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ABSTRACT
This manuscript describes our research work devoted to the understanding of the
aqueous phase reactions of phosphate and polyphosphate radicals. Inorganic
phosphate and polyphosphate radicals were generated after photolysis of peroxo-
diphosphate, tripolyphosphate and pyrophosphate ions. The reactions of SO4

•–

radicals with P2O7
4– and P3O10

5– are also discussed.
The logarithm of the bimolecular rate constants for the reactions of the

three phosphate radicals (H2PO4
•, HPO4

•–, PO4
•2–) with substituted benzenes are

discussed in terms of Hammett correlations and a reaction mechanism is pro-
posed. Phenoxyl type radical formation from the reactions of H2PO4

• and HPO4
•–

radicals with phenol, chlorobenzene, and a, a, a-trifluorotoluene (TFT) supports
the contribution of an addition pathway yielding a phosphate adduct with the sub-
stituted benzene. Additional information on the absorption spectra and decay
kinetics of the hydroxycyclohexadienyl radicals of chlorobenzene and TFT is
also given.
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INTRODUCTION
Numerous constituents of natural and atmospheric waters contribute to the photo-
chemical and/or thermal production of highly reactive species, such as HO•,
HO2

•/ O2
•–, O2 (1Dg), CO3

•–, SO4
•–, organic peroxyl radicals, etc. [1,2]. Most of

these species are able to initiate chemical (chain) reactions in which undesirable
organic components are attacked and ultimately destroyed, thus providing a
mechanism for self-cleansing of the water sources. HO• and/or SO4

•–radicals are
among the most reactive and highly oxidative species, and their photochemical
generation is being tested as a promising benign method for detoxification of 
polluted water streams [3].

The presence of inorganic components in the aqueous matrix is of impor-
tance to the chemistry related with these reactive species, i.e., as HO• and/or SO4

•–

radicals are able to oxidize most inorganic anions to secondary, less reactive, 
radicals which might have unexpected consequences in the overall chemical process.
In particular, the reaction of HO• and SO4

•– radicals with phosphate ions, reactions
R1 and R2, yields phosphate radicals (H2PO4

•, HPO4
•–, PO4

•2–) [4,5] and that of HO•

with pyrophosphate, reaction R3, yields polyphosphate radicals (P2O7
•3–) [6].

HO• + H3PO4 → H2PO4
• + H2O k1a= 2·6 3 106 M–1s–1 (R1)

+ H2PO4
– → H2PO4

•/ HPO4
•– + HO–/H2O k1b= 2·2 3 106 M–1s–1

+ HPO4
2– → HPO4

•–/ PO4
•2– + HO–/H2O k1c = 8 3 105 M–1s–1

SO4
•– + HPO4

2– → HPO4
•– + SO4

2– k2 = 1·2 3 106 M–1s–1 (R2)
HO• + P2O7

4– → P2O7
•3– + HO– k3 = 9 3 105 M–1s–1 (R3)

Phosphate radicals, which exist in three acid-base forms related by fast
equilibria [7], reactions R4, abstract hydrogen from saturated organic compounds,
add to olefins and oxidize many organic and inorganic compounds [4,5,8–10],
and thus may also initiate chain reactions with organic substrates contained in
waste-waters.

– H+ – H+

H2PO4
• o HPO4

•– o PO4
•2– (R4)

pKa = 5·7 pKa = 8·9

As a consequence of the widespread use of phosphates as fertilizers 
(85–90%) and synthetic detergents, agricultural, domestic and sewage waste-
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waters usually contain considerable amounts of phosphate ions [11]. The recog-
nized environmental impact of phosphates is caused by the presence of simul-
taneous unduly high concentrations of nitrates and phosphates, which encourage
the excessive growth of algae inducing a severe oxygen depletion in the waters.
In addition, anthropogenic and natural generation of sulfate and/ or hydroxyl 
radicals in phosphate-containing waste-waters may give rise to the formation of
phosphate radicals, whose effect and participation in the chemistry of our environ-
ment needs being evaluated.

The knowledge of the reaction mechanisms involved in phosphate and
polyphosphate radicals – initiated oxidation of organic pollutants is of importance
for the understanding of the chemistry of our environment and for the optimiza-
tion of advanced technologies for waste-waters treatment. Here we report our
results on the studies of the chemistry of phosphate and polyphosphate radicals,
and on the reactivity of phosphate radicals with substituted benzenes.

REACTIONS OF PHOSPHATE RADICALS IN AQUEOUS SOLUTIONS.
Early studies on the decay kinetics of phosphate radicals [6] used VUV photolysis
of HPO4

2– and H2PO4
– for their generation, as shown in reaction R5. A more 

efficient procedure for phosphate radical generation involves the UV photolysis
of peroxodiphosphate ions, reaction R6 [8–10].

HPO4
2– + hn (lexc < 200 nm) → HPO4

•– + e aq
– (R5)

P2O8
4– + hn (lexc > 200 nm) → 2 PO4

•2– (R6)

Photolysis of peroxodiphosphate under controlled pH conditions, 
i.e., pH = 4, 7 or 10, is a convenient procedure for the study of the reactions 
of each of the H2PO4

•, HPO4
•– and PO4

•2– radicals and was used throughout 
our investigations. All forms of these radicals exhibit moderate absorptions in 
the 500 nm range, with only slight differences. Figure 1 shows the absorption
spectrum of PO4

•2–. The decay kinetics of phosphate radicals are determined in
most cases by following the decay of their broad absorptions in the 400–500 nm
range.

The decay kinetics of the three acid-base forms of the phosphate radicals
was observed [8], to be independent on the presence of dissolved molecular 
oxygen. Bimolecular recombination, with decay rate constants (2kBR /e500 nm) =
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1·3 3 105 and 2·8 3 105 cm s–1 [6,8], is the main process observed for HPO4
•–

and PO4
•2– radical ions, respectively 

H2PO4
• decay kinetics shows the contribution of a mixed second (2 kBR/

e500 nm = 1 3 106 s–1cm) and first order decay law (k = 5 3 103 s–1). The first order
decay component was suggested to be due to the reaction of H2PO4

• with P2O8
4–,

similar to that reported for SO4
•– with S2O8

2– [12]. An upper limit of 106 M–1s–1

is derived for the rate constant of this reaction, though the participation of a reac-
tion between H2O and H2PO4

•, similar to that reported for sulfate radicals [4,12]
should not be neglected [13] (vide infra).

Previous literature studies report a first-order decay kinetics for H2PO4
•

and HPO4
•– in the presence of molecular oxygen [6] which was assumed to be due

to the formation of H2PO4
• and HPO4

•– oxygen adducts. Our results, showing
oxygen-independent decays either in the presence or absence of organic sub-
strates, do not support the existence of such oxygen adducts. The main difference
between the VUV experiments reported in the literature [6] and ours, is that in the
former case, high concentrations of HO2

•/ O2
•– were formed from the reaction of
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Figure 1 PO4
•2– absorption spectrum [8] (e530 nm = 2150 M–1 cm–1 [7]). The solid line shows the

spectrum reported in [7].



molecular oxygen with hydrated electrons, whereas no detectable amounts of
these radicals are generated in our studies. As HO2

•/ O2
•– are reported to effi-

ciently reduce P2O8
4– propagating a chain reaction [7], these radicals can then be

expected to affect the overall formation and decay of phosphate radicals in the
VUV photolysis experiments.

Continuous photolysis experiments of peroxodiphosphate solutions yield
important information on the first order decay processes of phosphate radicals
since the very low steady-state concentration of transients achieved in these
experiments do not favor radical recombination. In fact, photo-decomposition of
peroxodiphosphate under such conditions oxidizes water to molecular oxygen
[13], reaction R7. Molecular oxygen can only be formed if phosphate radicals
react with water (reaction R8) followed by a complex mechanism involving
hydrogen peroxide formation and decomposition (reactions R9 and R10).

hn

2 P2O8
4– + 2 H2O → O2 + 4 HPO4

– (R7)

PO4
•2– + H2O/ HO– → HPO4

2– / PO4
3– + HO• (R8)

2 HO• → H2O2 (R9)

2 H2O2 → O2 + 2 H2O (R10)

Our continuous irradiation experiments of initially air-saturated K4P2O8

solutions show a pH-independent increase in the concentration of dissolved O2 with
the irradiation time, which was about five times lower than the concentration of
photo-decomposed K4P2O8. Deviations from the 2:1 stoichiometry expected from
reaction R7, may be explained by the efficient reactions of hydrogen peroxide with
the phosphate radicals [4] yielding HO2

•/ O2
•– which further react with P2O8

4– [7].
Moreover, the reaction between phosphate radicals and P2O8

4– with formation of
P2O8

3•– (vide supra) may also contribute to an increased P2O8
4– depletion.

REACTIONS OF POLYPHOSPHATE RADICALS IN AQUEOUS
SOLUTIONS

Photolysis of pyrophosphate ions, reaction R11, in aqueous solution yields reac-
tive solvated electrons and phosphorus-containing radicals as the primary photo-

Aqueous phase kinetic studies involving intermediates of environmental interest 205



chemical reactions [14]. In air and oxygen-saturated solutions, the detached 
electrons are efficiently scavenged by molecular oxygen yielding O2

•–, reaction
R12. Electron detachment after photolysis of P2O7

4– is supported by the for-
mation of equimolar concentrations of P2O7

•3– and O2
•– [14].

P2O7
4– + hn → P2O7

•3– + e–
aq (R11)

e–
aq + O2 → O2

•– (R12)

Photoelectron detachment from P3O10
5– (quantum yield lower than 0·1 at

266 nm) yielding a tripolyphosphate radical ion, P3O10
•4–, and hydrated electrons,

reaction R13, is supported by the formation of O2
•– in experiments in the presence

of dissolved molecular oxygen [14]. However, formation of P3O10
•4– after photo-

lysis of P3O10
5– should involve a complex mechanism, since P2O7

•3– is the main
phosphorus-containing transient detected. A fast decomposition of P3O10

•4– to
P2O7

•3– is proposed to take place within less than 100 ms, reaction R14. P3O10
•4–

recombination and reaction with water or HO– ions may account for the lower
yields of P2O7

•3– radicals formed with respect to those of O2
•–.

P3O10
5– + hn → P3O10

•4– + e–
aq (R13)

fast
P3O10

•4– → P2O7
•3– + PO3

– (R14)

The oxygen-independent decay of P2O7
•3–,observed after photolysis of

both P3O10
5– and P2O7

4– ions, followed a mixed first and second order kinetics 
(2k /e580nm = (2·8 ± 0·5) 3 105 cm s–1). The first order decay component is inde-
pendent of the concentration of P3O10

5– or P2O7
4– and increases with increasing 

concentration of HO– ions in the solution [14], thus indicating the occurrence 
of a reaction between P2O7

•3– radicals and HO– ions, reaction R15 with k15 = 
(1·4 ± 0·3) 3 106 M–1s–1. No contribution of a reaction of P2O7

•3– radicals with
H2O was observed.

P2O7
•3– + HO– → P2O7

4– + HO• (R15)

Formation of hydroxyl ions from reaction R15 was verified by experi-
ments with air-saturated P3O10

5– and P2O7
4– solutions of pH > 12·5, which showed
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absorption of O3
•– from the reversible reaction of the conjugate base of HO•, O•–,

with molecular oxygen. In alkaline solutions of pH > 10, HO• radicals may decay
by reaction with P2O7

4– or P3O10
5–, reaction R16 [5], with O2

•– and by bimolecu-
lar recombination [15].

P2O7
4– / P3O10

5– + OH• → P2O7
•3– / P3O10

•4– + HO– (R16)

A fast-decay component of O2
•– is assigned to its reaction with P2O7

•3–,
reaction R17, and / or with HO• radicals [5].

P2O7
•3– + O2

•– → P2O7
4– + O2 (R17)

Reaction R17 and the recombination of O2
•–/ HO2

• radicals are the main
reaction channels leading to the formation of molecular oxygen in steady-state
photolysis experiments with P3O10

5– solutions of pH > 10.

Reaction of P3O10
5– and P2O7

4– with sulfate radicals
The bimolecular rate constants for the reaction of SO4

•– radicals with P2O7
4– and

P3O10
5– obtained from photolysis experiments of alkaline (pH = 10) air-saturated

S2O8
= solutions in the presence P3O10

5– or P2O7
4– are (1·4 ± 0·2) 3 105 M–1s–1 and

(3·4 ± 0·5) 3 106 M–1s–1, respectively. Formation of P2O7
•3– radicals after reac-

tion of sulfate radicals with P2O7
4– anions suggests that the reaction takes place

by a one-electron charge transfer process, reaction R18, as reported for the reac-
tions of SO4

•– radicals with inorganic ions [4]. A similar process may be expected
for the reaction of SO4

•– with P3O10
5– ions, reaction R19. However, P2O7

•3– radi-
cals are the only radicals detected following reaction R19. A charge transfer reac-
tion yielding P3O10

•4– radicals followed by their fast decomposition to P2O7
•3– and

phosphate ions, reaction R14, as also proposed for the photolysis of P3O10
5– (vide

supra), may account for the formation of P2O7
•3–.

SO4
•– + P2O7

4– → SO4
2– + P2O7

•3– (R18)

SO4
•– + P3O10

5– → SO4
2– + P3O10

•4– (R19)

For pyrophosphate ions, reaction R15 is the reverse of reaction R16. If
both reactions take place by a charge transfer process, the equilibrium constant
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for reaction R20, K20 = k16 / k15 = 0·16– 0·64 is estimated taking k16 = (2·2–9) 3
105 M–1s–1 [5]. As the calculated DG for equilibrium R20 is very small, the one
electron redox potential of HO• and P2O7

•3– should be very similar, i.e., of the
order of 1·9V vs. standard hydrogen electrode [16]. However, hydroxyl radicals
are known to efficiently react with inorganic ions by an addition and fast elimi-
nation of HO– ions mechanism, as with chloride ions [17]. If this were also the
case for the reaction with P2O7

4– ions, the estimation of K20 is not valid.

P2O7
4– + HO• o P2O7

•3– + HO– (R20)

On the other hand, the low rate constants obtained for the charge transfer
reactions R18 and R19, could indicate that the one-electron reduction potential
for the P2O7

•3–/ P2O7
4– and P3O10

•4–/ P3O10
5– couples should be higher than that of

the SO4
•–/SO4

2– couple (2·43 V [16]). These observations support an addition
mechanism for the reaction of HO• radicals with P2O7

4–.

REACTIVITY OF PHOSPHATE RADICALS WITH SUBSTITUTED
BENZENES

The reactions of phosphate radicals with substituted benzenes, reactions R21, are
conveniently studied following the phosphate radical decay rate as a function of
added solute concentration. Photolysis experiments of P2O8

4– solutions of 
pH = 4·0, 7·1 and 10·0, in the presence of low concentrations of substrates ([PhX]
< 10–4 M) showed absorption traces at l > 400 nm, whose spectrum immediately
after the flash of light agreed with those of the phosphate radicals. The absorp-
tion traces showed faster decay kinetics with increasing concentrations of the
organic substrates and could be well fitted to a first order law with an apparent
rate constant, kapp. The slopes of the linear plots of kapp vs solute concentration
yield the bimolecular rate constants k21 [8–10]. The values of k21 obtained for the
different aromatics and phosphate radicals are shown in Table 1. For comparison,
bimolecular rate constants for the reactions of SO4

•– and HO• radicals are also
included. 

H2PO4
• H2PO4

–

HPO4
– + PhX → HPO4

2– + organic radicals R21(
PO4

•2– ) (
PO4

3– )
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For all the substrates, phosphate radicals are much less reactive than HO•

radicals though they show much higher selectivity. H2PO4
• is slightly less reac-

tive than SO4
•– radical ions but the other phosphate radical species are much less

reactive. The general tendency in reactivity observed is HO• > SO4
•– ³ H2PO4

• >
HPO4

•– > PO4
•2–. The latter trend is not, necessarily, that of their one electron oxi-

dizing capabilities, as is the case of the HO• radical (2·3 V vs NHE in neutral solu-
tions), which is a weaker oxidant than SO4

•– radical (2·5 to 3·1 V vs NHE), but
much more reactive in addition and hydrogen abstraction reactions.
Consequently, reported reduction potential tendencies E(SO4

•–) > E( H2PO4
•) >

E(HPO4
•–) > E(PO4

•2–), based on the relative reactivity of the radicals towards
inorganic and organic substrates [7] should be reviewed considering the possibility
that phosphate radicals may undergo addition reactions followed by fast elimina-
tion of phosphate (vide infra).
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HO• (a) SO4
•– (b) H2PO4

• (c) HPO4
•– (d) PO4

•2– (c)

Aniline 1.5 3 1010 1.0 3 1010 (e) 1.5 3 109 (e) 7.1 3 108 (e)

Phenol 1.4 3 1010 2.2 3 109 (f) 5.3 3 108

Anisole 5.4 3 109 4.9 3 109 4.6 3 107

Benzyl alcohol 8.4 3 109 1.0  3 109 1.3 3 108 8.3 3 107

tert-Butylbenzene 1 3 108

Toluene 2.1 3 109 1.3 3 109 5.2 3 108 1.4 3 107 1.4 3 107 

Fluorobenzene 5.7 3 109 9.8 3 108 7 3 106

Benzene 7.8 3 109 3.0 3 109 8.9 3 107 1.7 3 107 4.3 3 106

Chlorobenzene 5.6 3 109 1.5 3 109 6.9 3 106

Iodobenzene 5.6 3 109 9 3 108 (f) 1.2 3 107

Bromobenzene 7.4 3 109 1.8 3 109 4 3 106

Benzoic acid 1.8 3 109 5.4 3 108 (f) 2.4 3 108

Benzonitrile 3.9 3 109 1.2 3 108 6.5 3 106

a, a, a- 1.1 3 109 (g) 2.0 3 107 (h) 3.4 3 107 (h) 2.7 3 106 (h) 9 3 105 (h)

Trifluorotoluene

p-xylene 1.8 3 109 2.7 3 109 8.8 3 108 3.8 3 107 4.6 3 107

Table 1 Bimolecular rate constants (M–1 s–1) for the reaction of several radicals with aromatic
substrates

(a) Ref. 5 and 38. (b) Ref. 4 and 38, otherwise indicated. (c) Ref. 8, otherwise indicated. (d) Ref. 8 and 9, oth-
erwise indicated. (e) Ref. 38. (f) Ref. 20. (g) Ref. 39. (h) Ref. 10.



The effect of the substituents can be quantitatively represented in a
Hammett type plot [8,18,19] of log k21 vs s or s+. The Hammett treatment using
s values is reasonably successful whether the substrates are attacked by electro-
philic, nucleophilic, or free radical reagents, the important thing being that the
mechanism remains the same within a given reaction series. However, in reac-
tions in which an electron donating substituent interacts with a developing posi-
tive charge in the transition state, as may be the case for the reactions under study,
s+ values may be a better option. As our set of substituents present considerably
different electron withdrawing or donating abilities and, s and s+ are not colinear
[19], the better correlation found with s+ implies that the transition state of the
radical reaction must have, either significant polar character or important reso-
nance interaction with the substituents. Figure 2 shows the Hammett correlation
of log k21 vs s+ for the three forms of phosphate radicals.

Negative values of the slopes r imply a reaction favored by high electron
density at the reaction site [18,20], as expected from the electrophilicity of the
phosphate radicals [21]. The value of r+ = –1·7 ± 0·3 for PO4

•2– compares well
with that found for the reactions between sulfate radicals and substituted ben-
zenes (r+ = –1·5 ± 0·3 [20] and r =–2·4 [21]). Such values of r indicate that these
radicals react with high selectivity with the substrates, where an important reac-
tion channel is the electron transfer from the aromatic ring to SO4

•–, initially
yielding an organic radical cation [21]. The r+ values for H2PO4

• and HPO4
•–

radicals (–1·2 ± 0·3 and –1·3 ± 0·3, respectively) are between those found for the
reactions involving similar aromatic substrates and SO4

•– radicals [20,21], and
those observed for additions of HO• radicals to aromatic compounds (r = –0·5 
to –0·4) [22]). Consequently, the participation of, both, electron transfer and 
addition mechanisms, as shown in Scheme 1 for HPO4

•–, should be expected to
take place during the electrophilic attack of phosphate radicals towards mono-
substituted benzenes. The participation of an addition pathway is in agreement
with the reported fact that direct electron transfer is not the predominant process
in the reaction of H2PO4

• and HPO4
•– radicals with aromatic and aliphatic 

carboxylic acids [23], as no decarboxylation is observed.
Electron transfer from the aromatic ring to PO4

•2–, HPO4
•– or H2PO4

•, reac-
tion channel a, yields aromatic radical cations. The latter radical ions are stabi-
lized in acid medium, otherwise they decay to a more stable radical. Reversible
hydration to hydroxycyclohexadienyl radicals (XHCHD), reaction channel c,
takes place when no other reaction pathway is available [7,24,25].
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Figure 2 Plots of the logarithm of the bimolecular rate constants for the reactions of H2PO4
•,

HPO4
•– and PO4

•2– radicals vs. the substituent Hammett parameter s+. The linear regressions
and the 99% confidence intervals are also shown.



Scheme 1

An addition pathway, reaction channel b, would yield a phosphate radical
adduct of the aromatic substrate. Such radical adducts are expected to be unstable (as
is the case of the corresponding sulfate radical adducts [26], vide infra) and rapidly
eliminate, either phosphate ions, reaction channel d, or phosphite ions, reaction 
channel e, yielding XHCHD or phenoxyl radicals (XPhO.) , respectively.

Phosphate radicals are known to abstract H atoms from aliphatic hydro-
carbons [27], thus H abstraction from side chains in the substituents may also
contribute to the reaction mechanism. The observed rate constant for tert-butyl
benzene (Table 1) is higher than that expected from the Hammett correlation,
even when a 99% confidence level is considered. The contribution of an H
abstraction reaction channel from the CH3 groups in the substituent might explain
the observed higher values.

Detection of the organic radicals
The proposed reaction channels may be further verified if the organic radicals
formed after reaction R21 are detected and identified.

Photolysis experiments of peroxodiphosphate solutions containing almost
saturated concentrations of the organic substrates, show depletion of H2PO4

• and
HPO4

•– radicals within less than 100 ms and the formation of transient species
absorbing in the wavelength region from 250 to 450 nm due to the organic radicals
formed after reaction R21. As the reactions of PO4

•2– radicals with the aromatics
are not very efficient, the traces obtained from solutions at pH 10 show important
absorbance contributions due to PO4

•2– radicals, thus hindering the identification
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of the organic radicals formed at this pH.
For comparison, XHCHD radicals of some of the substrates were gener-

ated from photolysis of hydrogen peroxide solutions containing the aromatics, 
as reaction between HO. radicals and most aromatic substrates yields XHCHD
radicals [22,28].

The absorption maxima, the second order decay rate constants (2k/e) and
the assignment of the organic radicals generated after reaction of H2PO4

•, HPO4
•–

and HO• radicals with some substituted benzenes are depicted in Table 2.
XHCHD radicals of chlorobenzene show an intense absorption maximum

at 320 nm [30] and a second order decay kinetics, reaction R22, of the order of
those reported for most XHCHD radicals [22,24,25,31–33]. In the presence of
molecular oxygen but otherwise identical experimental conditions, the same tran-
sient spectrum is observed although with lower absorbance and faster decay
kinetics. The latter behavior can be rationalized by a reversible reaction of
ClHCHD with molecular oxygen, reaction R23, yielding hydroxyciclohexadienyl
peroxyl radicals (ClPR) not absorbing at 320 nm. A careful kinetic analysis with
the aid of computer simulations show that the decay of ClHCHD radicals in air
and oxygen – saturated solutions is controlled by the first order decomposition of
ClPR, reaction R24, with k24 = 750 s–1 in agreement with the rate constants
reported for many alkyl peroxyl radicals [29] and with the first order HO2

• elimi-
nation rate from the hydroxycyclohexadienyl/ O2 system [28].

k22

ClHCHD + ClHCHD → k22 = 2·2 3 108 M–1 s–1 [9,30] (R22)

k23

ClHCHD + O2 o ClPR k23 = 2·6 3 108 M–1 s–1 (R23)
k–23 k–23 = 5·5 3 104 s–1 [30]

k24

ClPR → k24 = 750 s–1 R(24)

The organic transient observed after reaction of HPO4
•– radicals with

chlorobenzene shows absorption bands at 290–300nm and a less intense one at
390 nm with a ratio of the absorbance at 300 and 390 nm coincident with the ratio
of 2k/e values at these wavelengths, thus indicating that both absorption bands
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corresponds to the same transient species. A recombination rate constant 2k = 2
3 109 M–1 s–1 is obtained in air saturated solutions. The absorption and kinetic
properties of the observed transient are very similar to those reported for phe-
noxyl-type radicals [31] and may thus be assigned to a phenoxyl radical of
chlorobenzene.

XHCHD radicals of a,a,a -trifluorotoluene (TFT) show a band with max-
imum around 290–300 nm with oxygen independent decay kinetics. The oxygen-
independent decay of the hydroxycyclohexadienyl radicals of TFT (CF3HCHD) is
explained by the requirement of a considerable electron-density at the carbon atom
for the formation of C–OO• bonds of peroxyl radicals. Thus, XHCHD radicals
containing strong electron-attracting groups, as CN [28] or CF3 [10] do not show
formation of peroxyl radicals. A blue shift in lmax with respect to other XHCHD
radicals [30] is also expected for the electron withdrawing substituent CF3. 
The absorption spectrum and the oxygen independent decay kinetics of the
organic transients formed after reaction of H2PO4

• and HPO4
•– radicals with TFT

(depicted in Table 2) are very similar to those reported for phenoxyl-type radicals
[31] and may thus be assigned to a phenoxyl radical of TFT. However, the con-
tribution of CF3HCHD radicals to the band at 290 nm cannot be neglected.
CF3HCHD radical participation is further supported by the formation of the polymeric

phenolic structure as a reaction product, both, in experiments with HO• and phos-
phate radicals. Formation of such polymeric structure may only be explained if the
primary products of oxidation contain HO groups para-and/or ortho to CF3 in the aro-
matic ring [10], as expected for the phenol type products formed after the bimolecu-
lar disproportionation of XHCHD radicals [34,35]. Otherwise, formation of hydrox-
ylated open chain products of 5 or 7 C atoms, not containing fluorine in their struc-
ture, are observed as reaction products [10].

The absorption spectrum, with absorption maxima at 300 and 400 nm, and
the second order decay rate 2k = (1·7 ± 0·3) 3 109 s–1 M–1 observed for the organic
transients formed after the reaction of HPO4

•– radicals with phenol agree with
reported data for unsubstituted phenoxyl radicals [31]. Water elimination from
XHCHD radicals of phenol, HOHCHD, yielding phenoxyl radicals has been
reported to take place within less than 400 ms and to be catalysed by phosphate
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radicals [31,32]. Consequently, formation of HOHCHD radicals is a possible
reaction pathway leading to phenoxyl radicals.

Formation of XHCHD (inferred, though not observed) and phenoxyl rad-
icals further supports the reaction paths proposed in Scheme 1 for the reactions
of H2PO4

• and HPO4
•– radicals with substituted benzenes. Either, an electron

transfer mechanism (reaction paths a and c) or an addition pathway (reaction
channel b) followed by elimination of HPO4

2– (reaction channel d), can account
for XHCHD generation. However, phenoxyl radical generation further stress the
contribution of the addition mechanism followed by elimination of HPO3

– from
the phosphate radical adduct of the aromatic (reaction channels b and e).

Elimination of HPO4
2– from the phosphate radical adduct (reaction channel

d) is an heterolysis reaction to which the classical mechanistic solvolysis concepts
may be applied [36,37]. The heterolysis of sulfate and phosphate adducts of the
same aromatic substrate differ with respect to their leaving groups. If the Brønsted
catalysis law is applicable and a is assumed to be 0·5, the difference between the
pKa values of the conjugate acids, HSO4

– (pKa = 1·9) and H2PO4
– (pKa = 7·2) trans-

lates into an heterolysis rate ratio of 102·65 in favor of sulfate elimination. As the
lifetime of HSO4

•– adducts is reported to be shorter than 10 ns [26,30], a lifetime
shorter than 10 ms may then be expected for HPO4

•– adducts, in agreement with
the fact that mainly organic radicals are detected 100 ms after the pulse of light.

CONCLUSIONS
Phosphate radicals are able to initiate oxidation of many aromatic compounds,
either by an electron transfer mechanism or an addition pathway, and they are in
general less selective and reactive than SO4

•–. For TFT as a substrate, efficient
subsequent thermal reactions lead to the formation of less harmful, highly oxi-
dised derivatives, as complete defluorination and rupture of the aromaticity is
observed. Consequently, phosphate radical generation should contribute to the
cleaning efficiency towards organic contaminants in the water streams.

Photolysis of P2O8
4– aqueous solutions is a potential environmentally

benign method for treating polluted water streams which deserves been evaluated.
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