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Abstract 

Photolysis of homogeneous sohuions of polyoxomctalates W~oO~2 '*° , PWI204o 'a- , and SiW,204c~- with near visible and UV light in 
presence ofchlorophenols, leads to complete decomposition of substrate s to CO2 and HCI. At the initial stages of photooxidation, decomposition 
rates, in presence and absence of dioxygen, practically compete with each other. On the contrary, at the final stages of decomposition, the rate 
in presence of dioxygen is an order of magnitude faster than in absence of dioxygen. The main function of dioxygen seems to be the reoxidation 
(regeneration) of the catalyst. Several hydroxyl intermediates justify the formation of OH radicals. The hydroxyl aromatic derivatives detected 
are in accordance with the electrophilicity of OH radicals. Hydroxy butanedioic acid and acetic acid were ~letected in the three monochloro- 
phenols, prior to mineralization. 
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1. Introduction 

Contamination of land water and air is an ever increasing 
problem for the industrial world. To phase this problem the 
scientific evmmunity works in two directions: (a) to find new 
industrial nonpolluting methods ( green technology ) and (b) 
to find methods to clean the environment. 

Among the top priority pollutants are chlorinated phenols 
[ 1] that find use, among other things, as preservatives of 
wood and in the manufacture of paper. Unfortunately, they 
are also byproducts of chlorinated water. 

Various methods have been used for their decomposition 
[2]. Those that involve electromagnetic radiation include 
mainly: (a) treatment with ~Co--3,-radiation [3]; (b) UV 
light [ 41; (c) UV light in presence of H202 [ 5 ] and (d) UV 
and near visible light in presence of Tie2 [6,7]. These meth- 
ods lead, more or less, to decomposition to CO2 and HCI of 
which (a) and (d) seem to be quite effective. 

Polyoxometalates (POM) have a long and interesting 
redox chemistry, acting as electron and oxygen relays, that 
find diversified applicationb [8]. This ability of POM has 
been recently employed in commercially important catalytic 
processes [9]. 

We have recently reported [ 10] another catalytic behav- 
iour of POM, namely, the photocatalytic mineralization of 
chlorophenols (CIPh) to CO2 and HCI using UV and near 
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visible light. In this paper we examine the mechanism of 
mineralization of chlorinated phenols by three representative 
polyoxometalates, namely, W100324-, PW120403-, and 
SiWl20404-, as it unfolds through detection of various inter- 
mediates and compare it with the behaviour of Tie:  and 
semiconductors generally. 

2. Experimental 

K4WloO32(I), H2PW1204o(II), and H4SiWlzO4o(II1) 
were prepared according to literature methods [ 11,12]. All 
chemicals were of analytical reagent grade and used, unless 
otherwise stated, without further purification. 

Photolysis was performed with an Oriel 1000 W Xe arc 
lamp, equipped with a cool water circulating filter to absorb 
the near IR radiation and a 320 nm cut off filter to avoid direct 
photolysis of chloropheno|s. 

Analysis of the products was performed with a JASCO 
HPLC equipped with a Uvidec-100-VI detector monitored at 
280 and 254 nm, and a Lichrospher RP-1885/.tin column 
using 35 vol.% CH3CN in H20. Products were recognised by 
comparison with reference standards. Products with mainly 
no reference standards, were recognized with a FISONS 
TRIO 1000 GC-MS equipped with a DB-5 (60×0.25 ram) 
column using NISei/NB5 and Wiley MS libraries s,~fiwarc, 
Chloride ions were analysed spectrophotometrically [13]. 
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Gas samples were analyzed for CO2 in a VARIAN 3300 GC 
with a TCD and a 2 m Porapack Q column. Carbon dioxide 
was calculated from a standard curve, made under identical 
conditions using known quantities of CO2. 

The degree of reduction of POM in photolyzed deaerated 
solutions was calculated from the known extinction coeffi. 
cients of the blue products using a HITACHI U-2000 spec- 
trophotumeter. 

Unless otherwise stated, a typical experiment was as fol- 
lows: to an 8 mL spectrophotometric cell, 1 cm length, cov- 
ered with a serum cup, 4.0 mL solution of 0.7 mM catalyst, 
and 2 mM substrate was introduced. Photolysis was per- 
formed at constant stirring at 20 °(2 was adjusted with HCIO4, 
Deaerations and oxygenations were performed with extra 
pure Ar and dioxygen. In some deaeration experiments, Ar 
was purged through V=* solution with identical results, 

degradation of CIPh. Fig. ! shows the degradation of o-, m- 
and p-CIPh in presence of POM (I), (II) and (HI). The 
decomposition reactions, under these conditions follow first 
order kinetics. 

3. L 2. Mineralization of CIPh. Identification of intermediates 
The photodegradation of CIPh leads to CO. and CI- as 

final products. In the process several intermediates, mainly 
hydroxy radical adducts on the benzene ring, have been iden- 
tiffed. Using o-ClPh as an example, the degradation of sub- 
strata, the formation of CO= and Cl-, and the build up and 
decay of several intermediates, upon photolysis (A>320 
nm) of aqueous solutions of substrata in presence of the 
catalysts (I), (II) and Oil) are shown in Fig 2. Several other 
intermediates, see below, not showing in the diagrams have 
been identified by GC-MS. 

3, Remlta 

3,1. in oxygenated solutions 

3, l. I, Initial degradation of CIPh 
Photolysis of o-, m-, and p-ClPh in presence of the three 

POM with near visible light (3>320 nm) to avoid direct 
photolysis of chlorinated phenols, results, to begin with, in 

3.1,3, Substrata concentration dependence 
As i~ the t.~.:e with practically all photolysis ~actions, at 

least those that involve semiheterogeneous systems, i,e., s~m- 
iconductors and substrata, and homogeneous systems (POM 
and substrata) a plot of initial degradation rate vs, the initial 
concentration of substrat© follows a Langmuir-Hinshewond 
behaviour [ 14] or Michaclis-Menden kinetics. The exam- 
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Fig. 2. Mineralization of oxygenated aqueous solutions of o-CIPh and formation or c02 ~nd CI" with photolysls time in presence of (a) W~oO~z 4-, (b) 
PW,204o J" and (c) SlWi20~ 4- . inset: Formation and decay of some intermediate.~. Catalyst, 0.7 mM; Substrete, 2.0 mM; A > 320 nm, T~ 20 °(2. {a} pH 2.3, 
(b) pH i.0, (c) pH 3.0. 

platy behaviour of p-CIPh with the three catalysts is shown 
in Fig. 3. 

3. 2. in deoxygenated solutions 

3.2.1. Initial degradation of Clt'h 
To investigate the role of dioxygen in the degradation of 

CIPh, experiments were carried out under similar conditions 
except that the solutions were purged with Ar instead of 
dioxygen. These experiments were a time compromise 
between: (a) to have the catalyst in the oxidized form where 
it exhibits its maximum performance, see below, and (b) to 

have enough change in the substrate that could be detected 
by HPLC. Fig. : shows the formation of the one-electron 
reduced (I), i.e., WioO32 ~- and CI-, and the moles of 
degraded p-CIPh with photolysis time. Similar results were 
obtained with the other substrates and catalysts. 

3.2.2. Mineralization of ClPh 
Similar experiments in the presence and absence of diox- 

ygen, resulted in both cases in mineralization of CIPh. Min- 
eralization, though, in deaerated solutions was an order of 
magnitude slower than in the presence of dioxygen (see 
below). 
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The general scheme of the catalytic action of POM may be 
presented as follows: 

POM+ S---. POM,~ + S~, (I) 

P O M ~ + H  ÷ - -~  POM+ I/2H., (2) 

POM~d +O= "-~*- POM +H~O (3) 

where S is the substrata. 
Reduced POM, in the absence of dioxygen can be reoxi- 

di~l (regenerated) by oxidizing reagents and/or H + pro- 
duci~, in the later case, hydrogen, whereas, in presence of 

dioxygen, reduced POM are reoxidized through reaction 3. 
Generally reaction 3 is up to five orders of magnitude faster 
than reaction 2 [ 16]. 

POM on the other hand, absorb strongly in the near visible 
and UV area. This absorption at the oxygen to metal charge 
transfer (O-M CT) bands. ( <400 nm) results in enhance- 
ment of their redox ability ( > 3 eV), thus rendering POM 
still more powerful oxidizing reagents. The oxidation of sub- 
strates results in concomitant reduction of POM, as is the case 
in thermal reactions, the extent of which depends on the 
conditions used [ 15], 

Using semiconductor notation, the excitation of POM at 
the O~M CT bands can be presented as follows: 

hi, 
POM ~ POM(e-+h  +) (4) 

Now, in principle, h + cause oxidations and e-  reductions. 
We will present below an overall account of the process in 

deoxygenated and oxygen saturated solutions that mainly 
involves the inorganic part of the mechanism. Details of the 
reactions that refer to the organic substrates are given at the 
end of the discussion. 

4. !. In deoxygenated solutions 

Reaction 4 is followed by 

POM(e- +h÷)  +H20 ~ POM(e-)  + O H + H  + (5) 

POM(e ~ +h÷) +ClPh ---~ POM(e-)  +ClPh ÷ (6) 

OH +CiPh ---÷ Addition and/or Ci abstraction (7) 

POM(e-) +H + ~ POM+ i/2H2 (8) 

POM(e- ) +ClPh ~ POM +CI-  +Ph (9) 

Reaction 5 is justified by the following reasons: (a) OH 
radicals have been detected by ESR in photolysis of TiO~, 
exhibiting overall similar behaviour with POM, using spin 
trapping reagents {171; (b) Yamasc [ 181, in a publication 
that somehow has not received so far the appropriate recog- 
nition, has also identified OH radicals by ESR upon photol- 
ysis of (I); (c) OH adducts to aromatic compounds 
(hydroxylation products) have been detected throughout the 
photolysis experiments in this work (see below). 

Direct reaction of the excited polyoxomvtalates, POM(c ~ 
+ h ÷ ), reaction 6, was shown to proceed to a small extent. 
Photolysis in deaerated non aqueous (CH3CN) solutions to 
avoid formation of OH radicals, reaction 5, were not conclu- 
sive owing to direct reaction with the solvent. Other solvents 
such as dimethyl sulfoxide are even more reactive. Fig. 5 
shows the variation of the rate of formation of the one-elec- 
tron reduced WioOn 4-. in deaerated aqueous solution in 
presence of POM, with increasing ratio of substrata/water. It 
c~,n be seen that the rate goes through a maximum and falls 
off to less than 10% of the maximum value in absolute 
o-CIPh (absence of H20). 

This tends to suggest that there exist two parallel compet- 
itive reactions in which CIPh participates initially: (a) Reac- 
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tion 7 through OH radicals in aqueous solution, and (b) 
reaction 6 which seems to take over in absence of H20. 

Reaction 7 is justified by the detection of several hydroxyl 
derivatives. 

However, a referee has kindly pointed out that the role of 
OH radicals ought to be considered with some reservation. 
l-Iydroxylated intermediates can be formed by other ways. 
For instance, M.A. Fox et al. [28] have presented evidence 
that the hole-organic reaction generates cation radical, hydra- 
tion of which leads, also, to hydroxylation produc~. Supe- 
roxide may also be involved [29]. 

Reaction 8 proceeds when the number of electrons accu- 
mulated on POM has driven the potential to negative values 
sufficient to reduce H + [ 19]. 

Reaction 9 is justified by the independent findings of two 
groups. Hill's laboratory [20] and we [ 10] have shown that 
reduced POM (I) and (II) cause carbon-halogen bond cleav- 
age. 

4. 2. In oxygen saturated solutions 

Dioxygen, generally, reoxidizes reduced POM very fast 
and effectively [ 16,21 ]. The following reactions that involve, 
mainly, the catalyst have been reported: 

POM(e- )  +02  ----~ POMO2- [16] (10) 

POMO2- ~ POM+O2- [16] (11) 

O 2 - + H  + ~ HO2 (12) 

O2- /HO2+CIPh-- '~  oxidation products [22] (13) 

2HO2 ) H202+O2 (14) 
hv 

H202-"-* 2OH [23] (15) 

Reactions 10 and 11 have been justified from kinetic data 
[ 16] in analogy with Cu + complexes [ 24 ]. Reaction 13 has 
been reported in the literature [22]. 

4.3. Reaction mechanism 

It has been shown that OH radicals are formed in both 
oxygenated and deoxygenated solutions in analogy with Tie2 
behaviour (reactions 5 and 15). 

Dioxygen is known to be an effective electron scavenger 
inhibiting the recombination of electrons and holes and pro- 
ducing 0 2 - / H e :  (pI~4o82s) radicals (reactions 10--12). 

The concerted action of h + and the radicals OH, O2- and 
HO2 is then responsible for mineralization of CIPh. The 
results have shown that at the initial stages of photolysis, i.e, 
when the reaction has proceeded less than 20%, so that the 
catalyst retained its maximum performance, the presence of 
dioxygen enhanced the degradation of chlorophenols from 
20% up to three times at the most. (As is known, in going 
from the oxidized POM to the one electron reduced nroduct, 
the catalyst performance drops to less than 10% 1:5] ). On 
the contrary, when the reaction was allowed to i)roce=d to 
mineralization, the results were a~i order of magnitude faster 
in presence than in absence of dioxygen. 

These results tend to suggest that: (a) the reoxidation 
(regeneration) of the catalyst is the primary function ofdiox- 
ygen in the mineraiization process (reactions 10 aad 11 ) and 
(b) the inhibition of h + + e -  recombination by dioxygen 
and formation of 0 2 - / H e :  radicals are less significant at 
least in the first stage of CIPh degradation. They might be 
important in the degradat!.on and final mineralization of inter- 
n',ediates, but this remains to be seen. 

Fm an L-substituted aromatic compound, the following 
general scheme, based on known reactions, has been adapted 
by several workers working with OH radicals generated either 
by 6°Co--y-radiolysis of aqueous solutions [26] or Tie2 pho- 
tolysis of aqueous solutions [4b,7,22,27]. This scheme 
which is applicable to POM as well, provides details of the 
fate of the organic substrate, i.e, mainly reactions 7 and 13 
above, accounting for the formation of the hydroxyaromatic 
derivatives and the overall mineralization process. 

POM ~ POM{e" + h ÷) 

POM(e" * h') ~ POM(e') ,,. OH + H ÷ 
i ,  L 

POM(e'. h °) " ~ ~ . ' ~ .  POM(e') + 0 
V 

• . o 2  ~ - ~ .  CO2 + HCl 
m~ ~ * H20 

For an ortho OH addition in the L substituted benzene ring 
above, the following reactions explain the mineralization 
according to Matthews [22], 
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In the scheme below, we present several intermediates 
delected during the course of mineralization of ClPh, that are 
in accordance with the electrophilicity of OH radicals. 

Hydroxy bulanedioic acid and acetic acid were detected in 
the three chlorophenois uppon opening of the ring prior to 
mineralization,The overall reaction is 

h,.. POM 
CIC~H.,OH-4- ! 3/20~ ~ 6CO: + HCI + 2H:O 
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