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Absteact

The behaviour of the trioxaloferrate (Fe(ox)3 ) complex on laser illumination and its quenching in the presence of H,0, were investigated
by laser photolysis. At neutral Ph, a short (approximately 30 ps) and a longer (approximately 1 ms) lifetime were observed for transient
Fe(ox)3 . The lifetime decreases as the pH becomes more acidic. In light-induced processes, the intensity of the light used is one of the
determining reaction parameters and this effect is reported in detail. ‘The excited states of the Fe oxalate complexes induced by laser photolysis
are quenched by H,0,. The decay observed can be fitted in a simplified way by a bi-exponential function. The transient species Fe(ox)3 ™ *
observed on laser photolysis does not undergo excited state anniliilation, but ground state collisional quenching. The fast formation of a
hydroxylated pheno! adduct is shown by kinetic laser spectroscopy. A detailed account of the kinetics and spectral characteristics of the
transients is presented for these reactions. This allows a scheme to be suggested for the intervention of these radicals in agreement with the
experimental observations. The results obtained implicate the *OH radical in the degradation of pollutants involving Fe complexes in the

presence of H,0,.
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1. Introduction

In the period between 1910 and 1950, the photochemical
behaviour of trioxaloferrate (Fe(ox)3 ™) was studied by a
number of workers. The main results have been compiled in
recent reviews [ 1-4]. The absorption and intensity of the
continuous band extending from 200 to 550 nm depends on
the acidity of the solution and the oxalate/Fe'" ratio. Most of
the published work suggests that there is an equilibrium
between the monooxalate, bioxalate and trioxalate com-
plexes. Work has been carried out recently [5-12] on this
complex via flash photolysis [ 12], stop flow and steady state
irradiation within the millisecond, second and longer times-
cales respectively. In this work, we study this system over a
much shorter time region (nanosccond region onwards) via
ruby laser-pulsed photelysis. The conditions used are such
that the tris complex is the only significant spccies present in
acidic media. The characteristics of Fe(ox)3 ™ decay in the
absence and presence of H,O, during photodriven laser-
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induced reactions are the main objective of this study. The
fast laser pulse (15 ns) allows a suitable observation of the
lifetime of the ligand to metal charge transfer (LMCT) of
the excited complex. The kinetic features of the excited spe-
cies were investigated under various conditions. The fast
kinetics associated with the photoreduction of Fe'! oxalate in
dilute solution (not reported until now) were explored during
the course of this study.

Many workers regard Fenton chemistry as the production
of "OH radicals from iron-H,0,=UV or dark reactions [ 13-
17]. However, recent work [4,13] has shown that the rate of
photolytic destruction of H,0, is accelerated in the presence
of ferrioxalate. This lends further support to the importance
of the study presented here. This latter observation has impor-
tantimplications in the destruction of organic pollutants, such
as phenol, in industrial waste waters. Therefore we investi-
gated the fast kinetics associated with the ‘OH adduct through
the laser-induced reactions of the Fe(ox)3 ~~H,0,-phenol-
UV system. This approach seems promising for the degra-
dation of organic pollutants because it allows longer wave-
lengths to be used than classical Fenton systems. This has
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important consequences regarding solar energy utilization
when activating these reactions.

2. Experimental section
2.1. Materials employed

FeCl,, dihydrooxalic acid, sodium oxalate, potassium oxa-
late, phenol and H,0 were Fluka p.a. products and were used
as received. Fe(ox)}~ was prepared by different methods by
a suitable combination of adequate reagents, and no differ-
ences were observed in the final product as a function of the
preparation procedure.

2.2, Laser photolysis

Laser photolysis was carried out using the second harmonic
(A=347 nm) of a JK-2000 ruby laser operated in the Q-
switched mode. The pulse width was about 15 ns and the
encrgy per pulse was approximately 10 mJ. The laser pulse
energy was onitored and the experimental results were nor-
malized according to these measured energics. The mean
average of the laser beam diameter was 0.5 cm. The detection
of the transient absorption changes was performed via an
EGG photomultiplier with a rise time of about 5 ns. The pre-
amplifier full bandwidth at 125 MHz was used to register the
signals in the nanosecond region and up to 5 ps. At longer
times, the bandwidth was narrowed to 5 MHz. The detection
system used for kinetic spectroscopy has been reported pre-
viously [5]. All solutions were used only once to avoid accu-
mulation of the irradiated products and the irreversible
decomposition of the ferrioxalate by laser photolysis. The
prevention of the decomposition of Fe(ox)}~ was achieved
in two ways: (1) the solutions were stored in the dark before
use; (2) the monitoring Xe light used for the detection of the
intermediates was narrowed by Schott SKF bandpass filters.
These filters allowed light to pass in the region of AA =20
nm and were centred each time at the appropriate A of interest.
All experiments were performed in | cm quartz cells in aer-
ated solutions at room temperature,

Spectrophotometric analysis of the absorbance of the solu-
tion used to generate the Fe(ox)3 ™ transient by laser photol-
ysis was carried out using a Hewlett Packard 8452 diode
array. The decomposition was observed in all cases to be less
than 5% when H,0, was mixed with Fe(ox)3 ~ immediately
befure use.

3. Results and discussion

3.1. Monophotonic character of the loser-induced
photolysis of ferrioxalate Fe{ox)}~ and biexponential decay
of the observed intermediates

The photochemistry of the ferrioxalate actinometer has
been extensively studied, but with a much lower time reso-
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Fig. 1. Differential absorption of a solution of Fe'" (0.6 mmol 1) and
oxalate (4.13 mmol 177 at A =400 am and 2 ps afer the laser pulse vs. the
laser pulse energy (mJ) (for other details and inset, soe text).

lution. Three oxalate complexes of Fe'" have been reported
to exist in solution, all with high stability constants: (1)
monooxalate with k, =35.5%107 (mol 1~") "' [6,7); (2)
dioxalate with &= 10"*® (mol 1) "' [8]; (3) Fe(ox)3~
with &;=10* (mol 1°') "' [9]. Fig. 1 shows the lincar
dependence of the changes in the amplitude of the optical
density (AOD) during laser-induced photolysis of ferriox-
alate Fe(ox)3~ at A=400 nm. The solution used in Fig. |
contained Fe™ (0.57 mmol 1') and oxalate (4.13 mmol
1), The graph in Fig. 1 shows a lincar dependence indicat-
ing that there is a onc-photon photoresponse to the light
intensity. The highest AOD of around 0.06 corresponds to
10 mJ per pulse. The amplitude changes by a factor of eight.
The exponential nature of the decay is substantiated by the
fact that the different decay curves intersect at only one point
in the time domain (see inset) for different initial amplitudes
or applied pulse energies. This experimental observation
allows us to discard the possibility of second-order reactions,
such as quenching between excited states and dismutation of
oxalic radicals. These results extend work carried out previ-
ously by flash photolysis with a slower time resolution
[6.9,13]. Fig. 2(a) reports the changes in the optical density
as a function of time for different concentrations of oxalate
but keeping the Fe'!' concentration at 0.57 mmol 17", A well-
defined two-component decay is observed in Fig. 2(a) with
fast (approximately 50 ps) and slow (millisecond range)
components. For oxalate concentrations of 1.25,4.13 and 18
mmol | 7!, the lifetimes of the fast components are 29, 21 and
17 us and those of the long-lived components are 0.5, 1.5
and 2.3 ms respectively.

The changes in the form of the transient as a function of
concentration are attributed to the variation in the complex
composition Fe(ox)2~?" where n=1, 2 or 3. The higher
oxalate concentrations in Fig. 2(a) involve preferentially the
tris-oxalate complex and this is the case for an oxalate con-
centration of 4 mmol 1~ '. For this reason, the transient decay
rate was found to be dependent on the oxalate concentration.
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Fig. 2. (a) Differential optical absorption of a solution of Fe™ (0.57 mmol 1) at different oxalate concentrations vs. the time after the laser pulse. (b) Rate

constant vs. concentration of the complex at a constant oxalate/Fe' ratio of 21 and

pH 6.5. The traces in the insert were carried out at Fe oxalate concentrations

of | mmol 17! (1), 0.67 mmol 17" (2),0.33 mmol 17" (3),0.17 mmol 1-* (4) and 0.07 mmol 1! (5).

Fig. 2(b) shows the transient curves at different Fe oxalate
concentrations of 0.07 mmol 1 ! (trace ) upto | mmol 1!
(trace 1), but conserving the ratio of Fe'"'/ (oxalate) =21 at
pH 6.5. On going from the lower Fe(ox)3 ™ concentration to
the higher concentration, a reduction in the lifetime of the
fast component is observed. The long-lived component in
Fig. 2(b) does not vary with concentration in the experimen-
tal range investigated. From Stern—Volmer plots obtained for
the fast component (reciprocal lifetime vs. the concentration
of Fc(ox)g" ), a lifetime of 31 £ 5 s in the limit of zero Fe
oxalate concentration is obtained for the fast component
decay. The rate constant for excited Fe(ox)3~* quenching
by an equivalent non-excited complex is (4.5+1.2) % 107
(mol1=") ="' s~ in Fig. 2(b). The two-component decay in
Fig. 2 can be ascribed to Fe(ox)3~, an LMCT complex and

intermediates such as [ (ox),Fe(ox’~)]*~ and possibly other
species [6-14].

3.2. Laser studies of the kinetics of the excited state of
Fe(ox)}™ as a function of the pH of the solution

Fig. 3 presents the results of laser flash photolysis for solu-
tions containing Fe™ (0.6 mmol 17') and scdium oxalate
(18 mmol 17 ") at different pH values. The inset in Fig. 3(a)
shows the decay in the microsecond range of the iransient at
A==400 nm. The inset in Fig. 3(b) shows the decay in the
millisecond time domain. The dependence of the reciprocal
lifetime k (5~') on the pH in Fig. 3(a) shows that a short-
ening of the lifetime occurs for the fast component of the
decay. For the fast component, the observed decay rate
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Fig. 3. (a) Rate constant for the lifetime of the Feqox)}™* complex
(Fe'™ = 0.6 mmol 1~ and oxalate = 18 mmol 1™ *) as a function of pH in the
microsecond region alter the laser pulse. (b) Rate constant vs. pH for the
same solution as reported in {(a) but in the millisecond domain.

changes by a factor of about S0 on going from pH 0.9 to
neutral pH 6.6.

Fig. 3(b) shows the decay time for the long-lived com-
ponent vs. pH for the same solution as in Fig. 3(a), but in
the millisecond range. The decay rate in Fig. 3(b) changes
by a factor of about five on going from acid to neutral pH. A
more pronounced bleaching effect for the laser signals is
observed at acidic pH values. The changes observed in the
lifetime and form of the transient decay (see inset) reflect
!he presence of excited and non-excited species with chang-
ing composition as a function of the pH of the medium. The
interaction of Fe complex excited states with H* [6,16-18]
and other reactions, such as aquation and equilibration

[7,12], are occurring. They have been reported for
Fe(ox)3~ complexes.

3.3. Differential transient absorption spectradur:- g
Fe(ox)]™ photolysis

The differential spectra for a solution of Fe™ (0.6 mmol
1-') and oxalate (18 mmol 1™') at pH 6.6 and 1.1 are shown
in Fig. 4(a) and 4(b) respectively. The insets in these two
figures show the transient decay at the maximum for the
differential optical spectra (approximately 400 nm). The
decay transients are similar for different A up to the millisec-
ond range in acrated solutions.

The maximum in Fig. 4(a) and 4(b) shifts with time
to longer A. The decay observed for Fe(ox)3 ™ * and the
growing in of the [ (ox),Fe(ox’™)] signal cause the shift
observed in the differential spectra, The absorption coeffi-
cient of Fe(ox)3™* is therefore higher than that of
[ (0x);Fe(ox™™) ]. Negative absorpiion predominates below
A =380 nm due to ground state bleaching, indicating that the
extinction coefficients of the ground state complexces are
larger than those of the excited states.

Fig. 4(b) shows the transient spectra for the same solution
as used in Fig. 4(a), but at acidic pH (1.05). The times of
the spectral observations after the laser pulse are indicated in
Fig. 4(b) between 5 ps and 2 ms. Between the A values of
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Fig. 4. (a) Transient decay spectra for Fe(ox)3™* (Fe™=0.6 mmol 1!
and oxalate = 18 mmol 1~*; pH 6.5) as a function of A at the times noted.
The inset at 400 nm shows the decay of the transient in the millisecond
range. (b) The same spectra as in (a) but at a solution pH of 1.1.
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380and 580 nm, asignificant change is observed in the optical
differential spectrum, with no maximurn and a stronger neg-
ative absorption as a function of A in comparison with the
spectrum reported in Fig. 4(a). This effect becomes more
marked at longer times (2 ms). A lower pH decreases the
complex absorption and shifts the bleaching to longer A.
From the experimental observations presented in this study
(Section 3.1Section 3.2Section 3.3Section 3.4, a kinetic
scheme for the laser-induced reactions can be outlined

Fe™(ox)3~ +hv - Fe™(0x)3™* n

Fe™(ox)3~* = Fe™(0x)3~ k, )

FeM(ox)3~* = Fe"(0x)3™ +0x"~ &, 3)

Fe(ox)3~* +Fe(ox)3~ —2Fe(ox)3™ &, 4)
0~Co)*

Pe(ox)g¥ -w«»[(c.o‘.).l‘.'qf: o_g] ks (5)

l(C,O.hFo,:Zgrh (ox\2Fe(ox™) cummeced Fo(ox)a2 + ox = kg ( 6)

The formation of steady state photolysis products as
reported by classical work [10-13] involves

ox"~ +Fe(ox)}~ = Fe(ox)™ +ox?~ +2CO0; k, €))

The integration of differential equations corresponding to
reactions (2)~(7) involves a three-exponential decay

AOD(¢) = OD(Fe(ox)3~) + OD(Fe(0x)3™*)
+OD((0x),Fe(ox"™)) +0OD(ox" ™)
+OD(Fe(0x)2™) +OD(Fc(ox)3 ) 1t=0

AOD(1) =Ay+A, exp( —~t/T))

+ A, exp(—t/T,) + Ay exp( —t/Ty) (8)
Ty= 1/ (ky +ky+ky+ky[Fe(ox)3 1) =1/k, )
T, = 1/ks (10)
T.=1/ky[Fe(ox)3" 1y (1)

The amplitudes ot the laser signals Ao, A,, A; and A, and
the observed transient lifetimes T), T, and 7} on the right-
hand side of Eq. (8) are a function of the rate constants k,—
k, and the initial concentrations of the Fe™ oxalate complexes
in Egs. (3)-(8) and Fe(ox)3 ™ * at#=0. Since the extinction
coefficients of ox"~, (C;05” ), CO3~ and Fe"(ox)3™ below
A =360 nm are negligible, it follows that the equations for
the transients should be simplified to a bi-exponential repre-
sentation. Evidence for this is given in Fig. 2. Eq. (8) will
then become

AOD(1) =A,+A, exp(—t/Ty) +Az exp( —t/T,) (12)

The experimental observation in Fig. 2(b) of the reverse
proportionality between the rate constant involving 7, and

the initial ferrioxalate concentration in a Stern-Volmer plot
is an important consequence of the suggested model.

The microsecond component in Fig. 2(a) represents the
excited state in Eq. (1). The dependence in Fig. 2(b) of the
lifetime of the excited intermediate on the oxalate concentra-
tion shows that Eq. (4) proceeds under the conditions used.
The longer component of the decay in Figs. 2 and 3 in the
millisecond range represents the metastable longer lived spe-
cies (ox),Fe(ox'~) [10,11]. The absorption of photons ( Eq.
(1)) and the deactivation of the excited species occur in the
microsecond range. The excited species transfers an electron
from the ligand to the Fe'™ ion producing an Fe" ion and,
subsequently, reaction (6) occurs with oxalate elimination.
This process is suggested to occur in the nanosecond and
microsecond range (the fast decay in the results presented).

3.4. Fast kinetics observed during the interaction of
Fe(ox)}™ with H,0,

Fig. 5(a) shows the interaction of Fe(ox)3 ™ with H,0, at
three concentrations of the latter following initial laser exci-
tation. The Fe' and oxalate concentrations used were 0.6
mmol 1! and 18 mmol 1~! respectively. A shortening of the
lifetime of the excited species in Fig. 5 means thatquenching
is taking place due to H,0,, with the formaticn « " transients
and reaction products. For the slow and fast component decay
of the excited state, the Stern-Volmer plot is valid, and the
rate constants for the quenching of Fe( 0x)3 " * by H,0, from
Fig. 5(b) are close to (240.2) X 10* (mol 17")"" s~
Other information involving the fast and slow components of
the decay and the experimental conditions used is shown in
Table 1. Dark reactions of metal-organic species complexes
have been sparingly reported in the literature and present
some of the known mechanistic features of the Fenton reagent
{16,17].

The transient spectra at different times after the laser pulse
for a solution of Fe'™ (0.6 mmol 17'), oxalate (18 mmol
1=y and H,0, (0.29 mol i ~!) at pH 6 are shown in Fig. 5(c).
The inset in Fig. 5(c) shows the transient in a solution of
Fe(ox)3~* in the presence of H;0, (0.29 mol 17"). This
transient is quite different from the transient reported previ-
ously for this complex in the absence of the peroxide in the
top trace of Fig. 2. The inset in Fig. 5(c) shows a shorter
lifetime in the microsecond range for the Fe(ox)}~* excited
state.

Fig. 5(d) shows the transient spectra for the same solution
as used in Fig. 5(c), but at a solution pH of 1.05. The differ-
ence in the shape of the observed spectrareflects the different
composition of the transient as a function of the solution pH.
‘The inset in Fig. 5(d) shows the transient at A =400 nm with
a lifetime of around 33 s, The latter time is shorter than the
value reported in the inset of Fig. 5(c) (pH 6.6), confirming
the importance of the pH in the lifetime of the Fe oxalate
excited state quenched by H,0,.
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Fig. 8. (a) Differential optical density vs. time for a solution of Fe'™ (0.6 mmol 17 ') and oxalate (18 mmol 17 ') at pH 6.5. The quenching concentrations of
H,0; used are aoted. (b) Stom=Volmer rate constants for the reaction of Fe(ox)} ™ * vs. H,0, concentration using Fe' (0.6 mmol 17 ') and oxalate ( 18 mmol
171y (eircles) and Fe™ (0.6 mmol 17') and oxalate (1.2 mmal 1) (squares). The inset presents the slow component quenching by dilute H,0, solution.
() Transiem spectra decay for a solution of Fe' (0.6 mmol 17 ') and oxalate (18 mmol 17*) at pH 6.6 in the presence of H;0, (0.29 mol 17 ') at the times
fnoted. At A =400 am, the bleaching of the transient is shown as a function of time. (d) The same as in (¢) but at pH 1.1

Table |

Rate constants for the quenching of Fe(ox) ™ * and (ox),Fe(ox ") by H,0,

Substance k{tmoll"Y) " 's™ Y Conditions

Te(ox )™ * (fast component), ox = 18 mmol 1! Q21300 x 0 pH 6.5, Fe' = 0.6 mmol 1™

Fa(ox)}™* (fast component), ox = 1.2 mmol 1 ! (1610.1)x10° pH 6.5, Fe" = 0.6 mmol 1

Eatax)l™* (fast component), ox = 18 mmol 17! (61301 x10* pH 1.5, Fe" = 0.6 mmol 1-*

(ax);Fe(ox’ " ) (slow component), ox = |8 mnol 1 20£02)x10° pH 6.5, Fe™ = 0.6 mmol 1~
Table | summarizes the quenching rate of Fe(ox)} * and Fe"(ox); " * +H,0, —>

{ox},Fe(ox"") by H,0,. The possible pathways for the reac- " . - -

tion of the iron compiex with H,0, are [Fe"(0x),-OH] ~ +ox™ +OH™  (15)

Fe“'(ox):}‘ *+H20:'“" (ch'(ox)‘%u te HgOgl (l3)

Because the metastable (ox),Fe(ox"™) is also quenched
Fe"(ox)}~*+H,0, — by H,0,, a reaction sequence similar to Egs. (13)-(15)
Fe(ox)!~ +'OH +OH "~ +C.0; 14 should also be considered for this intermediate. This has not

(ox); R (4 been dealt with in detail in the present study.
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3.5. Fe(ox);™ -induced fast formation of hydroxylated
products of phenol. Intermediate "OH radical formation

The main goal of the experiments in this section of the
paper was to look for the radical products formed during the
quenching of excited Fe(0x)3 ~ * or (0x),Fe(ox"™) by H,0,.
The addition of suitable organic molecules, such as phenol,
may provide the test for "OH radical formation. Phenol was
selected because of its small absorption on laser excitation at
347 nm, because the addition of the "OH radical to phenol
has been reported to be close to the diffusion limit (for phe-
nol, this value is 1.4% 10" (mol 17") "' s~! [19]) and
because the radical adducts formed during these reactions (or
the products due to fast reactions) exhibit absorption in the
visible allowing detection of the spectral A OD changes. The
fast reactions observed in Fig. 6 for ‘OH radicals with phenol
lead to coloured products with similar rise times as the life-
times of Fe(or)}~*. This species was seen in Fig. 5 1o be
quenched by H;0,. The production of "‘OH radicals in the
dark reaction between Fe' and H,0, should proceed on a
timescale longer than 10 ms.
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= 540 nm
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wavelength (nm)

Fig. 6. (a) Laser-induced transients for: (1) a solution of phenol (79 mmol
17") and H,0, (0.29 mol 1~); (2) the same solution concentration of H,0,
and Fe(ox)3™; (3) the decay of Fe(ox)3~ (0.6 mmol 17"') alone; (4) the
decay of Fe(0x )3~ in the presence of phenol (79 mmoil™'): (5) the growth
of the transient when the solution contains Fe(ox)3~ (0.6 mmol1~'), H,0,
(0.29 mol 1~ ') and phenol (79 mmol 1 ~!). (b) Differcntial optical density
of the transient decay as a function of A when a solution similar to that used
in (a) is employed at different times after the laser pulse (pH 6.5).

The characteristic lifetime for Fe" from Eq. (16)
Fe"+H,0, > Fe'"+ CQH ™ +'0OH
k|6=41"75 (mﬂll_l)-ls_l (16)

can be estimated to be between 13 and 65 ms for H,0,
concentrations of 0.02-1.0 mol 1~ '. If we estimate the life-
time for the species intervening in reaction (16) [6], this
value is about 10* larger than when the photolysis is carried
out via Fe(ox)3 ™. Therefore the Fe complex reacts much
faster with the oxidant than the classical Fenton reagent. The
species Fe(ox)3™* will react in the presence of H,0, as
suggested in Egs. (15) and (16). For simplicity of presen-
tation, the reaction routes involving Fe'VO and (Fe-H,0,)
complexes, recently suggested [16,17], have not been
considered.

Fig. 6(a) presents the transient species after the laser pulse
for: (1) phenol (79 mmol 1”') added to H,0, (0.29 mol
1°') (no reaction); (2) Fe(ox)}™ (0.6 mmol 171) reacting
with H,0, (0.29 mol 17'); (3) the decay transient for
Fe(ox)3~ (0.6 mmol 17'); (4) the decay of Fe(ox)3™ in
the presence of phenol (79 mmol 17') showing the small
quenching effect of the latter; (5) the complete system
Fe(ox)3~ (0.6 mmol 1™'), H,0, (0.29 mol 1~ ') and phenol
(79 mmol 17'). The quenching of the initial Fe oxalate
excited state is followed by the growth of a new band in the
visible region due to the hydroxylated products of phenol
[19]. The additional absorbance after the laser pulse in the
system Fe(ox)3~~H,0,~phenol is due to the development
of coloured products. This reaction is two orders of magnitude
faster than that expected for the Fenton dark reaction as pre-
viously mentioned. Therefore we assume that quenching of
the Fe oxalate complex in the presence of peroxides produces
strong oxidative ‘OH radicals.

Fig. 6(b) shows the differential spectra for the system
Fe(ox)} ™ ~H,0,-phenol. The transient decays at 360, 400
and 500 nm were observed to be different, showing that
different species are formed during the decay. These species
involve different radicals, adduct formation and a mixture of
dihydroxylated products of phenol [19]. Fig. 6(b) presents
the optical density of coloured product formation after the
laser pulse when the Fe oxalate complex, phenol and H,0,
are reacted together in solution. The “OH radicals formed
during the interaction of Fe oxalate and H,0, participate in
competitive reactions during phenol hydroxylation

phenol + ‘OH — phenol —~ — OH(adduct)
kiz=14%10" (mol17") "'s~'  (17)

H,0, +‘OH - HOj + H,0
kyg=1.3%10" (mol 1=") !5~} (18)

0x2~ +'OH-OH "~ +o0x’~
kyo=2%10° (mol1~*)~'s~! (19)
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‘OH +'OH - H,0, ential equations can be solved for the colour formation as a
9 -1 -1 function of time
kyo=53%10" (mol17°) "5 (20)
d[Fe(ox)3~*]/dt
‘OH +Fe" = OH ™~ +Fe™ = —k,[Fe(0ox)3™*] ~k,[H,0,][Fe(ox)3™*] (22)
= 8 —1y =1 -1 21
ky;=3%X10° (moll1™") " s (210 d[OH]/d!

Under the experimental conditions used [H,0,] > [Fe"], b [H.0.1 [Fe(ox)3~ *] — k. ["OH] [H.O
[H,0,] 3 [ox*~ ] and [H,0,] 3> [‘OH]. In agreement with 14[H;0.] [Fe(ox)3™*] = kis['OH] [H,0;]
Egs. (17) and (18) and Egs. (2)=(5), a system of differ- - k[ "OH] [ phenol] (23)

10000 ® ~ 30x10°
- 2
8000 [
[ 20
g 6000 .
o - 18 §°
X 4000 . I
———s 10
s
2
2000 U
O?ﬁ ) wo?s“m. l‘%‘m !?S I.Q' :
0 vwvmwﬂ-wwﬂtﬂw'z—swrrrrn—r' 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
(H0,) (mmelA)
8000 = - 25110
4000 . 20
3000 = s
: .
" 2000+ - 10
1000 ~ 5
0~ 0?0 QTQ “mlt&ga) l'i S.QI LY
i ¥ L] ) L) ]
0 20 40 60 80 100
(PhOM] (mmel/l)

Fig. 7. (a) Dependence of the reciprocal rise time of the phenol adducts on the H,0, concentration (circles). Fe(ox)3~ {Fe" (0.6 mmol 1-') and oxalate (18
mmol 17')) and pheno! (79 mmol 1-*). Plot of the maximum optical density (D,,,) vs. H,0, concentration (squares). The inset shows the transient at
A-‘SQ am wm H;0, is added at the following concentrations (mol 1-1): (1) 0.005; (2) 0.03; (3) 0.1; (4) 0.16; (5) 0.43; (6) 0.57. (b) Dependence of
the reciprocal rise time of the phenol adducts (squares) and D, (circles) on the phenol concentration. The inset shows the transients obtained at certain
phenol concentrations at A =450 nm. The full lines show the fitting obtained by modelling the experimental points using Eq. (25).
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d[adduct] /dt=k,,[ ‘OH] [ phenol] (24)
Since ku;[HzOz] > ka[H;_:Og]
AOD(t) = D, —cte exp( —k, +k,[H0.])¢ (25)

where the terms D, k, and cte are
D ax = keko[H20,] [ phenol ] [Fe(ox)3~*1/
[ (ky+k,[H20,]) (k1s[H20;]1 +kyq[phenol ] ) ]
ky=ki3+kia+kis
and
cte = kyskya[ H20,] [phenol] [Fe(ox)3 ™ *1/ (kiy[Hz0:]
+ ki phenol] = &, + ka1 H,0,1)

Fig. 7(a) and 7(b) present the dependence of the recip-
rocal rise time £ (s~ ') and maximum amplitude of the col-
ourcd product D, as a function of HyO; and phenol
concentration. The rate constant observed for colour forma-
tion vs. H,0. is (1.6 £ 0.1) X 10° (mol 1 ') ~' 5~ ' under the
following experimental conditions: pH 6.5, Fe™" = 0.6 mmol
17!, oxalate = 18 mmoi | !, phenol concentration =79 mmol
-

The insert shows the transient decay at different H,O,
concentrations. The value of k is proportional to the H;O,
concentration in Fig. 7(a). It is nearly independent of the
phenol concentration as shown in Fig. 7(b). These experi-
mental results confirm the prediction stated in Eq. (22). The
slope in Fig. 7(a) has a value cf (1.6+0.2) X 10° (mol
1-') "' s~ '. This value is close to the rate constant observed
for the quenching of the excited states of ferrioxalate and
confirms the kinetic scheme outlined in Egs. (17)-(21) for
the "OH radical reactions.

The experimental observations of adduct formation in
Fig. 7 and the amplitude of D, as a function of the H,0,
concentration fit well with the results obtained from Eq. (22).
If we assume k,(Fe™(o0x)}™*) =32X10* s™" in Eq. (9),
the calculated values for D, vs. H;O, using the rate con-
stants of Egs. (17) and (18) should significantly increase up
to H,0,=1 mol 17", This does not entirely agree with the
experimental results reported in Fig. 7(a). Assuming that
k,=2.5 ms~' is the reciprocal lifetime of (0x),Fe(ox™"),
the predicted dependence of Dy, 0n H,0, is observed to be
close to the experimental value. The quenching of
(ox);Fe(ox’~) (Ey. {5)) by HO, will proceed preferen-
tially via ‘OH radicals and n..* through Fe(ox);™* LMCT
Jeactivation due to H,0, as outlined previously in Egs. (13)
and (15).

4. Conclusions

In this report, the fast kinetics of Fe(ox)3~ decay and its
quenching by H,0, have been explored. The basic features

of the light-driven excited states and certaii. redox reactions
in homogeneous solutions are presented. The transient spec-
troscopy involved in phenol-OH adduct formation in the Fe
oxalate-phenol-H,0,-UV system has been reported in
detail. The implications of these observations for the light-
driven degradation of pollutants when iron complexes are
added have been elaborated. It seems that "OH radical species
are formed in fast reactions in the presence of light. The
oxalate complexes provide adequate fast routes for adduct
formation betweer phenol and H,0,. This is important in
industrial-type pollution. From the pH experiments reported
in Table 1 for the Fe(ox)3 -H,0, reaction, Fe™ interacts
faster with H,O, in acidic media and at a slower rate at
pH >3-4, Therefore only protonated systems seem (o react
efficiently with H,O, in the presence of the strong oxidizing

>
<,

couple Fe™/Fe" (0.77 V). Since the Fe oxalate system
absorbs far into the visible, the potential exists for its use in
solar-induced degradations.
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