
Bull Soc Chim Fr (1997) 134, 1025-1032 
© Elsevier, Par is 

Oxidation of 2,4,6-trichlorophenol (TCP) 
catalyzed by iron tetrasulfophthalocyanine (FePcS) 

supported on a cationic ion-exchange resin 

Anke Hadasch^, Alexander Sorokin', Alain Rabion^, Laurent Fraisse-, Bernard Meunier'* 

' Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, 31077 Toulouse cedex 4; 
^ Centre de Recherche ELF-Atochem, Departement Chimie organique et Biochim.ie, 

Lacq. BP 34 , 64 1 70 Artix, France 

(Received 6 November 1997; accepted 12 J a n u a r y 1998) 

S u m m a r y — The oxidation of 2,4,6-trichlorophenol ( T C P ) with H2O2 or K H S O 5 catalyzed by iron(III) tetrasulfophthalo­
cyanine (FePcS) suppor ted on a cationic ion-exchange resin (Amberh te IRA 900) is reported. In order to obta in the catalyt ic 
oxidative degradat ion of the aromat ic ring of T C P , the suppor ted catalyst FePcS-Amber l i t e should be pre-sa tura ted with 
the subs t ra te since the phenola te form of T C P is strongly adsorbed by the cationic resin. In tliese condit ions, the oxidation 
of T C P is observed even when the aqueous phase is deprived of acetonitrile, an organic solvent able to enhance t he activity 
with the soluble catalyst by displacement of the d imer -monomer equil ibrium towards momeric active species. The dispersion 
of FePcS monomers onto the suppor t is a way to avoid the formation of inactive dimers. 

ca t a ly t i c p o l l u t a n t ox ida t ion / i ron t e t r a s u l f o p h t h a l o c y a n i n e / 2 ,4 ,6 - t r i ch lorophenol / h e t e r o g e n e o u s ca ta lys is / 
ca t ion ic ion-exchange resin 

R e s u m e — O x y d a t i o n d u 2 ,4 ,6 - t r i ch lorophenol ( T C P ) c a t a l y s e e p a r u n e t e t r a s u l f o p h t a l o c y a n i n e de fer (FePcS) 
s u p p o r t e e sur u n e res ine ca t i on ique echangeuse d ' i ons . L 'oxydat ion du 2,4,6-trichlorophenol ( T C P ) avec H2O2 ou K H S O 5 
catalysee par le complexe du fer(III) de la tetrasulfophtalocyanine (FePcS) suppor te sur une resine cat ionique echangeuse 
d'ions est decrite. Afin d 'obtenir la degradat ion cata lyt ique du cycle a romat ique du T C P , le catalyseur suppor te F e P c S -
Amberl i te doit e tre pre-sa ture avec le subs t ra t e tan t donne que la forme phenolate du T C P est fortement adsorbee par 
la resine cationique. Dans ces condit ions, l 'oxydation du T C P est observee meme lorsque le milieu reactionnel est prive 
d 'acetonitr i le, un solvant organique pe rme t t an t d 'ameliorer I 'activite du catalyseur en solution par deplacement de I'equilibre 
d imere-monomere en faveur d'especes monomeres actives. La dispersion des monomeres FePcS sur Ie suppor t est un moyen 
d'eviter la formation des dimeres inactifs en catalyse. 

o x y d a t i o n c a t a l y t i q u e de poUuant / t e t r a s u l f o p h t a l o c y a n i n e de fer / 2 ,4 ,6 - t r i ch lorophenol / c a t a ly se h e t e r o g e n e / 
res ine ca t i on ique echangeuse d ' ions 

I n t r o d u c t i o n 

Chlorinated aromatics are persistent molecules in the 
environment, since they are not easily degraded by 
microorganisms via oxidative pathways. Only perhalo-
genated aromatic compounds, in contrast to those hav­
ing a low halide-content, can be easily reduced by the 
low-valent oxidation states of different metalloenzymes 
[1, 2]. We recently developed a catalytic system able to 
oxidize 2,4,6-trichlorophenol, a classical phenolic sub­
strate known for being resistant to oxidative or hy­
drolytic degradation processes, by using hydrogen per­
oxide and iron tetrasulfophthalocyanine (FePcS, see 
scheme 1 for structure) as water-soluble catalyst [3]. 
This catalytic reaction is able to cleave the aromatic 
ring to C4-diacids (mainly chloromaleic acid), oxahc 
acid and carbon dioxide with the release of two free 
chloride ions per converted TCP molecule [3]. The only 

limitation of this catalytic method is the presence of a 
small amount of an organic solvent ( 5 - 1 0 % vol) misci­
ble with water: ethanol, acetone, acetonitrile, ... [4]. The 
organic co-solvent is necessary to displace the catalyst 
dimer-monomer equilibrium towards the monomeric ac­
tive species [4]. One way to avoid the formation of 
inactive FePcS dimers would be to disperse the cata­
lyst molecules onto a support. We have previously used 
this method with sulfonated metalloporphyrin catalysts 
by using ion-exchange resins usually based on modified 
polystyrene or polyvinylpyridine polymers [5]. In addi­
tion these supported catalysts will be easy to recycle 
by simple filtration of the reaction mixture. Here we 
report the results concerning the oxidative degradation 
of 2,4,6-trichlorophenol by H2O2 or K H S O 5 by using a 
cationic polystyrene-based resin Amberlite IRA 900 to 
immobilize the tetrasulfonated iron(III)phthalocyanine 
catalyst via strong electrostatic interactions. 

Correspondence and reprints 
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S c h e m e 1. S t ruc ture of the i ron(l l I ) - te t rasulfophthalo-
cyanine (FePcS): only one of the four possible regioisomers 
is depicted here. 

R e s u l t s a n d d i s c u s s i o n 

CATALYTIC BEHAVIOR OF FEPCS-AMBERLITE IN RELATION WITH 

THE SUBSTRATE ADSORPTION 

Amberlite IRA 900 is a classical cationic ion-exchange 
resin with ammonimn groups, whicii arc able to interact 
with any anionic species present in solution. We previ­
ously used this type of resin for the immobilization of 
polysulfonated inetalloporphyrins in the catalytic oxi­
dations of diketones or liydrocarbons [5a,bj. However, 
in order to monitor the release of tliloride ions during 
the c:atalytic degradation of TCP, an easy way to check 
its oxidative aromatic ring cleavage; [3a], we decided 
to exc;haiige the cdiloride ions of Amberlite IRA 900 
for sulfate ions. Then, FePcS was immobilized onto 
this sulfate-Amberlite resin by shaking the polymeric 
material with a raetallophthalocyanine solution (an 
acetoni tr i l e /water mixture, 1 : 1 , v/v) for 48 h at room 
temperature. Tlie FePcS concentration of the solution 
was monitored by LJV-vis spectrosc:opy and the amount: 
of fixed c;atalyst (9 //.mol of FePc:S per g of sulfate-
Amberlite) was indirectly calculated. 

In order to check the catalytic activity of the sup­
ported catalyst, the following final concentrations were 
used (reaction volume = 8 mL): TCP = 10 niM 
(80 /miol), 182 mg of FePcS-Amberhte (1.6 /miol of 
FePcS, catalyst/substrate molar ratio = 2%), H 2 O 2 or 
K H S O 5 = 50 mM, phosphate bufi'er (pH 7) = 125 inM. 
The supported catalyst and the oxidant were added to 
the acetonitrile/water mixture (1:3, v/v) containing the 
phenolic substrate. The consumption of TCP was moni­
tored by HPIJC and is depicted in figure 1 (table I, runs 
1-3). 

The consumptions of TCP after 4 min at room tem­
perature were 87% and 65%o with KHSO,5 and H 2 O 2 , 
respectively. The final substrate; coiistiniptions reached 
within 60 min were 94% with KHSO.-, (talile I, run 1) 
and 96% with H 2 O 2 (table I, run 2), the elec;lilorination 
values correspcmded to 0.9 Cl" and 0.4 Cl" per dis-
api^eared TCP molecule, respectively. The third curve 
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F i g 1. Oxidat ion of 2,4,6-trichlorophenol ( T C P ) catalyzed 
by FePcS-Amber l i t e wi th K H S O 5 (1), H 2 O 2 (2), control 
reaction wi thout oxidant (3). 

T a b l e I. Oxidat ion of T C P catalyzed by FePcS Amberl i te 
at room tempera tu re" . 

Consumption of TCP after 
Run Oxidant Dechlorination'' 

4 nun 24 rnin 60 min 
/•%/ /%/ [%] 

1 KHSO,,'" 87 93 94 0,8 (0,9) 
2 H 2 O 2 ' ' 65 91 96 0,3 (0,4) 
3 53 80 88 0 
4 KHSO,, '" ' 02 90 94 1.0 (1,1) 
5 H 2 O 2 ' ' ' 44 76 83 0,2 (0,3) 
6 44 74 82 0,2 (0,3) 

" Tlie following final concentrations were used: [TCP] == 10 mM, 
[FePcS] = 0,2 nn\l, [phoapliate buffer] = 125 niM (pH 7), 

Cl" ions released after (iO min per inilial TCT^ molecule; 
the data in parentheses correspond to the number of Cl Urns 
released per consiirncd TC;P molecule. ' [KHSO5] = 50 mM. 
'' [H2O2] = 57 mM. '' (Control reaction without tjxidant. ^ The 
recvcle;d catalyst was used. 

describes the control reac;tion without oxidant. 53%) 
and 88% of the pollutant were adsorbed onto the ion-
exchange resin within 4 min and 60 min, respectively 
(table I, run 3) and no free chloride ions were detected 
(indicating that all chloride ions were exchanged after 
the treatment witli sulfate ions). The disappearance of 
TCP is probably due to the adsorption of the phenolate 
aniem onto the cationic resin {pK^ of TCP = 6.2 ]6]). 

The higher c;onsuniption of the pollutant; in the 
presence of an oxidant and the detected amount of rc;-
leased chloride ions proved that the supported catalyst 
FePcS-Aniberlite was able to oxidize TCP. Further­
more, the oxidation of the pollutant was significantly 
faster with KHSO.5 than with H 2 O 2 . However, the acL 
sorption of the substrate competed with its catalytic 
oxidation and e:ontributed to the disappearance of TCP 
from the liĉ uid phase. The quantity of the adsorbed 
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substrate during the catalytic reaction can not be easily 
determined, since the adsorption kinetics depend on the 
initial TCP concentration, which decreases during the 
catalytic oxidation reaction, but remains constant in the 
blank reaction. 

Then we checked the activity of the recycled sup­
ported catalyst. After the first oxidations correspond­
ing to runs 1 and 2 of table I, FePcS-Amberlite was 
removed by filtration, washed and dried overnight at 
room temperature. The catalyst was re-employed in a 
second reaction and the consumption of TCP was mon­
itored (fig 2 and table 1, runs 4-fi). 
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F i g 2 . Oxidat ion of T C P catalyzed by recycled FePcS 
Amberl i te with K H S O 5 ( 1 ) , H2O2 (2), control reaction 
wi thout oxidant (3). 

With KHSO.5 as oxidant, 62% of TCP were consu­
med within 4 min after the addition of oxidant 
(table I, run 4). The final consimiptiou of 94%) was 
reached within 60 nun and the dechlorination value 
was 1.1 Cl" per consumed TCP molecule. As shown 
in figure 2 (curves 2 and 3), no difference was observed 
between the consumption of TCP in the presence of 
H 2 O 2 and without oxidant, respectively (table I, runs ,5 
and 6). The amourfi, of chloride i(ms per consumed TCP 
molecule was 0.3 in both cases and is probably due to 
an exchange of chloride ions fi)r phenolate ions onto 
the resin. The chloride ions have been adsorbed dining 
the first oxidation reaction. AU THESE DATA CLEARLY INDI­

CATE THAT THE CATALYTIC ACTIVITY IS MAINLY MASKED HY THE 

EASY ADSORPTION OF THE PHENOLATE FORM OF TCP ONTO THE 

CATIONIC SITES OF THE RESIN. 

In control experiments, both oxidants H 2 O 2 and 
K H S O 5 were unable to convert TCP without soluble 
catalyst under homogeneous conditions. Also, the Am­
berlite resin without impregnated FePcS, which was 
previously saturated with TCP, did not catalyze the 
oxidation of the pollutant with I I 2 O 2 , the TCP con­
centration WAN unchanged after 60 min and no chloride 
ions were detected. When using K H S O 5 , a low conver­
sion was observed: 20%. within 60 min and 1.9 Cl" were 
released per converted TCP molecule. This slow conver­
sion might be attributed to a small amount of transition 

metal ions present in the resin. Furthermore, we found 
that FePcS-Amberlite did not release chloride ions in 
the presence of K H S O 5 , after chloride ions of the com­
mercial resin have been exchanged for sulfate ions. 

CATALYTIC OXIDATIONS OF TCP USING A TCP-SATURATED 

FEPCS-AMBERLITE 

111 order to avoid the adsorption problem during the 
catalytic reaction, we decided to saturate the free 
adsorption sites of the rcunaining cationic sites of 
FePcS Amberlite. The order of affinity of mono- and 
divalent anions for cationic ion-exchange resins is as 
fi)llows; phenolate > sulfate, liydrogenostdfate > chlo­
ride. This order is strongly sup[)orting the saturation 
phenomenon of the resin l)y 2,4,6-trichlorophenolate 
(TCPA). Consequently, we pcu-lbrmed the saturation 
of cationic sites of FePcS Amberlite by treating this 
modified resin with an acnuKius solution of TCP 
([TCP] = 80 m M ) at pH 8 obtained by a dropwise ad­
dition of a 10 M NaOH solution. The adsorption pro­
cess was monitored by UV-vis spectroscopy of T C P A 
remaining in solution. The characteristic TCPA absorp­
tion band at 312 nm allowed us to determine the fixed 
amount of TCP as being equal to 1.3 nimol/g FePcS-
Amberlite TCP (ie, 2.50 mg of TCP per g of morii-
fied resin). Therefore in catalytic conditions when us­
ing 243 mg of FePcS Amberlite TCP, the amount of 
adsorbed T C P is 316 pniol and represents the 4 fold 
initial quantity of TCP used in a catalytic reaction 
(80 /xniol). Before using the FcPcS Amberlite-TCP in 
a catalytic reaction, this modified resin was equilibrated 
with a 10 m M TCP solution identical to tliat one used 
in a catalytic reaction (s<;e Experimental section). 

The catalytic reactions were carried out under the 
same conditions as that ones described in table I. Con­
sidering tlie lower mass-content of FePcS after the 
saturation of the resin with TCP (6.8 //mol FePcS/g 
FePcS-Amberlite TCP). 243 mg of FePcS-Amberlite 
TCP were used for each catalytic run to obtain a 2%i 
catalyst/substrate molar ratio. 

• REACTIONS WITH KHSOI, 

THE disappearance of TC!P in a catalytic reaction 
using KHSO.5 as oxidant was very fast, 84% of the pol­
lutant were consumed within 4 min (table II, run 1). 
But the concentration of TCP increased in the liquid 
phase after 4 min and wfis 4 m M at 24 min and 6 niM 
at 60 min ('conversions' of 60% and 40%, respectively). 
This surprising result can be explained by the desorp­
tion of TC'P from the resin during the catalytic reac­
tion (fig 3, curve 1). The supjiorted catalyst has been 
saturated to be in an equilibrium with a 10 mM TCP 
solution corresponding to the initial concentration of a 
catalytic reaction. But after 4 min of reaction time, the 
conc;entration of TCP in the reaction mixture was only 
1.6 m M (corresponding to 84%. of conversion) leading to 
th(! desorption of TCP from tlie resin. To verify this hy-
l)othesis, 243 mg of the supported catalyst impregnated 
with TCP by using a 10 niM TCP solution were added 
to a 1.5 n i M TCP solution in the absence of oxidant in 
order to simulate the desorption phenomenon observed 
in run 1 (table II). The increase of TCP concentration in 
the liquid phase is illustrated by curve 2 of figure 3. The 
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T a b l e II . Oxidat ion of T C P catalyzed by FePcS-Amber l i t e 
a t room temperature '*. 

Run Oxidant Disappearance of TCP after Dechlorination" 

4 min 24 mill 0 0 rnin 
[%] [%] [%l 

1 KHSO .5 ' 84 60 40 3,1 ('7,8') 
2 H 2 O 2 ' ' 9 22 27 0,-5 (1,8) 
3 K H S O s ' ' " 17 34 38 2,1 (',5,4') 
4 H 2 O 2 " ' ' ' 3 6 10 0 
5 J 2 28 44 0,8 (1,8) 
6 17 22 22 0,1 (0,6) 

The following final concentrations were used: [TCP] = 10 mM, 
[FePcS] = 0,2 mM, [phosphate buffer] = 125 niM (pH 7). 

C P ions released after 60 min per initial TCP molecule: the 
data in parentheses correspond to the number of C P ions re­
leased per 'consumed' TCP molecule based on TCP 'conversion' 
after 60 rnin (see text for explanations for t,hese tronsen,se values), 
'• [KHSO5] = 50 mM, '' [H2O2] = 57 mM, addition in five aliquots 
at 0, 5, 10, 15 and 20 min of reaction lime, '' The recyr Uxl, re-
saturated catalyst was used, ' Control reaction withoirt oxidant 
using the recycled catalyst after a reactiorr with K H S O 5 (run 1), 

Control reaction without oxidant irsirig the recycled catalyst 
after a reaction with H2O2 (nm 2), 

a . 
u 
H 

c o 

B 

C 
O 

F i g 3 . Oxidat ion of T C P catalyzed by T C P - s a t u r a t e d 
FePcS-Amber l i t e wi th K H S O 5 : first reaction (1), control 
experiment (2), reaction with t he recycled catalyst (3), 
Control reaction to moni tor the desorption of T C P from a 
FePcS-Amber l i te resin sa tu ra ted wi th T C P similar to t h a t 
used for run 1 of table 11 in the presence of a 1,5 m M T C P 
solution wi thout oxidant. 

solution. The desorption is favoured at low TCP con­
centrations and at a high acetonitrile content. There­
fore different reaction mixtures required special presat­
urated resins. Another additional parameter of the TCP 
adsorption-desorption equilibrium is the ionic .strength 
of the solution. With a 50 inM K H S O 5 concentration in 
a 125 ruM buffered solution, persulfate itself contributes 
to modify the ionic strength, which is not the case with 
hydrogen peroxide. 

The adsorption-desorption status of tlie recycled 
catalyst after the reaction with KHSO.5 was checked in 
a 10 niM TCP solution before using it for the second 
oxidation reaction: 44% of the substrate were adsorbed 
within 1 h (table II, run 5), Therefore, the recycled cat­
alyst was saturated again with a 10 mM TCP solution 
and the catalytic oxidation was repeated as described 
for run 1 (table II), Using the recycled and re-TCP-
saturated catalyst (table II, run 3), 17% of TCP were 
consumed within 4 min and the final conversion of 38%: 
was reached within 60 min (fig 3, curve 3), The dechlo­
rination value based on 38%; of converted substrate cor­
responded to '5,4' Cl" per consumed TCP molecule, 
again a nonsense value, confirming that the authentic 
conversion of TCP should be higher than 38%), without 
being able to precise this value in the present experi­
mental conditions. The ust; of a continoiis-flow reactor 
should be necessary to overcome this problem, but this 
is presently beyond the scoĵ e of the present study, 

• REACTIONS WITH H 2 O 2 

In the presence; of H 2 O 2 , 9%: of TCP were converted 
within 4 min and thr; final TCP consumption of 
27%) was reached within 60 min at room temperature 
(table II, run 2), The dechlorination value of 1.8 chlo­
ride ions per consumed TCP molecule is in agreement 
with the o b s e r v e d c o n v e r s i o n . T h e r e c y c l e d catalyst 
after the r e a c t i o n w i t h H 2 O 2 adsorbed 22% o f T C P i n a 

10 inM TCP solution within 1 li (table II, run 6), There­
fore;, i t was s a t u r a t e d a g a i n w i t h a 10 m M T C P s o l u t i o n 

and the catalytic oxielation was repeated. The reaction 
c a t a l y z e d b y a r e c y c l e d F e P c S - A m b e r l i t e - T C P l e d t o 

10%) of conversion within 1 h, the amount of chloride 
ions released is lower tlian the detection limit of the an­
alytical method (<0.15 C]~ per initial TCP molecule). 
It must be noted that higlier substrate conversions were 
observed with monoperstilfate compared to hydrogen 
jK;roxide, at least in the initial step of TCP oxidation, 
wdiich involve:;s an electron abstraction from the phener-
late anion by a liigh-valent iron(V)-oxo species in the 
CX\SE of KHSO.r, or by an iron(IV)-oxo si)ecies (or an 
ire)n(III)-OOH) in tire case of H 2 O 2 [3a, d]. 

slowe;r increase in the presence of K H S O 5 (fig 3, curve 1) 
was due to the oxidation of desorbed TCP, The dechlo­
rination value based on 40% of TCP conversion cor­
responded to '7.8' released chloride ions per converted 
TCP molecule (table II, run 1), a neuisense value, wdiich 
confirmed the hypothesis of TCP desorption being pro­
moted by the rapid decrease in TCP cone:entration in 
the reaction mixture (in the case of H 2 O 2 , a negligeable 
d e s o r p t i o n was o b s e r v e d , s i n c e t h e catalytic o x i d a t i o n 

of TCP with this oxidant was slower). As already neiteei, 
the adsorption-elesorption equilibrium is influenced by 
the TCP concentration AND the solvent mixture of the 

OXIDATION PRODUCTS OF T C P 

The main ring-cleavage product of the homogeneous 
oxidation of TCP catalyzed by FePcS has been pre­
viously identified as being chloromaleic acid [3a, b]. 
The oxidation products of heterogeneous catalysis with 
FePcS-Amberlite and hydrogen peroxide were analyzed 
and compared to the distribution of the products gen­
erated under homogeneous conditions. 

In the; first attempts, the reaction mixture was 
separated of the catalyst by filtration and treated witli 
an organic solvent under ae;idic conditions to extract 
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Run Conditions Content 
of acetonitrile 

Conversion}' 
[%] 

Concentration of 
ctiloride ions'' 

[mM] 

1 heterogeneous 
2 heterogeneous 
3 heterogeneous 
4 homogeneous 

25 
0 

25 
0 

28 
28 

100 
32 

0.5 
0.4 
2.0 
0.6 

cr released 
per converted 
TCP molecule 

(1.8) 
(1.4) 
(2.0) 
(1.9) 

" The following final concentrations were used: [TCP] = 1 mM, [FePcS] = 0.02 mM, [H2O2] = 5 mM, 
[phosphate buffer] = 50 mM (pH 7). ' 
room temperature. 

Ccmversion and concentration of chloride ions after 60 min at 

the f)roducts (see [3a] for the initial report on this ana­
lytical method). Under these conditions, only traces of 
products and TCP were detected by NMR anal­
ysis, the major part of the TCP oxidation prod­
ucts being adsorbed on the resin. Therefore, w(> 
included the support(;d catalyst in the work-up. 
Consequently, the acidification was carried out 
using 6 M sulfuric acid saturated with Na.2S0.4. Since 
the sulfate ions have a high affinity for the cationic 
Anfijerlite, they should be able to replace the aniornc 
adsorbed products (eg, carboxylic acids). Using this 
modified work-up, the oxidation products of TCP were 
analyzed after a heterogeneous catalytic reaction per­
formed mider the particular conditions described in the 
Experimental section. The catalyst FePcS-Amberlite 
was not pre-saturated by TCP to avoid the presence 
of a large excesss of TCP, which would have disturbed 
the NMR analyses of tlie TCP degradation ]:)roducts. 
After 1 h at room temperature, the 'H NMR analysis 
of the reaction mixture indicated that 31% of the initial 
amount of TCP were identified as oxidation products: 
23%. of starting TCP were converted into coupling 
products and 8%; into dicarboxylic acids (4%) of c:hloro-
maleic, 2% of maleic and 2% of fumaric acid). 15%) of 
the initial substrate were also detected. We checked in 
a control experiment that the yield of the extraction 
method was very high (90%.) for the three G..i diacids 
mentioned above. However the fact, that 54%: of the 
engaged TCP were not recovered in this experiment, in­
dicated that oxidation products other than the diacids 
were not removed from the resin during the extraction 
process. 

The amount of ring-cleavage products is lower than 
that observed with FePcS under homogeneous condi­
tions, but the presence of these C 4 diacids is a defini­
tive evidence on the capacity of this supported catalytic 
system to cleave the aromatic ring of TCP, a. pollutant 
recalcitrant towards oxidative degradation. 

Influence of the acetonitrile content of the reaction 
mixture 

In a previous article [4], we reported the strong influ­
ence of different co-solvents in the reaction mixture on 
the conversion of TCP. An increased volume of aceto­
nitrile in solution improved the catalytic oxidation of 
the pollutant. The key role of the organic co-solvent is 

to shift the dimers/monomers equilibria of the catalyst 
towards monomeric FePcS species, which are the ef­
ficient catalyst precursors. According to the working 
hypothesis, the co-solvent of the reaction mixture 
should not infiuence the conversion of TCP if mono­
meric species of the catalyst have been fixed onto the 
resin. In order to study the influence of the acetoni­
trile content, FePcS was fixed on the Amberlite resin 
using an acetonitrile/water mixture ( 1 : 1 , v/v), since the 
absorption band at 6(i8 nm showed the ftirmation of 
monomeric FtsPcS species under these conditions ]4j. 

The rtjaction mixtur(> of a total volume of 8 mL con­
tained the following final concentrations: 1 mM of TCP 
(8 /iuiol), 24 mg FePcS-Amberlite-TCP (0.16 //mol 
FePcS, catalyst/substrate molar ratio = 2%;) and 5 mM 
of H2O2. As explained above, FePcS-Amberlite resins 
must be saturated by TCP befor(> working with 1 mM 
TCP solutions. The supported catalysts were saturated 
with 1 mM aqueous TCP solutions containing 0%; or 
25%. of acetonitrile (an increased acetonitrile content 
shifts the adsorption-desorjition equilibrium towards 
desorption). 

These two supported catalysts were used to oxi­
dize TCP under two different, conditions: with 25%, of 
acetonitrile (table III, run 1) and without acetonitrile 
(table III, run 2) and the conversion of TCP was 28%, 
within 60 min in both cases. The corresponding chlo­
ride ion concentrations of the final solutions were 0.5 
and 0.4 n i M , corresponding to 1.8 and 1.4 released chlo­
ride ions per converted TCP molecule. For comparison, 
two reac;tions were carried out under homogeneous con­
ditions (table III, runs 3 and 4). The polychlorinated 
phenol was degraded completely within 60 min using 
25%) of acetonitrile (table III, nm 3), but the conver­
sion decreased to 32%, witlioiU. acetonitrile (table III, 
run 4). The final Cl" concentrations were 2 mM and 
0.6 mM, respectively. 

Whereas the c:ontent of ac:etonitrile has a crucial in­
fluence on the catalytic activity of FePcS under homo­
geneous conditions, it must be noted that the presence 
of acetonitrile does not influence the catalytic oxidation 
of TCP wh«m using the supported catalyst. The oxida­
tion of TCP was slower under heterogeneous conditions, 
since kinetics of the substrate oxidation are lowered by 
mass transport effects and interface interactions. In ad­
dition kinetics will be complicated during the catalytic 
reaction by exchanges of substrate; molec;ules and oxida­
tion products in solution for TCP molecules adsorbed 
on the support (scheme 2). 
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S c h e m e 2 . Interface interactions of T C P niolecufes in 
solution with the T C P - s a t u r a t e d suppor ted catalyst 
(FePcS-Arnber l i t e -TCP) . 2,4,6-Tridilorophenol is ])resent 
as phenolate at pH 7. 

C o n c l u s i o n 

The use of cationic ion-exchang(! resins to support 
the tetrasulfonated iron-phthalocyanine is leading to 
a somewhat complicated system with a strong depen­
dence of the TCP adsorption-desorption phenomenon 
competing with the heterogeneous catalytic; reaction. 
Consecjuently the data published in a preliminary com­
munication nmst be considered as reflecting mainly the 
adsorption of the substrate onto the resin and a limited 
cwidative degradation of TCP, which has freen proved 
when using the supported catalyst and a C'^-labeled 
molecule [5d, 3b] . However, the present results obta ined 
with a supported catalyst pre-impregnatc;d with TCP 
demonstrated that FePcS is able to c;atalyze the oxida­
tion and tire ring cleavage of TCP. This result is en­
couraging and confort the fact that immobilization of 
FePcS onto a support is tlie route to create a new gc;iier-
ation of iron-phtlialocyanine catalysts able to c;atalyze 
the oxidation of recalcitrant inolecuk;s in water solution 
without any addition of an organic- solvc;iit to avoid the 
formation of inactive dimeric complexes. 

E x p e r i m e n t a l s e c t i o n 

The conversion of T G P was monitored by HPLC! 
(Waters) equipped with a /.i-Bondapak C18 column, a 
me thano l /phospha te buffer mixture (7:3, v /v ; ,50 mM phos­
pha te buffer at pH 5 acidified to pH 4 with or thophospho-
ric acid) and detect ion at 294 nm. The l-V-vis abisorption 
spectra were record(;d on a Hewlett Packard 8452.4 spec­
t rophotometer . 'H N M R spect ra were obta ined on a Bruker 
AM 250 MHz spec:trometer. T h e ion-exchange resin Amber­
lite IRA 900 was purchased fiom Aldrich (Lot-No 02420JV). 
2,4,6-Trichlorophenol was obtained from .Janssen and 
hydrogen peroxide; was supplied from Acros as a 35 wt% so­
lution. Curox® (2 KHSO .5•K2SO4-KHSO., ) was a gift from 
Peroxid Chemie GmbH. All solvents used were of airalytical 
grade and milllQ-water was always used to prepare aciueous 

solutions. Iron te t rasulfophthalocyanine (FePcS) was pre­
pared according to previously published modifications of t he 
method of Weber and Busch [4, 7] and chloride ion con­
centrat ions were de termined by the mercuric th iocyanate 
method [8]. All catalyt ic reactions were performed at room 
tempera tu re . 

Catalytic behavior of FePcS-Amberlite in relation with 
the substrate adsorption 

• Exchange of (filoride ions of Amberlite for sulfate 
ions 

31 mmol (10 g) of Na2SO4-10 H2O (Prolabo) were dissolved 
in 50 mL of water. After addit ion of 5 g Amberl i te , the so­
lution was shaked for 7 Ir. The resin was filtered and washed 
twice with 20 mL of water. This process was repeated four 
t imes and the resin was then dried at 54 ° 0 for 48 h. To 
check the conrpleteness of the anion exchange, 20 30 mg of 
Amberl i te were added to 1 niL of a solution prepared accord­
ing t o t he reaction mixture; for run 2 of table I, no release 
of chloride ions was detec:ted within 1 h. 

• Imm,obilization of FePcS 
9 /riiiol (10 mg, A/i-vfcS = 1101, caku la t ed for 
C .32Hi3N8FeNa40i :»Sf4 H2O) of FePcS were dissolved in 
20 niL of Water. 20 nrL of acetonitri le were added and the 
solution was shaked for 1 h to adjust the equilibria of dif-
fei'ent FePcS species. Before adding 1 g of anion-exchanged 
resin, the UV-vis spectrunr of the initial FePcS .solution was 
re;c:orded (Aoao mn = 1-2, AGSH nm = 1-0 for a 10-fold dilu­
t ion). The mixture was shaked e'arefully for four days to fix 
FePc:S onto the Amberl i te lesiri. T h e adsorpt ion was morri-
toreel by UV^-vis spec:troscopy arrd the fixed arrrormt of FePc:S 
calcirlated irrdiree:tly. Lhe suppor ted catalyst wiis filtered, 
washed four t imes with 5 rriL of an ae:etoniti'ile/water mix­
tu re (1:1, v / v ) and driexl at 54 °C for 48 h. The content 
of FePcS on the resin was calculated to be 9 /emol FePcS 
per g of FePcS iVmberlite (10 mg FePcS per g of FePcS 
,A.nrberfite). 

• Oxidations catalyzed by FcPcS Amberlite (table f) 
The reae:tion Hrixture;s e:orrsisted of 80 /imol of 2,4,6-ti-i-
chlorophenol (2 mL of a 40 mM stock solution irr aceto-
rritrile) arrd 1 mmol of phospha te buffer (2 inL of a 500 mM 
atpieous stock solutiorr at pH 7). 

When using KHSO., as oxielairt (run 1), 2 niL of water 
were added to eibrain a volume of 6 mL before the addit ion 
of KHSO,5. 400 /onol (123 nrg) of Curox® were dissolved 
in 2 niL of water' airel added to the reaction mixtirre imme­
diately after the additiorr of 1.6 /miol (182 mg) of FePcS-
Amberl i te . 

When using H2O2 as oxidant (run 2), 4 mL of water were 
added to adjust the; final volume to 8 mL. 460 prnol (40 /iL 
of a 35 wt% H2O2 serlutiorr) of H2O2 were added immedi­
ately after the addit ion of 1.6 /imol (182 mg) of FePcS 
Amberlite. In bo th cases, the reaction mixtures were s t irred 
at room tempe;ratnre, the; catalyst was filte;red a t 60 min 
of reactiorr t ime, washed with water and dried overnight at 
roonr terrrperature. 4 he experimental procedures of the; oxi­
dat ions using the recyck;d catalysts (runs 4 and 5) were the 
same as for runs 1 arrd 2. , \ l iquots of the reae:tion mixture 
were taken at define>d t ime, di luted with a methanol /buffer 
mixture (eluent) to s top th(> oxielation reaction arrd analvzeel 
by H P L C . 

• Control reactions 
To carry enit the blarrk reactiorrs wi thout cata lyst under 
homogeneous conditions, the reaction mixtures e:onsisted of 
8f) //mol of 2,4,6-trichlorophenol (2 niL of a 40 mM stock 
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solution in acetonitrile) and 1 mmol of phospha te buffer 
(2 mL of a 500 mM aqueous stock sofution at pH 7). 

When using K H S O 5 as oxidant , 2 mL of water were 
added to obta in a volume of 6 mL before the addit ion of 
K H S O 5 . 400 /xmol (123 mg) of Curox® were dissolved in 
2 mL of water and added to the reaction mixture . When 
using H2O2 as oxidant , 4 niL of water were added to adjust 
the final volume to 8 mL. 460 pmol (40 fiL of a 35 wt% H2O2 
solution) of H2O2 were added to the reaction mixture . 

In order t o prepare the T C P - s a t u r a t e d Amberl i te for 
blank reactions wi thout catalyst in heterogeneous condi­
tions, 2.7 mmol (530 mg) of T C P were dissolved in 20 mL 
of acetonitrile. 20 rnL of water were added and the result ing 
solution ([TCP] = 67 mM) basified to pH 8 with a 10 M 
NaOH solution. 511 mg of Amberl i te resin, the chloride ions 
of wliich have been previously exchanged for sulfate ions, 
were added to t he T C P solution and the mix ture shaked 
carefully. T h e adsorpt ion was monitored by UV-vis spec-
troscopy and the characterist ic absorpt ion band of 2,4,6-tri­
chlorophenolate at 312 nm allowed us to calculate the flxed 
amount of T C P . T h e adsorpt ion-desorpt ion equilibrium was 
reached within 14 h, afterwards the sa tu ra ted resin was fil­
tered, washed four t imes with an acetoni t r i le /water mixture 
(1:1, v /v ) to leave t he excess of T C P and dried for 3 days 
at room tempera tu re . 900 fimol (178 mg) of T C P were ad­
sorbed onto Amberl i te corresponding to 1.3 mmol TCV/g 
A m b e r h t e - T C P (257 mg T C P / g A m b e r h t e - T C P ) . The T C P 
content has been calculated for 690 ing of sa tura ted resin at 
the end of the work-up. The reaction procedures for the 
blank reactions were the same as for runs 1 and 2 (tat)le 1) 
described above, 240 mg of T C P - A m b e r l i t e were added to 
the reaction mixture before the addit ion of H2O2 or KHSOr,. 

Catalytic oxidations of TCP using a TCP-saturated 
FePcS-Amberlite 

• Preparation of FePcS Am.berlite-TCP 
3.2 mmol (630 mg) of T C P were dissolved m 20 mL of 
acetonitri le and 20 mL of water were added. The resuft-
ing solution ([TCP] = 80 niM) was basified to pH 8 with 
a fO M NaOH solution before the addit ion of 600 mg 
FePcS Amberl i te . The work-up corresponded to t h a t of 1 he 
prepara t ion of Amberl i te T C P described above. One mmole 
(197.5 mg) of T C P was adsorbed on FePcS Amberl i te 
corresponding to 1.3 mmol T C P / g FePcS-Amber l i t e T C P 
(257 mg T C P / g F e P c S - A m b e r l i t e - T C P ) . The content of 
FePcS on the resin was 6.8 pmo\ FePcS /g FePcS Amberl i te 
T C P (7.5 mg FePcS/g FePcS-Amber l i te T O P ) after t he 
sa tura t ion by T C P . The contents given wcie liased on 
790 mg of the suppor ted sa tura ted catalyst a t the end of 
preparat ion. 

The adsorpt ion-desorpt ion behaviour in experimental 
conditions was tested before using FePcS-Amber l i t e TC^P. 
240 mg of FePcS A m b e d i t e - T C P (1.6 //mol FePcS) were 
added to the reaction mixture prepared accoiding to 
run 2 of table 1 and stirred at room tempera tu re . T h e 
increase in T C P concentrat ion of the solution was 4% 
([TCP] = 10.4 mM) at 60 min. The increase or decrease in 
T C P concentrat ion is highly dependent on the fixed amount 
of T C P on the suppor ted cata lyst and varied horn one 
preparat ion to another . When the increase was higher and 
could not be ignored, the suppor ted catalyst was filtered 
and the control reaction repeated to a t t a in an adsorpt ion-
desorption equilibrium of T C P in a, 10 iriM T ( T ' solution. 

• Oxidations catalyzed by FePcS Amberlite TCP 
(table IT) 

The reaction procedures for runs 1 and 2 (table II) were the 
same as for runs 1 and 2 (table 1) described alxwe. Instead 

of 182 mg FePcS-Amber l i te , 240 mg of FePcS-Amber l i t e 
T C P (corresponding to 1.6 //mol FePcS) were added. The 
experimental conditions of oxidations catalyzed by recy­
cled F e P c S - A m b e r l i t e - T C P (runs 3 and 4) corresponded to 
those of runs 1 and 2. 

• Control reactions (table II) 
To check the desorption of T C P from FePcS-Amber l i t e -
T C P in a 1.5 m M solution of T C P , the reaction mixture 
was prepared as described above for run 2 of table 1. Instead 
of 80 pmal of T C P (2 rnL of a 40 m M stock solution in 
acetonitri le) , 12 p.mo\ of T C P (300 jxl. of a 40 inM stock 
solution in acetonitrile) and 1.7 mL of acetonitri le were 
added to give a final mixture being 1.5 niM of TCP . 

The control experiments were carried out with t he re­
cycled cata lysts (runs 5 and 6). Th<^ reaction mixtures were 
prepared according to run 2 of tab le t, no oxidant was added. 
The re-saturat ion of the recycled catalyst by T C P was re­
peated as described above until the adsorpt ion-desorpt ion 
equilibrium of T C P was readied in a 10 m M T C P solution. 

Oxidation products of TCP 

100 mL of reaction mixture consisted of 1 mrnol (198 mg) of 
T C P (25 niL of a 40 niM stock solution in acetonitri le) , 1.2 g 
of FePcS-Amber l i te (30 /j.mol FePcS /g FePcS-Amber l i te ) 
and 250 mmol of phospha te buffer (50 mL of a 500 mM 
stock solution a t pH 7). 5 x 1 mmol of H2O2 (corresponding 
to 5 X 100 pL of a 35 wt% aqueous solution) were added 
to the reaction medium within 20 min and the solution was 
stirred for 1 h at room tempera tu re . The acetoni t r i le /water 
rat io of the reaction mixture was equal to 1:3 (v /v ) . Aceto­
nitrile (at room temperatur<>) and the residual water (by 
heat ing to 60 °C) were evajKirated under vacuum, after­
wards the residue was dried under vacuum for 1 li at room 
tempera tu i e . 14 mL of 6 M sulfuric acid, which was pre­
viously sa tu ra ted by 20 g of NA2SO.4-10 H2O, were added 
to the residue and the acidic solution was stirred for f h 
to (!xchange the oxidation j iroducls adsorbed onto the resin 
for sulfate ions. The products were ext rac ted with diethyl 
ether (8 x 60 mL) . After evaporat ion of ether, the dark brown 
residue was dried under vacuum for 2 h a t room tempera tu re 
and dissolved in deutera ted dimethyl sulfoxide (DMSO-rio) 
for ' H N M R analysis. We added 12 /d . of CHCfj (149 /Jinol) 
as internal s t andard to quantify t he oxidation products . The 
total yields of cou])ling prodii<:ts were bas«>d on two protons 
per aromat ic ring. 

Influence of the acetonitrile content of the reaction 
mixture (table III) 

The reaction mixture for run 1 (supported catalyst , 25% of 
acetonitrile) with a final volume of 8 inL contained 8 //mol of 
T C P (200 /;L of a 40 inM stock solution in acetonitrile) and 
400 /j,mol of phosphate buffer (800 jiL of a 500 mM stock 
.solution at pH 7). 1.8 niL of acetonitri le and 5.2 mL of water 
were added to obta in an acetoni t r i le /water rat io equal to 1:3 
(v /v ) . 0.16 /iinol of FePcS (corresponding to 24 mg FePcS 
Amberl i te T C P ) and 40 //mol of H2O2 corresponding to 
40 //L of a 3.5 wt%. H2O2 solution, which was prepared 
by 10 fold dilution of a c:onimercial .35 wt% solution, were 
added to the reaction medium and stirred for 1 h at room 
tempera tu re . 

Th(^ reaction mixture for run 3 (homogeneous catalyst , 
25% of acetonitrile) was prepared as for run 1 described 
above, the suppor ted catalyst was replaced by 0.16 /nnol of 
FePcS (400 //L of a 0.4 mM aqueous stock solution) and 
4.8 mL of water were add(Hl ( instead of 5.2 inL) to obta in 
the final reaction volume of 8 mL. 
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W i t h respect t o the low solubility of T C P in H2O, 
0.1 mmol (20 mg) of T C P were dissolved in 100 mL of a so­
lution containing 5 mmol of phospha te buffer (pH 7) within 
5-6 h in an ul t rasound ba th . To carry out the oxida­
t ion (run 2: heterogeneous catalyst , 0% of acetonitri le) , 
0.16 /xmol of FePcS (corresponding t o 24 mg FePcS-
A m b e r h t e - T C P ) and 40 | imol of H2O2 (corresponding to 
40 nL of a 3.5 wt% H2O2) solution were added to 8 mL 
of this solution and stirred for 1 h at room t empera tu re . 
The reaction mixture for run 4 (homogeneous catalyst , 0% 
of acetonitrile) was prepared in t he same way, 0.1 mmol 
(20 mg) of T C P were dissolved in 100 mL of a solution 
containing 2 p-mol of FePcS and 5 mmol of phospha te buffer 
(pH 7) within 5-6 h in an ul t rasound ba th . 40 /tmol of H2O2 
(corresponding to 40 fiL of a 3.5 wt% H2O2) solution were 
added to 8 niL of th is solution and st irred for 1 h at room 
t empera tu re . 
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