, in 
homogeneous phase [6,7,29] or immobilized on 
supports, are catalytically inactive in the dark 
(Table 1, No. 6 and 14) as they are unable to 
coordinate and activate molecular dioxygen [3 I]. 
These complexes (Sens), containing a metal ion 
with filled d orbitals, upon irradiation with visi- 
ble light, manifest long lifetimes of the excited 
triplet electron state (Ta,,, = 245 ps)[30]. The 
dioxygen, 30, (3zg), interacts with the excited 
triplet electronic state of the complexes and as a 
result of energy transfer it is being converted to 
a more reactive singlet dioxygen, ‘0, (‘A,), 
according to the following outline: 

Sens+hY+‘Sens* -+‘Sens* (4) 
3Sens * + 30, -+ Sens + ‘0; (5) 

During the oxidation of sulfur-containing 
compounds in homogeneous phase the aggrega- 
tion of the phthalocyanine complexes decreases 
their catalytic and photocatalytic activity [4,6- 
8,29,32]. The formation of dimers decreases the 

quantum yield of the triplet electronic state of 
the complexes because of bimolecular triplet 
annihilation. This process has a negative effect 
on the quantum yield of ‘0; (Eqs. (4) and (5)). 
The monomeric forms of the zinc phthalo- 
cyanine complexes in solution increase their 
share [6,7] in the presence of bulky cations such 
as tetrabutylammonium chloride (TBAC) or 
upon coordination of bases (quinoline) to the 
central metal ion. The growth of the rate of 
photocatalytic oxidation of MEA and Na,S,O, 
during monomerization (Table 1, No. 10 and 
3 1) is due to the increased quantum yield of the 
‘0; generation [6,7,33]. 

Upon irradiation with visible light the immo- 
bilized zinc phthalocyanine complexes (Table 1) 
retain their ability to generate singlet dioxygen 
which further interacts with MEA or Na,S,O,. 
The photocatalytic activity of immobilized zinc 
phthalocyanine complexes is lower than that in 
homogeneous phase. An exception was ob- 
served with the samples No. 24 and 35 (Table 
1). 

The catalytic and photocatalytic activities of 
immobilized phthalocyanine complexes depend 
on the nature of the support, influencing the 
monomeric distribution of the complexes and 
the eventual proceeding of a redox process on 
the active catalytic sites. The influence of the 
support on the oxidation of sulfur-containing 
compounds, catalyzed by cobalt phthalocyanine 
complexes, has already been studied in details 
[3,4,9,15,22]. D uring the photocatalytic oxida- 
tion of MEA or Na,S,O, the catalytic activity 
of immobilized zinc phthalocyanine complexes 
(Table 1) is decreasing in the following order: 
ZnPc/NaX 2 ZnPc(COOH),/HT > 
ZnPc/SiO,. This decrease is due to an increase 
of the aggregation degree of the complexes on 
the supports (Figs. 2 and 3). Unlike SiO, the 
well defined structures of the layered double 
hydroxide and of the NaX zeolite [4,9,25] pre- 
vent the aggregation of the phthalocyanine 
molecules, because of their location in the in- 
tracrystalline voids and galleries of the supports. 
With the increase of the ZnPc(COOH), amount 
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in the intercalation compounds (Table 1, sam- 
ples 15-20) the activity of the photocatalysts is 
decreasing as a result of the increased complex 
aggregation (Figs. 2 and 3). A similar effect was 
registered with the MEA oxidation catalyzed by 
intercalation compounds containing cobalt 
phthalocyanine complexes [4]. 

In contrast to the homogeneous phase the 
catalytic and photocatalytic activities of metal 
chelate complexes immobilized in porous sup- 
ports depend on the possibilities for interaction 
between the reactants with active catalytic sites 
and for removing of products from the bulk of 
the pores. Hydrotalcite and NaX zeolite are 
known to be strongly hydrophilic supports 
[13,34] and the coadsorption of water in the 
galleries and cavities impends the diffusion of 
reactants and products. This is the basic reason 
for the lower catalytic activity of metal chelate 
complexes introduced into HT and NaX in com- 
parison to activity in homogeneous phase (Table 
1) in spite of their highly monomeric distribu- 
tion in these supports (Figs. 2 and 3). 

As a result of residual positive charge in 
brucite layers of hydrotalcite and negative 
charge on the surface of NaX zeolite as well as 
the opportunity for ionic exchange, these sup- 
ports are able to interact with the oppositely 
charged voluminous organic ions [ 13,341. On 
account of this interaction the catalyst samples 
are modified hydrophobically. The diffusion of 
sulfur-containing compounds and dioxygen to- 
wards the phthalocyanine molecules enclosed in 
the bulk of hydrophobically modified HT and 
NaX proceeds easier, where upon the catalytic 
and photocatalytic activities of heterogeneous 
catalysts are promoted (Table 1). The rate of 
oxidation and photooxidation of MEA on hy- 
drophobically modified by dodecyl sodium sul- 
fate (SDS) or TBAC heterogeneous catalysts 
increases from 2 to 8 X (Table 1). A similar 
effect is also observed in the presence of bases 
(Table 1). Upon coordination of the bases such 
as mercaptide anion or quinoline to the central 
metal atom of immobilized phthalocyanine 
complexes the local dioxygen concentration 

around the catalytically active sites grows up 
and the activity of the catalysts samples is in- 
creased. The effect is especially distinctly ex- 
pressed with phthalocyanine and SALEN com- 
plexes encapsulated into NaX zeolite (Table 1, 
No. 24 and 29). The binding of the mercaptide 
ion to TBAC [7,35] also facilitates the access of 
the substrate to the active catalytic site in the 
hydrophobically modified support. The effect of 
detergents on the photooxidation of Na,S,O, 
catalyzed by immobilized zinc phthalocyanine 
complexes is weaker. The increase of the rate of 
photooxidation of the thiosulfate ion is mainly 
due to the improved diffusion of dioxygen in 
the hydrophobically modified catalyst samples 
(Table 1). The inorganic thiosulfate anion is a 
harder base in comparison to the mercaptide 
anion [36] and the ionic bonding of the former 
to TBAC is weakly expressed. 

Zinc phthalocyanine complexes in solution 
are decomposed by photogenerated ‘0; [6,7,37]. 
The mechanism of zinc phthalocyanines oxida- 
tion by ‘0; has already been studied in detail 
[7,37]. The increase of ZnPc(COOH), photo- 
destruction degree in aqueous solutions contain- 
ing either TBAC or quinoline (Table 1, No. 2 
and 3) is owing to the higher quantum yield of 
photogenerated ‘0; (Eqs. (4) and (5)) as a 
result of the complex monomerization [6,7,33]. 
Upon irradiation of the samples with visible 
light the quantum yield of ‘0;) formed from 
the monomeric ZnPc(COOH), species, was 0.7, 
whereas that of the dimeric species was 0.1 [33]. 
During photocatalytic oxidation in homoge- 
neous phase the stability of the phthalocyanine 
complexes is higher (Table 1, No. 8 and 10) 
because of the competitively proceeding interac- 
tions of ‘0; with the sulfur-containing com- 
pounds [6,7]. 

The photodestruction degree of the phthalo- 
cyanine complexes incorporated in hydrophilic 
supports like HT or NaX is 4 to 8 X lower than 
that in homogeneous phase (Table 1). One of 
the reasons for the lower destruction degree is 
the hampered diffusion towards photoactive 
molecules [38] and the lower quantum yield of 
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photogenerated ’ 0;. Upon hydrophobization of 
the supports by SDS or TBAC or upon axial 
coordination of bases to phthalocyanine com- 
plexes the photodestruction of zinc phthalo- 
cyanine complexes is promoted as a result of 
improved diffusion of dioxygen and its in- 
creased local concentration around photoactive 
molecules (Table 1, No. 16, 18, 20, 24, 34, 35 
and 37). The competitively proceeding interac- 
tion of ‘0; with the sulfur-containing com- 
pounds also decreases the rate of photodestruc- 
tion of the immobilized zinc phthalocyanine 
complexes, similar to the homogeneous phase 
process (Table 1). 

The degree of photodestruction of immobi- 
lized phthalocyanine or porphyrin complexes 
has been shown [24] to be lower than that of 
complexes in solution because of the ‘0; deac- 
tivation by the surrounding host molecular sieve. 
During photocatalytic oxidation in aqueous 
medium both effects influence parallelly the 
photodestruction of immobilized phthalocyanine 
complexes intercalated into HT or NaX zeolite. 
The degree of photodestruction of immobilized 
phthalocyanine complexes is 2-4 X lower com- 
pared to that in homogeneous phase (Table 1, 
No. 7, 18, 30 and 33) at one and the same rate 
of MEA or Na,S,O, oxidation and hence ap- 
proximately the same quantum yield of ‘0;. 
These results are a qualitative proof of the 
deactivation of singlet dioxygen in the volume 
of the supports. 

ization of phthalocyanine complexes and their 
activity as photocatalysts are promoted upon 
their introduction onto supports with well de- 
fined intracrystalline cavities such as layered 
double hydroxides and NaX zeolite. The coad- 
sorption of water within the galleries and cavi- 
ties of HT and NaX retards the reactant diffu- 
sion towards the metal chelate complexes, which 
reduces their effectivity as catalysts and photo- 
catalysts for oxidation of sulfur containing com- 
pounds. Upon hydrophobic modification of HT 
and NaX zeolite by dodecylsulfate and tetra- 
butylammonium ions, respectively, the access of 
the sulfur-containing compounds and dioxygen 
to the intercalated into the bulk of the supports 
phthalocyanine molecules is increased. The hy- 
drophobization effect is more distinctly ex- 
pressed with the phthalocyanine and SALEN 
complexes, where the rate of photocatalytic oxi- 
dation of the sulfur-containing compounds 
grows up to 8 X . 

The lower degree of photodestruction of the 
zinc phthalocyanine complexes, intercalated into 
HT or NaX, in comparison to the homogeneous 
phase, is due to the retarded diffusion of dioxy- 
gen towards the photoactive molecules as well 
as the deactivation of ‘0;) photogenerated by 
them, on the walls of the supports. After hy- 
drophobic modification of the supports the gen- 
eration of ‘0; is increased and the degree of 
photodestruction of the catalytically active com- 
plexes becomes higher. 

5. Conclusions Acknowledgements 

Upon irradiation with visible light the immo- 
bilized zinc phthalocyanine complexes retain 
their ability to generate singlet dioxygen which 
further interacts with 2-mercaptoethanol or 
sodium thiosulfate. The photooxidation cat- 
alyzed by the immobilized complexes proceeds 
completely to sulfonic acids. The activity of 
heterogeneous catalysts depends on the nature 
of the support, influencing the monomeric dis- 
tribution of the complexes. Both the monomer- 
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