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The photo-Fenton process (Fe2+/Fe3+, H2O2, UV light) is one of the most efficient and advanced
oxidation processes for the mineralization of the organic pollutants of industrial effluents and
wastewater. The overall rate of the photo-Fenton process is controlled by the rate of the photolytic step
that converts Fe3+ back to Fe2+. In this paper, the effect of sulfate or chloride ions on the net yield of
Fe2+ during the photolysis of Fe3+ has been investigated in aqueous solution at pH 3.0 and 1.0 in the
absence of hydrogen peroxide. A kinetic model based on the principal reactions that occur in the system
fits the data for formation of Fe2+ satisfactorily. Both experimental data and model prediction show that
the availability of Fe2+ produced by photolysis of Fe3+ is inhibited much more in the presence of sulfate
ion than in the presence of chloride ion as a function of the irradiation time at pH 3.0.

1. Introduction

Advanced oxidation processes (AOPs) have been widely studied
for the oxidation of several types of industrial wastewater.1,2 The
production of powerful oxidizing agents, such as the hydroxyl
radical, is the main objective of AOPs. The hydroxyl radical can
react with organic compounds by hydrogen abstraction, addition
to unsaturated bonds and aromatic rings, or electron transfer.1,2

One of the most efficient AOPs is the photo-Fenton reaction
(Fe2+/Fe3+, H2O2, UV light), which very successfully oxidizes
a wide range of compounds such as arsenic(III) ions,3 azo-dye
compounds4 and insecticides,5 among others.6–8

In the thermal Fenton reaction, the hydroxyl radical is generated
by the oxidation of Fe2+ to Fe3+ by hydrogen peroxide (eqn (1)).

Fe2+ + H2O2 → Fe(III) + HO∑ + OH- (1)

When all of the Fe2+ has been converted to Fe3+, the rate of the
Fenton reaction slows down substantially due to the inefficient
H2O2-mediated reduction of Fe3+ back to Fe2+. However, upon
irradiation of the Fenton reaction system by UV light, the reaction
is accelerated due to the photolytic conversion of Fe3+ back to
Fe2+. In the photo-assisted Fenton reaction, the principal light-
absorbing Fe3+ species present at pH 2.5–3.5 is Fe(H2O)5(OH)2+,
written for convenience as Fe(OH)2+, formed by deprotonation of
hexaquo Fe(III). Upon photolysis, Fe(OH)2+ produces Fe2+ and a
hydroxyl radical as products with a quantum yield of ca. 0.2 at
347 nm (eqn (2)).9,10
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Fe(OH)2+ + hv → Fe2+ + HO∑ (2)

The oxidizing species present in the Fenton reaction responsible
for the degradation processes are both the hydroxyl radical,1,8,11

and the ferryl (denoted as FeO2+) or Fe(IV) species.11–13

The control of the solution pH can substantially affect the
overall yield of the photo-Fenton reaction. Typically, the initial
pH of a photo-Fenton reaction is adjusted to ca. pH 3.0. However,
as the degradation of the organic material proceeds, the pH of
the reaction mixture falls rather rapidly to about pH 2 due to
the formation of organic acids such as oxalic acid. Under these
conditions, the photo-Fenton reaction is strongly inhibited by the
presence of added chloride ions (≥ 0.03 mol L-1 of Cl-).14,15 In a
previous study,16,17 we employed nanosecond laser flash photolysis
to demonstrate that the inhibition of the photochemical step of the
photo-Fenton reaction by chloride ions results from a combination
of two factors, viz., competitive complexation of Fe3+ by Cl-

and the pH-dependent scavenging of the hydroxyl radical by the
chloride ion. Both events produce chlorine atoms as the product,
which react with chloride ions to form the much less reactive
species Cl2

∑-.10,16–18 In a previous work,16,17 we developed a kinetic
model that reproduced the kinetics of formation and decay of
Cl2

∑- on the nanosecond to microsecond time scale as a function
of concentration of Fe3+, chloride ion and pH. However, the
photo-Fenton reaction is typically performed under continuous
irradiation and in the presence of H2O2 when employed for
wastewater treatment. The wastewater may contain inorganic
anions such as chloride or sulfate ions or they can be added as
part of the reagents (FeSO4, H2SO4, HCl, FeCl3) used for the
mineralization process.18

In the present paper, we extend our earlier kinetic model by
including several new reactions in order to describe the effect of
added chloride and sulfate ions on net yield of Fe2+ in the absence
of H2O2 in the photochemical step of the photo-Fenton reaction
on a long-time scale. We have chosen the experimental condition
of total absence of added H2O2 since the presence of hydrogen
peroxide would rapidly convert Fe2+ to Fe3+ and thereby make
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it impossible to evaluate the interference caused by chloride or
sulfate ions on the net yield of Fe2+.

2. Experimental

2.1. Materials

Sodium perchlorate (98%, sulfate ≤ 20 ppm and lead ≤ 5 ppm),
anhydrous oxalic acid (p.a.), 1,10-phenanthroline monohydrate
(99+%), iron(III) sulfate pentahydrate (97%), and iron(II) sulfate
heptahydrate (p.a.) were purchased from Acros Organics. Sodium
acetate trihydrate, sodium chloride (p.a., 0.003% sulfate and
2 ppm lead) were obtained from J. T. Baker. Ferric perchlorate
hydrate (low chloride) and sulfuric acid (p.a.) were purchased from
Aldrich and Mallinckrodt, respectively. All reagents were used as
received.

2.2. Irradiations

All experiments were performed in a darkroom, using a merry-go-
round reactor19 equipped with four 8 W black light lamps (Sylvania
Model BL350). According to the manufacturer’s specifications,
the emission of the phosphor of these UV-fluorescent lamps
ranges from 300–400 nm with a maximum at 356 nm. Aliquots
(3.0 mL) of aqueous solutions of ferric perchlorate or ferric
sulfate in the absence or presence of NaCl (as source of chloride
ion) were irradiated in 13 ¥ 100 mm Pyrex culture tubes at a
constant ionic strength of 1.0, pH 3.0 and 1.0. The concentrations
of Fe3+, sulfate, and chloride ions were 1.0–1.2 ¥ 10-3, 1.8 ¥
10-3 and 0.75 mol L-1, respectively. Perchloric acid and sodium
perchlorate were used to adjust the pH and the ionic strength,
respectively. At appropriate time intervals, the test tubes were
withdrawn and the concentration of Fe2+ present quantified via
the formation of the Fe2+-o-phenanthroline complex under the
same conditions employed for ferrioxalate actinometry.19 Incident
photon intensities, determined by standard potassium ferrioxalate
actinometry,19 were 3.14 ¥ 10-10 Ein s-1 per culture tube. All
absorption spectroscopic measurements were performed with
a Hitachi U-3000 UV-vis spectrophotometer. The irradiation
experiments were performed in triplicate.

The rates of Fe2+ formation (in mol L-1 s-1) were calculated
according to eqn (3):20
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where I is the incident photon intensity (Ein s-1); V the total
volume of irradiated solution; U the global quantum yields
for formation of Fe2+. The fraction of the incident irradiation
effectively absorbed by the solution, F abs, was estimated from the
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which represents the integral of the relative intensity of the incident
excitation light, I(l), defined such that

∫
I(l)dl = 1, multiplied by

the fraction of the incident light absorbed by the solution at each
wavelength, f abs, between 300 and 400 nm:

f abs = 1 - 10-A(l) (5)

3. Results and discussion

Four experimental conditions (A–D) were chosen to evaluate
the net production of Fe2+ from ferric ions under continuous
irradiation at an ionic strength of 1.0, adjusted with sodium
perchlorate. At pH 3.0, the photolysis was carried out with
1.0 mmol L-1 ferric ion: (A) without any added salt; (B) with
added 0.75 mol L-1 chloride; and (C) with sulfate ions. In this last
condition, we employed 0.6 mmol L-1 ferric sulfate, containing a
total of 1.2 mmol L-1 Fe3+ and 1.8 mmol L-1 sulfate ions, without
added chloride ions. At pH 1.0, (D) the photolysis of 1.0 mmol L-1

ferric perchlorate in the presence of 0.75 mol L-1 chloride ions,
without sulfate ions, was investigated. Formation of the ferrous
ion was monitored by UV-vis spectroscopy after complexation
with o-phenanthroline.

At pH 3.0, the photolysis of an aqueous solution of ferric ion
in the absence of any added salt (case A) is dominated by the
photoreactivity of Fe(OH)2+ (eqn (2)). The addition of chloride
ions (case B) results in formation of Fe(Cl)2+, which has a higher
absorptivity and a higher quantum yield of photolysis of 0.47 at
347 nm.10 (eqn (6))

Fe(Cl)2+ + hv → Fe2+ + Cl∑ (6)

The presence of sulfate ions (case C) leads to formation of
FeSO4

+, which has a very low photolysis quantum yield of 0.0016
at 350 nm.21 (eqn (7))

FeSO4
+ + hv → Fe2+ + SO4

- (7)

At pH 1, (case D) Fe(Cl)2+ is the predominant species and
absorbs most of the incident radiation.

Fig. 1 shows the experimental data for the formation of Fe(II)
upon photolysis of the ferric ion solutions under these four
conditions, together with the best fit curves calculated from our
kinetic modelling (vide infra).

In the absence of chloride ions and other ligands, the major
ionic species present in aqueous solutions of ferric ion are Fe3+,
Fe(OH)2+, Fe(OH)2

+ and/or [Fe2(OH)2]4+, depending on the pH.22

At pH less than 4.0, Fe(OH)2+ is the predominant species present.
Irradiation of Fe(OH)2+ generates Fe2+ ions and hydroxyl radicals,
with a quantum yield (f) of 0.21 at 347 nm.10 (eqn (2)).

However, Fe2(OH)2
4+ has the highest molar absorptivity in

the UV (e356 = 5000 mol-1 L cm-1, as compared to e356 = 800
and 550 mol-1 L cm-1 for Fe(OH)2+ and Fe(OH)2

+, respectively,
and only e356 = 10 mol-1 L cm-1 for Fe3+).9,22,23 Despite the high
molar absorptivity of [Fe2(OH)2]4+, the f350 nm of hydroxyl radical
production upon irradiation of this species is negligible (0.007).24

In modelling the kinetics of formation of Fe(II) via the photolysis
of Fe(III) at pH 3.0 in the absence of chloride or sulfate, the
reactions of Table 1 were employed. The speciation of Fe(II) was
calculated using reactions 8–10 of this Table. The photolysis of
FeOH2+ and Fe(OH)2

+ produces the hydroxyl radical (eqn (2))
and, together with reactions 17, and 18 of Table 1, produces ferrous
ions. Reactions 11–14 of Table 1 summarize the reactions of the
hydroxyl and peroxyl radicals and reactions 15 and 16 (Table 1)
consume Fe2+ ions to regenerate ferric species. As shown in Fig. 1A,
the resulting fit of the model to the data is quite satisfactory.
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Fig. 1 Experimental ferrous ion concentration (�) and simulated data (solid line) during the irradiation process at pH 3.0 in: (A) the absence of chloride
or sulfate ions; (B) [Cl-] = 0.75 mol L-1, absence of sulfate ions; (C) [SO4

2-] = 1.8 mmol L-1, absence of chloride ions, and (D) at pH 1.0 with [Cl-] =
0.75 mol L-1, absence of sulfate ions.

Table 1 Ground state reactions employed in the kinetic model for the photolysis of Fe(III) ionsa in aqueous solution in the absence of SO4
2- and Cl- ions

(I = 1)

No. Reaction k/s-1 or mol-1 L s-1 Ref.

Speciation equilibria (I = 1)

8 Fe3+ + H2O � FeOH2+ + H+ k8 = 1.91 ¥ 107b, k-8 = 1 ¥ 1010 31
k8 = 2.34 ¥ 107

9 Fe3+ + 2H2O � Fe(OH)2
+ + 2H+ k9 = 3.39 ¥ 103b, k-9 = 1 ¥ 1010 31

k9 = 4.68 ¥ 103

10 2Fe3+ + 2H2O � [Fe2(OH)2]4+ + 2H+ k10 = 1.12 ¥ 107, k-10 = 1 ¥ 1010 31

Reactions of reactive oxygen radicals

11 HO∑ + HO∑ → H2O2 k11 = 6.0 ¥ 109 16
12 HO∑ + H2O2 → H2O + HO2

∑ k12 = 2.7 ¥ 107 32
13 HO2

∑ + HO2
∑ → H2O2 + O2 k13 = 8.3 ¥ 105 31

14 HO2
∑ + H2O2 → HO∑ + O2 + H2O k14 = 0.5 31

Reactions of iron species

15 Fe2+ + HO∑ → Fe(III)a + OH- k15 = 4.3 ¥ 108b 31,32
k15 = 2.7 ¥ 108, k15 = 3.2 ¥ 108

16 Fe2+ + H2O2 → Fe(III) + HO∑ + OH- k16 = 63 32
17 Fe(III) + HO2

∑ → Fe2+ + O2 + H+ k17 = 1 ¥ 106 33
18 Fe(III) + H2O2 → Fe2+ + HO2

∑ + H+ k18 = 0.01 32

a Fe(III) represents all Fe(III) species (Fe3+, FeOH2+ and Fe(OH)2
+) in the absence of chloride or sulfate ion. b Unless otherwise indicated, the rate constant

values were the ones that best fit our experimental data.

The addition of chloride ions to an aqueous solution of ferric
ion results in competitive formation of Fe(Cl)2+ and Fe(Cl)2

+.
Although Fe(OH)2+ is still the predominant species at pH 3.0,
Fe(Cl)2+ and Fe(Cl)2

+ have higher molar absorptivities (e356 =

1600 mol-1 L cm-1 and 2740 mol-1 L cm-1, respectively)25

than Fe(OH)2+ and Fe(OH)2
+ in the ultraviolet and photo-

decompose with higher quantum yields. At pH 1.0, Fe(Cl)2+ is
predominant and responsible for the absorption of most of the
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Table 2 Additional reactions employed in the kinetic model for the photolysis of Fe(III) ionsa in aqueous solution in the presence of chloride and sulfate
ions (I = 1)

No. Reaction k/s-1 or mol-1 L s-1 Ref.

Speciation equilibria (I = 1)

19 Fe3+ + Cl- � FeCl2+ k19 = 4.79 ¥ 1010b, k-19 = 1 ¥ 1010 31
k19 = 6.61 ¥ 1010

20 Fe3+ + 2 Cl- � FeCl2
+ k20 = 6.31 ¥ 1010b, k-20 = 1 ¥ 1010 31

k20 = 1.05 ¥ 1011

Reactions of iron species

21 Fe2+ + Cl∑ → Fe(III)a + Cl- k21 = 5.9 ¥ 109 31
22 Fe2+ + Cl2

∑- → Fe(III) + 2Cl- k22 = 5 ¥ 106 31

Reactions of reactive chlorine species

23 Cl∑ + Cl- � Cl2
∑- k23 = 7.8 ¥ 109, k-23= 5.7 ¥ 104 31

24 Cl∑ + H2O2 → HO2
∑ + Cl- + H+ k24 = 1 ¥ 109 31

25 Cl2
∑- + Cl2

∑- → 2Cl- + Cl2 k25 = 2.8 ¥ 109 15
26 Cl2

∑- + H2O2 → HO2
∑ + 2Cl- + H+ k26 = 1.4 ¥ 105 31

27 Cl2
∑- + HO2

∑ → 2Cl- + H+ + O2 k27 = 3.1 ¥ 109 31
28 Cl- + HO∑ � HOCl∑- k28 = 4.2 ¥ 109, k-28 = 6.1 ¥ 109b 31

k-28 = 6.0 ¥ 109

29 HOCl∑- + H+ � H2O + Cl∑ k29 = 2.4 ¥ 1010, k-29 = 1.8 ¥ 105 31
30 Cl2

∑- + Cl∑ → Cl- + Cl2 k30 = 1.4 ¥ 109b 34–36
k30 = 2.1 ¥ 109

Reactions of sulfate ionsc

31 SO4
2- + Cl∑ � SO4

∑- + Cl- k31 = 2.5 ¥ 108, k-31 = 6.1 ¥ 108 37

a Fe(III) represents the Fe(III) species (Fe3+, FeCl2+ and FeCl2
+). b Unless otherwise indicated, the rate constant values were the ones that best fit our

experimental data. c Due to the sulfate impurity present in the inorganic salts used for adjusting the ionic strength or the pH.

incident irradiation. Photolysis of Fe(Cl)2+ produces Fe2+ and
chlorine atoms26 with a f347 nm of 0.47.10 (eqn (6)).

Table 2 lists the additional reactions that must be considered
in modelling the photolysis of Fe(III) species in the presence
of chloride ions. In addition to the speciation to form FeCl2+

and FeCl2
+ (reactions 19–20, Table 2), there are reactions with

chlorine species (21 and 22, Table 2), and reactions of chlorine-
containing species (reactions 23–30, Table 2) that consume ferrous
ions. The formation of sulfate anion radicals from the reaction of
sulfate ions with chlorine atoms (reaction 31, Table 2) has been
taken into account, since inorganic salts (sodium perchlorate, and
sodium chloride) employed in this work could have sulfate ions
as impurities. Fig. 1B and 1D show that the kinetic model fits the
experimental data quite well.

The presence of sulfate ions in the aqueous solution can also
affect the amounts of free ferrous and ferric ions. Sulfate ions
complex with ferrous and ferric ions, forming FeSO4, FeSO4

+ and
Fe(SO4)2

- with equilibrium constants of 22.9 mol-1 L, 389 mol-1 L
and 4470 mol-2 L2, respectively, at an ionic strength of 0.1.18 These
equilibrium constants vary with ionic strength, as demonstrated in
the literature.27 At an ionic strength of 1.0, equilibrium constants
of 120 mol-1 L and 900 mol-2 L2 have also reported for FeSO4

+

and Fe(SO4)2
-, respectively.28

At pH 3.0, Fe(OH)2+ and FeSO4
+ are the major ionic fer-

ric species.22 The molar absorptivity21 of FeSO4
+ is e350 =

576 mol-1 L cm-1 and irradiation of FeSO4
+ produces ferrous and

sulfate radical anions with a very low quantum yield of 0.0016 at
350 nm.21 (eqn (7)).

Table 3 shows all of the additional reactions that can occur
in the photolysis of Fe(III) in the presence of sulfate anions
(Fig. 1C). Under acidic conditions, HSO4

- (reaction 35, Table 3)
can competitively scavenge the hydroxyl radical (reaction 36,
Table 3), producing the sulfate anion radical with a rate constant
of 3.5 ¥ 105 mol-1 L s-1.27 This latter species affects the reactivity
of the reactive oxygen species (reactions 37 to 41, Table 3), and the
consumption of ferrous ions (reaction 42, Table 3).

3.1. Kinetic modelling of the net Fe2+ production

The modelling of the formation of Fe2+ under continuous irradi-
ation was carried out using the ground state reactions and rate
constants listed in Tables 1 to 3, together with suitable mass
balance relationships. The initial concentrations of Fe(OH)2+,
Fe(OH)2

+, FeCl2+ and FeCl2
+, as well as the ferric and chloride ion

concentrations, were calculated at pH 3.0 or 1.0 at the experimental
ionic strength of 1.0 with the aid of the public domain speciation
program Hydra (http://web.telia.com/~15651596/), employing
the equilibrium constants for complexation supplied with the
program. The molar absorptivities21,23,25 were taken from the
literature. The molar absorptivities of the species at 356 nm were
taken into account, because the UV lamp employed in this work
has maximum intensity at this wavelength.
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Table 3 Additional reactions employed in the kinetic model for the photolysis of Fe(III) ions in aqueous solution in the presence of sulfate ions (I = 1)

No. Reaction k/s-1 or mol-1 L s-1 Ref.

Speciation equilibria (I = 1)

32 Fe3+ + SO4
2- � FeSO4

+ k32 = 2.09 ¥ 1012a, k-32 = 1 ¥ 1010 27
k32 = 2.32 ¥ 1012 (I = 1)

33 Fe3+ + 2SO4
2- � Fe(SO4)2

- k33 = 1.95 ¥ 1013a, k-33 = 1 ¥ 1010 27
k33 = 3.29 ¥ 1013 (I = 1)

34 Fe2+ + SO4
2- � FeSO4 k34 = 1.55 ¥ 1011a, k-34 = 1 ¥ 1010 27

k34 = 1.19 ¥ 1011 (I = 1)

Reactions of sulfate ions

35 H+ + SO4
2- � HSO4

- k35 = 2.8 ¥ 1011a, k-35 = 1 ¥ 1010 27
k35 = 1.45 ¥ 1011 (I = 1)

36 HSO4
- + HO∑ → SO4

∑- + H2O k36 = 3.5 ¥ 105 27
37 SO4

∑-+ H2O → H+ + SO4
2- + HO∑ k37 = 6.6 ¥ 102 27

38 SO4
∑- + OH- → SO4

2- + HO∑ k38 = 1.4 ¥ 107 27
39 SO4

∑-+H2O2 →SO4
2-+ H+ + HO2

∑ k39 = 1.2 ¥ 107 27
40 SO4

∑- + HO2
∑ → SO4

2- + H+ + O2 k40 = 3.5 ¥ 109 27
41 SO4

∑- + SO4
∑- → S2O8

2- k41 = 2.7 ¥ 108 27

Reactions of iron species

42 Fe2+ + SO4
∑- → Fe3+ + SO4

2- k42 = 3.0 ¥ 108 27

a Unless otherwise indicated, the rate constant values were the ones that best fit our experimental data.

The rate constants of the ionic species listed in Tables 1 to 3
refer to the ionic strength of 1.0. Thus, for example, considering
all the above assumptions, the reactions of the hydroxyl radical
and chlorine atoms can be described as:
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-k21[Fe2+][Cl∑] - k23[Cl∑][Cl-] + k-23[Cl2
∑-] - k24[Cl∑][H2O2]

+ k29[HOCl∑-][H+] - k-29[Cl∑] - k30[Cl2
∑-][Cl∑] - k31[SO4

2-][Cl∑]
+ k-31[SO4

∑-][Cl-]

where

A = [FeOH2+]eFeOH2+ + [Fe(OH)+
2]eFe(OH)+2

+ [[Fe2(OH)2]4+]e[Fe2(OH)2]4+ + [FeCl2+]eFeCl2+ + [FeCl2
+]eFeCl2

+

+ [FeSO4]eFeSO4
+ [FeSO4

+]eFeSO4
+ (45)

These equations take into account the fraction of the incident
light that is absorbed times the ratio between all complexes
responsible for the hydroxyl or chlorine radicals production and

all the species capable of the absorption of the irradiation light
present in a fixed volume of the solution under studied.

Two sets of ordinary differential equations that describe the
initial irradiation of the system were solved by optimizing the
rates of the two primary processes for photochemical production
of Fe2+ from either Fe(OH)2+ or FeCl2+ (reactions 8,9—Table 1
and reactions 19,20—Table 2, respectively).

For this purpose, a computational algorithm based on multi-
variable parametric optimization was applied, using MATLAB
6.5.29 This algorithm involves the following steps: (i) an initial
estimate of the parameters; (ii) the simultaneous solution of the
system of differential equations by a standard fourth-order Runge–
Kutta algorithm; (iii) the calculation of the objective function (OF)
value, defined as:

OF  ([Fe [Fe )2
exp.

2
calcd

2

1

= -+ +

=
Â ] ]i i

t

n

(46)

where [Fe2+]i is the ferrous ion concentration at the reaction time
“i” and the indices “exp.” and “calcd” refer to the experimental
and calculated values and (iv) verification whether the objective
function was within the stipulated tolerance. If not, new values
for the rates of the two primary photochemical processes were
estimated using a multivariate optimization method (Simplex
method)30 until the required tolerance was achieved.

Not surprisingly, the mechanistic steps with the fastest rate
constants (≥ 107 mol-1 L s-1 or s-1) are the ones that influence
the net yield of Fe2+ the most. In the absence of both sulfate
and chloride ions, both hydroxyl radical and hydrogen peroxide
derived from hydroxyl radical are responsible for the consumption
of Fe(II) (reactions 17, 18—Table 1). At long irradiation times
(longer than 1000 s, Fig. 1A), a steady-state plateau is reached due
to the simultaneous formation and consumption of Fe(II).
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The presence of chloride ions in the solution results in formation
of FeCl2+ with a higher quantum yield of production of Fe(II).16,26

There is a significant difference in the rate of formation of Fe2+

in the presence of chloride ions at pH 3.0 and 1.0 (Fig. 2). At
both pHs, there is a rapid formation of chlorine atoms (eqn (6)).
According to our kinetic model, the ratios of chlorine atoms and
hydroxyl radicals (Cl∑/HO∑) produced under these conditions are
100 and 1 ¥ 104 at pH 3.0 and 1.0, respectively. At pH 1.0, however,
hydroxyl radical is quickly scavenged via pH dependent reactions
with chlorine species (reactions 28, 29—Table 2) to form chlorine
atoms. Reactions 23 to 30 of Table 2 are the preferential path for
chlorine species to react, which lead the higher formation of Fe(II)
as compared to pH 3.0 (Fig. 2).

Fig. 2 Experimental data for the formation of ferrous ion during
continuous irradiation experiments at pH 1.0 (�) [Cl-] = 0.75 mol L-1,
and absence of sulfate ions; pH 3.0: (�) in the absence of sulfate and
chloride ions; (�) [Cl-] = 0.75 mol L-1, and absence of sulfate ions; and
(�) [SO4

2-] = 1.8 mmol L-1 and absence of chloride ions.

In the presence of sulfate ions, the ratio of hydroxyl radical
to sulfate anion radical (HO∑/SO4

∑-) calculated from our kinetic
model is 35. However, the overall effect of the presence of sulfate
ions at longer irradiation time (Fig. 2) is to quench the formation
of ferrous ions more efficiently than in the presence of chloride
ions.

4. Conclusion

A kinetic model based on the principal reactions that occur in
the system fits the data for formation of Fe2+ satisfactorily. Both
experimental data and model prediction show that the availability
of Fe2+ produced by photolysis of Fe3+ decreases much more in
the presence of sulfate ion than in presence of chloride ion as a
function of the irradiation time.

At pH 3.0, the photochemical step of the photo-Fenton reaction
can be strongly inhibited by relatively low concentrations of sulfate
ions, which complex with both ferrous and ferric ions, forming,
respectively, FeSO4, and FeSO4

+. Sulfate ions are also capable of
competitively scavenging HO∑, thus further affecting the overall
reactivity. Two common sources of sulfate ions in photo-Fenton
systems are the use of a ferric or ferrous sulfate salt as the source
of the iron added to the system or of H2SO4 to adjust the solution
pH.
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