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In the context of our work on the oxidative degradation of a series of hydroxyl derivatives of benzoic acid
(HBAs) by Fenton-like and photo-Fenton processes, we present a comprehensive study of the factors that
affect the reduction of Fe(Ill) species, the rate limiting step in the Fenton reaction. We have investigated:
(i) the formation of Fe(III)-HBA complexes, (ii) the ability of these complexes to participate in reductive
pathways, and (iii) the formation of intermediate products capable of reducing ferric species.

The results show that salicylate-like HBAs form stable bidentate ferric complexes in aqueous solutions
at pH 3.0 and that Fe(IIl) complexation significantly decreases the overall degradation rates in Fenton sys-
tems by slowing down Fe(II) production through both dark and photo-initiated pathways. Interestingly,
in contrast to ferric complexes of aliphatic carboxylates that undergo a photo-induced decarboxyla-
tion upon excitation in the 300-400 nm wavelength range, ferric-salicylate complexes yield Fe(Il) and
hydroxyl radicals by oxidation of water molecules in the coordination sphere of the metal center. How-
ever, their efficiencies are significantly lower than that of the Fe(Ill) aqua complex. Moreover, Fe(Ill)-HBA
complexes are inert upon excitation of the LMCT bands involving the organic ligand (i.e., 400-600 nm).

As observed for other aromatic compounds, Fe(Ill)-reducing intermediates formed during the Fenton
oxidation of HBAs play a key role in iron cycling. The analysis of the primary oxidation/hydroxylation
products as well as Fe(Ill)-reduction studies showed that, among dihydroxy aromatic derivatives,
hydroquinone-like structures were much more efficient than catechol-like structures for reducing Fe(III).
Although all trihydroxy derivatives produced Fe(Il), ring opening reactions prevailed under the conditions
of the Fenton reaction.

The results of our investigation on the Fenton oxidation of HBA derivatives show that, in each particular
case, the complex interplay of the aforementioned factors should be carefully evaluated for developing
optimal applications of Fenton processes at a technological level.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction AOTs that usually rely on the production of highly oxidizing species

such as the hydroxyl radical (HO*), Fenton processes have attracted

Interest in advanced oxidation techniques (AOTs) as effective
treatments for the oxidation and mineralization of recalcitrant pol-
lutants has been steadily increasing during the last decade. Among
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great interest for technical development due to the relatively
low cost of the Fenton reagent (Fe(II)/H,0;), the absence of iron
toxicity, and the environmentally benign character of H,0, aque-
ous solutions [1]. The most relevant reactions involved in these
systems are [1-3]:

Fe(Il) + H,0, — Fe(Ill) + HO® + HO~ 1)
Fe(lll) + H,0, < [Fe(lI)(OOH)]?* + H* — Fe(Il) + HO,* +HT (2)

HO*® + Organic substrates(ggﬁjz—OQOxidation products 3)
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The production of HO® occurs through the decomposition of
H,0, in the presence of iron salts (usually inorganic) in acidic
medium (Reaction (1)). According to (1), stoichiometric concentra-
tions of HO® are generated relative to the concentrations of ferrous
salts introduced. However, the use of high concentrations of fer-
rous salts would lead to large sludge amounts of Fe(IIl) hydroxides
[4] undesirable in technological applications. A strategy to mini-
mize the sludge volumes is to use catalytic amounts of Fe(Il) or
Fe(lll) (Fenton-like processes). Nevertheless, since the apparent
rate constant of Reaction (2) is much lower than that of Reaction
(1), the regeneration of Fe(II) is the rate limiting step in the catalytic
iron cycle of most Fenton-like systems, and the overall process
efficiencies are strongly dependent on reduction pathways of
Fe(IlI)-species other than the reaction between Fe(Ill) and H,0, [5].

The reduction of Fe(Ill) species in Fenton systems may be
enhanced through dark and/or photochemical pathways. The
reduction rates of Fe(Ill) species through dark pathways depend
on the ambient redox potential of the reaction mixture. C-
centered radicals and semiquinone-like intermediates formed as
the oxidation proceeds are known to be strong reductants that
may participate in the production of Fe(Il). Moreover, most aro-
matic compounds are hydroxylated during their initial oxidation
steps, yielding hydroquinone-like intermediates (ortho- or para-
substituted dihydroxybenzenes) that are able to reduce Fe(IIl)
species. Thus, reaction manifolds involving the accumulation of
Fe(lll)-reducing intermediates usually lead to an autocatalytic
behavior since Fe(Il) production is substantially increased and the
overall process is accelerated [3,5,6]. Another key feature regarding
Fenton-like systems is the fact that the efficiency of catalyst recy-
cling is rather sensitive to changes in the coordination sphere of
Fe(Ill) [7] and the presence of Fe(Ill) chelating agents (e.g. organic
pollutants) may substantially affect the production of Fe(Il) through
dark pathways [7]. For instance, it is well-known that the pres-
ence of high oxalate concentrations suppresses the production of
hydroxyl radicals in Fenton-like systems operated under dark con-
ditions. In general, as the stability of a given Fe(IlI)-chelate increases
it becomes more difficult to reduce, in some cases in spite of an
appropriate standard reduction potential [8,9]. For the latter sys-
tems, kinetic restrictions, such as the existence of accessible sites in
iron complexes, are also important factors that control the overall
reduction rates.

In addition to the contribution of dark pathways, the efficiency
of Fe(Il) production in Fenton systems highly increases under UV
irradiation (see, e.g., [10,11]). The enhancement is mostly due to
the photolysis of Fe(Ill) species, such as aqua complexes and com-
plexes formed with organic ligands, which dissociate in the excited
state to yield Fe(Il) and the oxidized ligand [1]. The overall rate of
the photochemical Fe(II) production depends on the nature and on
the spectroscopic properties of the absorbing species as well as on
the intensity and the spectral distribution of the incident radiation.
For example, although excitation of ligand-to-metal charge trans-
fer (LMCT) bands of Fe(IIl) aqua complexes leads to the generation
of hydroxyl radicals [12,13], the fraction of solar light absorbed by
Fe(III) aqua complexes is too small for valuable solar applications to
water treatment. Several authors have studied the photochemical
behavior of ferric complexes formed with organic ligands [14-16]
and shown that natural organic chromophores can greatly enhance
Fe(IlI) reduction rates under solar radiation conditions [17]. This
increase in Fe(II) photochemical generation is explained by the shift
toward longer wavelengths of the absorption spectra of the com-
plexes formed between Fe(IIl) and organic ligands with respect to
the aqua complexes and by the high quantum yields of Fe(Il) photo-
chemical production usually exhibited by ferric complexes of low
molecular weight carboxylic acids [ 14]. As aresult, the photolysis of
iron complexes with organic ligands, such as carboxylic acids, has
been considered for the design of alternative methods for water

treatment. For example, Fe(lll)-oxalate [18], Fe(Ill)-citrate [19],
Fe(Ill)-pyruvate [20] and Fe(Ill)-ethylenediamine disuccinate [21],
have already been used to degrade organic and inorganic pollutants.
The photoreactivity of Fe(Ill) complexes with aliphatic carboxylate
and polycarboxylate ligands is well-known and usually leads to
decarboxylation of the organic ligand [14,22]. Nevertheless, to the
best of our knowledge, studies on the mechanistic behavior of aro-
matic carboxylic ligands in the photolysis of their ferric complexes
have not been reported.

We have previously carried out a comparative study on the
oxidation kinetics of hydroxy and hydroxynitro derivatives of
benzoic acid (HBAs) in Fenton-like and photo-Fenton systems
[6]. 2-hydroxybenzoic (2HBA), 2,4-dihydroxybenzoic (2,4dHBA),
2-hydroxy-5-nitrobenzoic (2H5NBA), 4-hydroxy-3-nitrobenzoic
(4H3NBA) and 2-hydroxy-4-nitrobenzoic (2H4NBA) acids were
chosen as model substrates for their structural features and
because of their high toxicity and relatively low biodegradability.
Although the model compounds used were structurally simi-
lar, their initial consumption rates were substantially different.
Given the aforementioned importance of Fe(Ill) speciation for the
recycling of the catalyst, we here present a detailed study of the for-
mation of ferric complexes with the model substrates and analyze
their ability to produce Fe(II) through both dark and photoinduced
pathways. The trends are compared with those of well-known
Fe(Ill)-carboxylate complexes formed by aliphatic acids. In addi-
tion, since the contribution of Fe(Ill)-reducing intermediates has
a direct bearing on the kinetic profiles of HBAs consumption, we
studied both the Fe(Ill) reduction ability of several polyhydroxy
aromatic derivatives and the formation of primary products during
Fenton-like treatments of the model HBAs.

2. Experimental

2.1. Reagents

2-Hydroxybenzoic acid (salicylic acid, 2HBA, >98%) and
2,4-dihydroxybenzoic acid (2,4dHBA, >98%) were supplied
by Fluka, and 2-hydroxy-5-nitrobenzoic acid (2H5NBA, 99%),
4-hydroxy-3-nitrobenzoic acid (4H3NBA, 98%) and 2-hydroxy-4-
nitrobenzoic acid (2H4NBA, 97%) were purchased from Aldrich.
2,3,4-trihydroxy-benzoic acid (2,3,4tHBA, 97%, Aldrich), 2,4,5-
trihydroxy-benzoic acid (2,4,5tHBA, Discoverycp, Aldrich),
2,4,6-trihydroxy-benzoic acid monohydrate (2,4,6tHBA, >90%,
Aldrich), 2,3-dihydroxy-benzoic acid (2,3dHBA, 99%, Aldrich),
2,5-dihydroxy-benzoic acid (2,5dHBA, >98%, Fluka), 2,6-dihydroxy-
benzoic acid (2,6dHBA, 98%, Aldrich), 3,4-dihydroxy-benzoic acid
(3,4dHBA, Discoverycpr, Aldrich) and hydroquinone (HQ, 99%,
Fluka) were used for Fe(Ill)-reduction experiments. All organic
reagents were used without further purification. The inorganic
reagents H, O, (perhydrol 30%, Merck), H,SO4 (98%, Merck), HCIO4
(71%, Merck), NaOH (99%, Merck), and Fe(ClO4)3-H,0 (chloride
<0.01%, Aldrich) were used as received. Solutions were prepared
using Milli-Q purified water (Millipore). Great care was taken to
prepare Fe(Ill) stock solutions, which were immediately used,
in order to prevent Fe(lll) hydroxide precipitation. The pH of
the solutions used for complexation, reduction and photolysis
experiments was adjusted to 3.0 with HCIO4 (0.5 M), whereas for
the acid-base equilibrium studies both HCIO4 (0.1 M) and NaOH
(0.1 M) were used. Mobile phases for LC runs were prepared using
HPLC-grade acetonitrile (ACN, Merck), triethylamine (>99%, ].T.
Baker), phosphoric acid (H3POy4, 85%, Aldrich) and formic acid
(HCOOH, 98-100%, Prolabo).

2.2. Analytical methods

Absorption spectra were recorded using a Cary 3 double-beam
spectrophotometer from Varian or an HP-8452A diode-array sin-
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gle beam spectrophotometer from Hewlett Packard. The pH of the
solutions was monitored using a Radiometer pH meter (model
PHM220). Quantification of the substrates in the reaction mixtures
was performed by HPLC using a Shimadzu instrument (solvent
delivery module LC-20AT, online degasser DGU-20A5, UV-vis pho-
todiode array detector SPD-M20A, column oven CTO-10 A5 VP,
autosampler SIL-20AAT) equipped with an Alltech Prevail Organic
Acid 5 column (RP-C18, 150 mm long x 4.6 mm i.d.). The column
temperature was maintained at 25 °C. The mobile phases were pre-
pared by mixing different proportions of ACN with an aqueous
buffer at pH 2.0 (58.5 mM H3PO4 and 13.0 mM triethylamine). Two
mobile phases, composed of 25/75 and 10/90 (v/v) ACN/aqueous
buffer were employed, depending on the compound studied. The
flow rate was 1mLmin~!. Fe(Il) concentrations were quantified
by a colorimetric technique through the complex formed with
o-phenanthroline [23] LC-MS analyses were performed using a
Thermo Finnigan Surveyor MSQ chromatograph, equipped with an
interface for electrospray ionization, a quadrupole analyzer and
a diode array detector. A Bridge Shield column (RP-C18 125 mm
long x 4 mm i.d.) was used. The mass spectrometer was operated
in negative ion mode; the spray voltage in the ion source was set to
2.5kV to the capillary, and the cone voltage was 60 V. Temperature
in the spray capillary was 550°C. Nitrogen was used as nebuliz-
ing gas. The mobile phase was a mixture (80/20 v/v) of ACN and a
formic acid aqueous solution (0.1%). The system was operated in
isocratic mode at a flow rate of 0.5 mLmin~". Prior to injection, all
samples were filtered with 0.22 um nylon filters.

2.3. Chemometric analysis of UV-vis absorption spectra

Spectrophotometric data sets of acid/base and complexa-
tion experiments were analyzed by Factor Analysis and Curve
Resolution methods. These methods can be applied to bilinear spec-
troscopic data from a chemical reaction to provide information
about composition changes in an evolving system [24,25]. In the
present work we chose one of the most widely used algorithms, the
alternating least squares method (ALS), which provides estimates
of concentrations and spectral profiles simultaneously [25,26]. The
ALS algorithm extracts useful information from the experimental
data matrix of absorption spectra, A(r x w), by iterative applica-
tion of constrained regression analysis using the following matrix
product:

A=CxST+E (4)

where C(r x n) is the matrix of the kinetic profiles; ST(n x w) is
the matrix containing the spectral profiles, and E(r x w) represents
the error matrix. The quantities r, n and w denote the number of
recorded spectra, the number of independent species contributing
to the total absorbance and the number of recorded wavelengths,
respectively. Resolving matrix A may be a rather difficult task
since on the one hand, n is usually unknown and on the other
hand, curve resolution methods cannot deliver a single solution
because of rotational and scale ambiguities [27]. We applied Fac-
tor Analysis and Singular Value Decomposition to the experimental
matrix for the estimation of n. Initial guesses of individual spectra
and concentration profiles were obtained by the Orthogonal Pro-
jection Approach [28,29] and Evolving Factor Analysis [28,29]. In
order toreduce rotational ambiguities, we used chemically relevant
constraints [30] such as mass balance, non-negativity, selectivity
and unimodality. Matrix augmentation strategy [26] was used to
simultaneously obtain the concentration profiles corresponding to
different experimental conditions (i.e., titration spectra obtained
with variable metal concentrations ([M]) at fixed ligand concen-
tration ([L]) were jointly analyzed with titration spectra obtained
with variable [L] at fixed [M]). Once the normalized spectra and

concentration profiles were obtained, absolute values were calcu-
lated using the initial concentrations.

2.4. Experimental procedures and setup

2.4.1. Spectrophotometric characterization of acid—base and
complexation equilibria.

The absorption spectra of 2HBA (0.35 mM), 2,4dHBA (0.37 mM)),
2H4NBA (0.38 mM), 2H5N (0.38 mM), 3H4NBA (0.36 mM) solutions
in the absence of Fe(Ill) were recorded from pH 1.0 to pH 5.5. Curve
resolution methods were used to obtain the distribution functions
and the spectral profiles. The pK, values for carboxylic groups were
obtained by nonlinear fitting of the respective distribution func-
tions. The formation of Fe(Ill)-complexes in aqueous solutions was
studied at pH 3.0, using substrate and Fe(IIl) concentrations rang-
ing from O to 3.0mM and from 0 to 3.5mM, respectively. The
concentration profiles were obtained by analyzing the experimen-
tal matrices of UV-vis absorption spectra by the curve resolution
methods described in Section 2.3. Conditional formation constants
(i.e., at pH 3.0) for the complexes were calculated by nonlinear fit-
ting of the data to the set of equations describing mass balance and
complex formation (§ 3.1.2).

2.4.2. Reactivity of Fe(lll) species in the presence of hydroquinone
as reducing agent

Dark experiments were carried out using HQ as an Fe(Ill)-
reducing agent, at pH 3.0 and 24 + 1 °C. Aliquots of 0.5 mL of Fe(III)
solutions (0.2 mM), freshly prepared in the presence of excess of the
different HBAs (2 mM), were reacted with 0.5 mL of HQ solutions
(0.1 mM) in 4 mL quartz cells. Control experiments were also per-
formed using aqueous solutions of identical Fe(Ill) concentration,
but in the absence of HBAs. The production of Fe(Il) at different
reaction times was analyzed by adding 1.5 mL of o-phenanthroline
as colorimetric reagent and measuring the absorbance values at
510nm [23].

2.4.3. Photochemical reduction of Fe(Ill) species

Photochemical experiments were carried out at pH 3.0. In order
to avoid the degradation of the ligands by the photoproduced
hydroxyl radicals (HO®) [6], the solutions were prepared with an
excess of benzene since it is an efficient HO* scavenger and does
not form complexes with Fe(IIl). In addition, ferric solutions in the
absence of HBAs were used as control solutions. The initial concen-
trations of the substrates and Fe(Ill) varied from O to 1.5 mM and
from 0.1 to 0.7 mM, respectively. Irradiation experiments were per-
formed in a Pyrex batch reactor equipped with two sampling ports
and arecirculation circuit for temperature control (25 & 3 °C). In this
case a medium pressure mercury arc lamp (Philips HPK 125) was
used as polychromatic radiation source. All experiments were per-
formed with aerated solutions under continuous stirring and the
reagents were kept in the dark before starting irradiation in order
to avoid Fe(Il) formation during sample preparation and reactor
filling.

2.4.4. Analysis of reaction intermediates and reducing ability
studies

Fenton-like degradation experiments of each model substrate
were carried out in the dark at controlled temperature (2442 °C).
The initial pH of the solutions was adjusted to 3.0. Initial concentra-
tions of the HBAs, Fe(Ill) and H, O, varied from 0.25 to 2.3 mM, from
0.1to 1.0mM, and from 2.0 to 8.0 mM, respectively. All experiments
were carried out in a well-stirred batch reactor of 200 mL and under
continuous analytic air bubbling. Reaction mixtures were sampled
at different reaction times and quenched with MeOH (in order to
prevent the degradation of reaction products by hydroxyl radicals
produced after sampling). Samples were analyzed by HPLC-DAD
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COCH COOH COOH
COOH OH COOH OH
OH OH
o Yy
O,N NO, OH OH
2H5NBA 2H4NBA 2HBA 2,4dHBA 4H3NBA

Scheme 1. Chemical structures of the studied benzoic acid derivatives.

and LC-MS. In order to evaluate the Fe(Ill)-reducing ability of poly-
hydroxylated compounds, an additional set of experiments was
performed using the same batch reactor at pH 3.0, 24 °C, and under
continuous stirring. Ferric solutions were reacted with solutions
of different polyhydroxylated compounds structurally related to
the intermediate products expected during Fenton-like oxidation
of the model HBAs. The initial concentrations of Fe(lll)aq and of
the polyhydroxylated intermediates varied from 0.2 to 0.8 mM, and
from 0.2 to 2.0 mM, respectively. Fe(Il) production was evaluated
using o-phenantroline as colorimetric reagent, whereas the fate of
the polyhydroxylated intermediates in the presence of Fe(Ill)aq was
evaluated by HPLC-DAD.

3. Results and discussion

3.1. Formation of Fe(Ill)-complexes of HBAs in acidic aqueous
solutions

3.1.1. Acid base and spectral properties of HBAs in Fe(lll) free
solutions.

Given that substrate speciation may influence iron cycling in
both dark and photo-Fenton systems, the acid-base and spectral
properties of the five HBAs were evaluated. The chemical formulas
of the studied compounds are presented in Scheme 1.

The absorption spectra of the investigated compounds were
recorded for pH values ranging from 1.0 to 5.5 (Fig. S1, Elec-
tronic Supplementary information (ESI)). UV-vis spectra were also
recorded for inorganic Fe(Ill) aqua complexes (denoted hereafter
as Fe(Ill)aq) at pH values between 1.3 and 4.5 for comparison (data
not shown). The acid/base behavior of the latter solutions was in
agreement with previously reported results [12]. The pKa of the
carboxylic groups (pK, —coon) and the spectra of the protonated
and mono-deprotonated forms of the five HBAs were obtained
by the methods described in Sections 2.3 and 2.4. The pK; —coon
values (Table 1) are in agreement with previously reported data
[31-34]. Since irradiation wavelengths above 290-300 nm are of
major interest for photo-Fenton systems operated at pH 2.8-3.2,
Table 1 also includes information about the absorption bands
associated with the lowest energy electronic transitions for the
fully-protonated (LH,) and the mono-deprotonated (LH™) forms of
the studied HBAs.

Table 1

The dissociation constant of the carboxyl group is affected by
the nature and the position of the substituents. For the salicylic acid
derivatives investigated, the presence of the electron withdrawing
nitro group significantly lowers the pK, —coon With respect to the
non-nitrated salicylic acid derivatives.

Although a quantitative analysis of correlations between chem-
ical structure and spectroscopic properties is beyond the scope of
the present work, inspection of Table 1 values shows that absorp-
tion bands associated with the Sy — S; electronic transitions of
benzoic acid nitro derivatives are centered at longer wavelengths
than those of non nitrated substrates. This may be explained by
taking into account the expansion of the 7 system caused by the
presence of the nitro group.

3.1.2. Formation of Fe(Ill) complexes.

The formation of complexes between Fe(Ill) and the different
acids was studied by UV-Vis spectrophotometry at pH 3.0 (near
optimal conditions for the Fenton process) [1,10]. Experiments
were performed either by varying the ligand (L =HBA) concentra-
tion at fixed iron concentration or by varying iron concentration
at fixed ligand concentration (§ 2.4.1). The aspect of the solutions
of the ligands in the absence and in the presence of Fe(III), as well
as the absorption spectra in the visible region obtained at different
[L]/[Fe(III)] ratios, are given in the ESI (Fig. S2).

Results show that 4H3NBA does not form any complex since
the absorption spectrum of the solution does not change in the
presence of Fe(Ill) (Fig. S2, ESI). On the other hand, for the salicylic
acid derivatives significant spectral changes were observed within
a few seconds after Fe(III) addition, showing that —COOH and —OH
groups must be in ortho position on the aromatic ring for the forma-
tion of ferric complexes. The absorption bands observed for these
complexes are typical of ligand-to-metal charge transfer (LMCT)
transitions since d-d ligand field transitions (LF) are spin forbidden
for high spin Fe(IIl) complexes [6,35].

The absorbance of the solutions containing variable 2,4dHBA or
2HBA concentrations at fixed [Fe(IlI)] reached a maximum value
for ligand concentrations corresponding to equimolar conditions
(Fig. S2, ESI). No absorbance changes were found at higher concen-
trations of 2,4dHBA or 2HBA, indicating that only ferric complexes
with 1:1 stoichiometry were formed at pH 3.0. On the other hand,
the spectra of the solutions containing 2H4NBA or 2H5NBA at
equimolar concentrations with respect to Fe(IIl) are different from

Values of pK, —coon and spectroscopic data of the lowest energy absorption bands for the studied HBAs (LH, and LH~: fully-protonated and mono-deprotonated forms,

respectively; L=HBA).?

Compound PKa—coon Amax LHz €max LH2 Amax LH €max LH
(nm) (M~Tem™1) (nm) (M~'em™1)
2H4ANBA 1.8 £ 0.1 345 2430 348 2330
2H5NBA 2.1+02 310 8240 315 6890
2,4dHBA 26 +0.2 294 4660 290 4270
2HBA 29 +0.1 305 3380 295 3280
4H3NBA 3.6 £0.1 340 2360 352 2300

2 Peak wavelengths are given with a precision of + 2 nm. Relative errors in the absorption coefficients associated with the Sp — S; transitions are: 2H4NBA: 13.7%; 2H5NBA:

7.2%; 2,4dHBA: 7.0%, 2HBA: 11.9%, 4H3NBA: 9.9%.
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Fig. 1. Concentration profiles for the free HBAs (L) and their ferric complexes (ML and ML;) obtained as a function of [Fe(Ill)] in aqueous solution at pH 3.0 and

[Llo=1.2x 103 M.

those obtained in the presence of a large excess of ligand (Fig S2,
ESI), thus suggesting the formation of complexes with different
stoichiometries.

Previous speciation studies showed that Fe(OH)2* is one of
the predominant ferric aqua species at pH 3.0 [36,37], whereas
the mono-deprotonated forms are the main ligand species in the
HBA-Fe(Ill) complexes [G]. Therefore, the following reactions of
complex formation would be feasible for the 1:1 stoichiometry:

LH™ + Fe(OH)?**< FeLt +H,0 (5)
LH~ + Fe(OH)?** < Fe(OH)L + H* (6)

where LH- and L2~ represent the mono-deprotonated and the
twice deprotonated forms of the ligand L, respectively. Reaction (6)
seems unlikely, since the neutral complex should be rather insol-
uble and no precipitation was observed during our experiments.
Further evidence in favor of Reaction (5) is given in Section 3.2.

In order to estimate the equilibrium constants and to evaluate
the stoichiometries of complex formation, the matrices of UV-vis
absorption spectra recorded for the different substrates were ana-
lyzed using curve resolution methods (Section 2.3). The results
confirmed that, within the range of concentrations investigated,
2HBA and 2,4dHBA form only complexes with 1:1 stoichiometry,
whereas 2H4NBA and 2H5NBA form complexes with both 1:1 and
1:2 stoichiometries. Fig. 1 shows the concentration profiles for the
free ligands (L) and their ferric complexes (ML and ML,) obtained
as a function of [Fe(III)]o.

Conditional stability constants (K’) of the different complexes
were estimated by nonlinear regression fitting of the concentration
profiles to the following equations:

, [ML]
Ko = o] )

, [ML;]
Koy = (LT (0] (®)

It is important to note that the concentration profiles
calculated for the free ligands represent the sum of the con-
centrations of all protonated and deprotonated forms (i.e.,
[L]1=[LH;]+[LH~]+[L2"]). Likewise, metal concentration in Eq. (7)
corresponds to the total concentration of inorganic ferric species
(i.e., [M]=[Fe3*]+[Fe(OH)2*] +[Fe(OH),* +2 [Fep(OH),**]). Hence,
the calculated values are conditional formation constants valid for
the experimental conditions used (pH 3.0), since the pH governs
bothligand and iron speciation. Table 2 shows the values of K’y and
K'pmi2 and information about the absorption bands associated with
the LMCT transitions. The distribution coefficients of the mono-
deprotonated ligands (aLH~) were also included for comparison
purposes.

Conditional constants indicate relatively strong complexation,
the fraction of Fe(IIl) not complexed by the HBA ligand being lower
than 2% under the conditions used in Fenton-like experiments. Val-
ues of K’y follow the order 2HBA < 2,4dHBA <2H5NBA < 2H4NBA.
It is noteworthy that they also increase as the distribution coeffi-
cients of the monodeprotonated forms associated with each ligand
(aLH™) increase.

It has been reported that ML, and ML3; complexes can be formed
between Fe(Ill) and 2HBA at pH values higher than 4.0 [38]. The
formation of complexes with higher L:M molar ratios is favored at
high pH values since increasing pH leads to an increase in the frac-
tion of LH~ forms that participate in Reaction (5). Therefore, the
formation of ML, species for the nitrated HBAs may be straight-
forwardly related to their relatively high oLH~ values at pH 3.0
(Table 2).

The analysis of the information about the LMCT bands shows
that the complexes formed by the non nitrated ligands exhibit
smaller absorption coefficients than those corresponding to the
nitrated ones (Table 2). In addition, the former complexes show
LMCT bands at longer wavelengths than the latter (violet and red
complexes, respectively, Fig. S2, ESI) A similar behavior has been
reported for other ferric complexes [38].
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Table 2

Log(K’) values for complex formation of HBAs with Fe(IlI), spectroscopic data of the corresponding LMCT bands® and distribution coefficient of the mono-deprotonated

ligands (aLH™).

Ligand log(K'mL) log(K'mi2) Amax ML €max ML Amax MLy €max MLy alH

(pH 3.0) (pH 3.0) (nm) (M~'em™1) (nm) (M~'em™1) (pH 3.0)
2HBA 4.83 + 0.04 - 526 1580 - - 0.56 + 0.03
2,4dHBA 4.92 + 0.02 - 520 1390 - - 0.72 + 0.04
2H5NBA 494 + 0.08 3.76 +£0.07 496 2450 486 2800 0.89 4+ 0.04
2H4NBA 4.99 + 0.06 3.93+0.05 486 1790 482 1650 0.94 + 0.05

2 Peak wavelengths are given with a precision of + 2 nm. Relative errors in the absorption coefficients of LMCT bands are: 2HBA: 5.0%; 2,4dHBA: 6.7%, 2HANB: 4.0%; 2H5NBA:

3.2%.
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Fig. 2. Hydroquinone-induced Fe(Il) production from different ferric
species through dark pathways. [Fe(Ill)]o=2.0x 10~*M, [HQ]p=2.0x 10~4M,
[L]o=2.0 x 10~ M, pH 3.0 and 24°C. Fe(lll),q was included for comparison. Inset:
Fe(Il) production observed in the presence of the ferric complexes during the first
5min.

3.2. Reactivity of ferric complexes and catalyst recycling

3.2.1. Fe(ll) production through non-photochemical pathways
Taking into account that the rate limiting step in most Fenton-
like systems is the production of Fe(Il) from Fe(Ill) species,
we studied the reduction of the ferric complexes through dark
pathways associated with the in situ formation of reducing inter-
mediates. Hydroquinone (HQ) was selected as a model reducing
agent, since the hydroxylation of aromatic compounds usually
leads to the generation of HQ-like species. Fig. 2 compares the pro-
files of Fe(Il) production obtained for aqueous Fe(III) solutions in
the absence and in the presence of the different HBAs.
Interestingly, for all HBAs capable of forming Fe(Ill) complexes,
the fraction of Fe(Ill) reduced by HQ after 10 min was lower than
12%, whereas Fe(Il) production observed for Fe(Ill)aq was at least
75% within the same timescale. For the tested timescale, the com-
plexes formed with 2H5NBA and 2H4NBA exhibited lower Fe(III)
reduction efficiencies (3-5%) than those observed for 2HBA and
2,4dHBA (8-12%). Similar results, reported for Fe(Ill) complexes
of catechol and nitrocatechol [39], were attributed to the lower
reduction potential of the complexes formed with the nitrated
derivatives. Finally, it should be noted that since 4H3NBA does not
form complexes with Fe(Ill), the Fe(Il) production in this case is
close to that observed for Fe(lll),q in the absence of HBAs (Fig. 2).
Hence, we have shown that, in line with results reported in the
presence of aliphatic chelates such as oxalate [9], Fe(Ill) reduction
may also be suppressed in the presence of strong aromatic com-
plexing agents. These observations have important implications for
the kinetics of degradation of organic pollutants in Fenton-like sys-
tems. Actually, the ability of ferric species to be reduced appears to
be an additional key factor that may drastically affect the autocat-

alytic shape of the degradation profiles and the overall reaction
rates.

3.2.2. Fe(ll) production through photochemical pathways

It is well established that Fe(III) usually forms hexa-coordinated,
high-spin, labile complexes, which can undergo photochemical
reduction of Fe(IlII) to Fe(II) [6,14]. The overall photo-induced reac-
tion may be written as (charges were omitted for simplicity) [1]:

[Fe(IT)(L)a] + hv

— [Fe(II)(L)p-1] + L*(L = inorganic or organic ligands)  (9)

The photochemical redox process involves excitation into the
LMCT state as a primary photophysical step. Subsequently, the
short-lived LMCT state may yield free Fe(Il) and L* outside the sol-
vent cage through the homolytic dissociation of one of the Fe(IIl)—L
bonds [1,40]. The nature of the oxidized species (L*) depends on
the structure of the ligand. In the predominant Fe(Ill)-aqua com-
plex at pH 3.0 ([Fe(III)(OH)~ ]2*), the photoreduction of Fe(III) after
LMCT excitation (A ~310nm) is coupled to the oxidation of HO~
by inner-sphere electron transfer, yielding Fe(Il) and HO* (Reaction
(10)) [12,40].

[Fe(IN)(OH)~]?>* + hv — Fe(ll) + HO* (10)

In the case of ferric complexes with organic ligands such as
carboxylates and polycarboxylates, the radical generated can be
produced from the oxidation of either the organic ligand (Reaction
(11))[18] or a water molecule in the coordination sphere (Reaction
(12)).Hence, the photoinduced decomposition of the organic ligand
may result either directly by excitation of the complex followed by
decarboxylation of RCO,* (Reactions (11) and (11’)) or indirectly by
the electrophilic attack of HO® radicals (Reactions (12) and (3)).

[Fe(II1)(RCOO™)(H,0)n > +hv — [Fe(II)(H,0)n]?+ + RCOO*  (11)

RCOO* — R* + CO, (117

[Fe(III)(RCOO™ )(H20)a]%* + hv
— [Fe(I1)(H20)4-1** + RCOO~ + H* + HO® (12)

Aliphatic acids such as oxalate, pyruvate, tartrate and citrate are
strong Fe(Ill)-complexing agents, and it has been established that
the photolysis of their ferric complexes takes place through ligand
decarboxylation (Reactions (11)and (11’))[14,41,42]. To the best of
our knowledge, comparative studies of HO* photoproduction upon
irradiation of ferric complexes with different aromatic ligands have
not been reported.

As discussed in the previous section, under our experimental
conditions (pH 3.0 and room temperature), the studied HBAs form
stable ferric complexes. Stationary irradiation of aqueous solutions
of these complexes using wavelengths longer than 450 nm did not
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Table 3

Comparison of Fe(Il) and phenol (PhOH) initial production rates upon irradiation of ferric complexes of the benzoic acid derivatives and of the Fe(Ill)-aqua complex (Fe(III)
aq) in the presence of benzene as HO* scavenger. [Fe(Ill)Jo=1.0 x 10~4 M, [L]o =2.0 x 10~* M, [benzene]o=1.9 x 102 M pH 3.0, 24 °C, irradiation at A >300 nm.

HBA Ligand Tre(ry (Mmin~1)? Iphon (Mmin=1) Tre(ir)/TPhoH <ADbs$>305-3251m®
2H5NBA 47(+09)x10-7 441 (+0.16)x 10-7 1.0, 1.56 (+0.04)
2H4NBA 7.1 (+£0.8)x 10-7 6.40 (+0.11)x 10-7 1.1, 0.45 (£0.06)
2,4dHBA 2.6 (+£0.3)x10-6 2.07 (£0.13)x10-6 1.2 032 (+0.08)
2HBA 2.5 (+0.4)x10-6 2.10 (+0.05)x 106 116 0.29 (+0.07)
absent 17.0 (+1.3)x 10-6 17.5 (+0.1)x 10-5 09, -

2 Treqny and rppon values were calculated from the profiles of Fe(II) and PhOH formation (see Fig. S4 and the note below in ESI).

b Aqueous Fe(1ll) solution free of organic ligands.
¢ Average absorption due to intra-ligand transitions in the 305-325 nm range.

show any change, neither in the UV-vis absorption spectra nor in
the chromatographic profiles. Therefore, excitation of the LMCT
bands reported in Table 2 (i.e., absorption bands associated with
the charge transfer from the organic ligands to the metal center)
did not produce any detectable chemical transformation within the
timescale studied. In contrast, irradiation at shorter wavelengths
(i.e., down to 300 nm) led to the formation of Fe(IlI) coupled with
the decomposition of both the HBAs and their complexes (Fig. S3,
ESI). These results suggest that both the production of Fe(II) and the
decomposition of the organic ligands would be initiated by LMCT
transitions that involve charge transfer to the metal center from
coordinated water molecules, thus yielding HO® radicals (Reaction
(12)).

In order to test the latter hypothesis, we performed a series of
irradiation experiments (at A >300 nm) in the presence of benzene
as HO* scavenger (§ 2.4.3), thus minimizing the contribution of sec-
ondary dark reactions capable of inducing ligand oxidation and/or
Fe(Ill) reduction by non-photochemical pathways [6,43]. The pro-
duction of Fe(Il) was measured by the o-phenanthroline method
[23], whereas the production of hydroxyl radicals was quantified
from the amount of benzene transformed into phenol (PhOH)).
Under these conditions, HBAs oxidation rates were very low (below
2.5% after 35 min of irradiation). Therefore, it can be concluded that
both Reaction (11) and photochemical processes involving Sg — S4
intra-ligand (IL) transitions have a negligible contribution to Fe(III)
reduction. Moreover, the initial rates of Fe(Il) and PhOH production
(rreqny and rppoy) showed the same trend among the different fer-
ric complexes (Table 3) and their values may be considered equal,
within experimental error. Consequently, the photoproduction of
Fe(Il) by Fe(Ill)-HBA complexes does not involve decarboxylation
pathways(11)and (11’), but proceeds mainly through Reaction (12)
producing stoichiometric amounts of HO® radicals. This is in con-
trast with the fact that Fe(Il) photoproduction proceeds through
Reaction (11) for ferric-carboxylate complexes of aliphatic acids
[44].

Table 3 shows that, among the different ferric complexes,
Fe(lll)aq is much more photoactive than the Fe(IlI)-HBA com-
plexes. It should be noted that Fe(OH)(H,0)s2* is the dominant
ferric species in the organic ligand-free solutions, whereas iron in
Fe(Ill)-HBA complexes is coordinated by bidentate salicylate-type
moieties and by water molecules. Hence, the low photoreactiv-
ity observed for the Fe(Ill)-HBA complexes may explained taking
into account two facts: (i) the quantum yield of Fe(Il) and HO®
production upon LMCT excitation is higher for Fe(OH)(H,0)s52*
(P,80=0.31) [37] than for Fe(H,0)g3* (P54 =0.065) [37] because
the solvent reorganization energy is lower for HO™ anions than
for H,O molecules [40]; (ii) in solutions of the Fe(Ill)-HBA com-
plexes, inner filter effects (IFE) are exerted by electronic transitions
within the organic ligands (IL transitions, Table 1) since the tail of
the LMCT absorption band associated with the Fe(Ill)-water bond
extends to 320-330nm [ 12] and the cut-off of the lamp well used is
at 300 nm.

Significant differences were observed for rg(j) and rppop among
the Fe(IlI)-HBA complexes investigated: complexes formed with
the non nitrated ligands exhibit higher photoactivities than those
formed with nitrated ligands, the efficiency of the Fe(Ill)-2H5NBA
complex being the lowest among the tested compounds. Indeed,
inspection of Table 3 shows that the trend observed for rgeqpy and
phon 1S inversely correlated with the average absorbance of the IL
transitions in the 305-325 nm wavelength range (<Abs>395_325nm )-
This suggests that the efficiency of photoinduced oxidation of coor-
dinated H,0 molecules might be relatively independent of the
structure of the accompanying bidentate organic ligand.

3.2.3. Photoinduced decarboxylation.

The substantial difference in the photochemical behavior among
ferric complexes of aliphatic-carboxy anions and those of aromatic
salicylate anions deserves an explanation. Several authors have
reported that the removal of one electron from the carboxylate
ligands bearing extended 7 systems requires much lower poten-
tials compared to aliphatic carboxylate ligands [45,46]. Hence,
upon excitation of ferric-carboxylate complexes, the formation of
R—COO* radicals through Reaction (11) should be easier for the
aromatic compounds tested in the present work than for aliphatic
carboxylate ligands. However, the apparent decarboxylation quan-
tum yields may be strongly influenced by secondary processes
undergone by R—COO* radicals. Indeed, back electron transfer to
regenerate the initial species (Reaction (13)) competes with decom-
position to yield CO2 and carbon centered radicals (R*) (Reaction

(117)).
RCOO* + Fe(Il) — RCOO~ + Fe(IIl) (13)

Theoretical calculations show that, although electrons are more
easily removed from aromatic carboxylates than from aliphatic
ones, decarboxylation of RCOO* radicals is much more favored for
aliphatic carboxyl radicals than for the aromatic ones (see Table
S1 and the note below in ESI). Furthermore, it has been reported
that the benzoyloxy radical decarboxylates much slower than the
acetoxy radical [46,47], the decarboxylation rate constants being
~108s-1 and ~10°s~1, for PhCO,* and CH3CO,*, respectively [47].

3.3. Oxidation mechanism and reaction intermediates

3.3.1. Primary intermediate products

In Fenton systems operated at approx. pH 3.0, the first oxidation
step is the HO® radical addition to the aromatic ring to form hydrox-
ycyclohexadienyl radicals that undergo different reactions to yield
the primary oxidation/hydroxylation products (e.g., [1]). Addition
of HO* radicals to aromatic rings bearing deactivating groups (i.e.,
electron-withdrawing substituents such as —NO, and —COOH) is
mainly statistical in nature [2,48]. However, for aromatic rings bear-
ing activating groups (i.e., electron-donating substituents such as
—OH) the electrophilic HO*® addition is mainly directed to ortho and
para positions [48]. Moreover, in the presence of both activating
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Table 4
Fe(Ill),q reducing ability of selected di- and trihydroxybenzoic acid derivatives?,
[Fe(1l)]o =[HBA]o = 0.8 mM, pH=3.0 and 24°C

Compound CAT-like HQ-like RES-like [Fe(I)]/mMP
2,3dHBA + - - 0.74
2,4dHBA - - + n.d.
2,5dHBA - + - 0.74
2,6dHBA - - + 0.01
3,4dHBA + - - 0.61
2,3,4tHBA + - + 0.76
2,4,5tHBA + + + 0.78
2,4,6tHBA - + 0.11

2 CAT-like, HQ-like and RES-like refer to structures bearing two —OH groups in
ortho, para and meta positions, respectively.
b The experimental error associated with [Fe(II)] measurements was 0.01 mM.

and deactivating groups, the effect of activating groups prevails
[48]. On the other hand, it is important to note that the electrophilic
attack of HO® on the carbon bearing the nitro group is rather dif-
ficult [2,49], whereas the carboxyl group is much more labile and
HO* attack on benzoic acid derivatives may yield decarboxylated
products [50-52]. Therefore, for the studied HBAs, the HO* addition
is mainly governed by the directing effect of —OH substituents and
may occur either on the carbon bearing the carboxyl group (with
the corresponding release of CO,) or on a non substituted position
(Scheme S1, ESI).

Fenton-like experiments were performed for the oxidation of
the model HBAs under dark conditions. We focused on the anal-
ysis of the primary hydroxylation products (§ 2.4.4) since they
are mainly responsible for the autocatalytic profiles observed
[3,6]. An important difference was observed between the chro-
matographic profiles associated with the nitrated and the non
nitrated HBAs (Fig. S5 a-e, ESI). For the latter, several small and
poorly resolved peaks were observed at retention times shorter
than 5min, with the corresponding absorption spectra showing
no defined bands beyond 250 nm. In contrast, for the nitrated
HBAs, a few important peaks with retention times over 4 min and
absorption spectra typical of aromatic compounds were observed.
LC-MS profiles showed similar trends. For 2,4dHBA, peaks were
detected neither at m/z=169 (corresponding to the hydroxy-
lation product) nor at m/z=125 (hydroxylation/decarboxylation
product), whereas for 2HBA only important amounts of catechol
(hydroxylation/decarboxylation product) and traces of the hydrox-
ylation products at m/z=153 were found during the entire reaction
time. In contrast, for the nitrated substrates, significant signals
were observed at m/z=154 and m/z=198 corresponding to the
expected hydroxylation/decarboxylation and hydroxylation prod-
ucts, respectively. Hence, LC results suggest that the presence of
the nitro group somehow stabilizes the aromatic ring toward redox
reactions since, under the same conditions, the aromatic intermedi-
ates formed from the non nitrated HBAs were readily transformed
into ring-opening products.

3.3.2. Reduction of Fe(Ill) by intermediate products and iron
cycling

Three sets of experiments were performed in order to assess
the effect of reaction intermediates on iron cycling. In the first
set, the Fe(Ill) reducing ability of several di- and trihydroxyben-
zoic acids (dHBAs, tHBAs) was tested by reacting aqueous ferric
solutions with different dHBAs and tHBAs at pH 3.0 under dark con-
ditions. Table 4 shows the effect of the structural features of the
tested compounds on the concentrations of Fe(Il) obtained after
2 min of elapsed reaction time. In general, tHBAs showed reduc-
ing abilities similar to or higher than structurally related dHBAs.
Interestingly, regardless of the position of the hydroxyl groups,
all studied tHBAs were capable of reducing Fe(IIl) to some extent.
In contrast, only catechol-like and HQ-like dHBAs were capable
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Fig. 3. Dark Fe(ll) production obtained in the presence of different dihydroxy
aromatic derivatives. [Fe(Ill)aqlo=4.4 x 10~ M, [Reducing agent]o=0.2 x 10~4 M,
pH 3.0 and 24°C. Reducing agents: HQ=hydroquinone, CAT = catechol, 4NC=4-
nitrocatechol. Inset: Normalized absorbance profiles recorded at 315 nm during the
autocatalytic degradation of 2H5NBA obtained in the presence of different Fe(III)
reducing agents. [2H5NBA]o = 1 mM, [Fe(IlI)]o =0.1 mM, [H202]o =5.2 mM.

of producing Fe(Il), whereas resorcinol-like compounds showed
negligible reactivity toward Fe(III). On the other hand, HPLC-DAD
measurements showed no evidence of aromatic compounds after
reaction between tHBAs and Fe(Ill), but suggested the formation
of aromatic products after reaction between dHBAs and Fe(IIl)
(data not shown). The latter results indicate that, unlike what was
reported for dHBAs [53,54], the oxidation of tHBAs proceeds mainly
through ring opening reactions.

Since both HQ-like and catechol-like derivatives are expected to
be found among the primary hydroxylation intermediates of HBAs,
HQ, catechol (CAT) and 4-nitrocatechol (4NC) were used in a second
set of experiments for evaluating the rates of Fe(Ill) reduction. Fig. 3
compares the kinetic profiles of Fe(Il) formation in the presence of
equal concentrations of the three additives. Substantially different
profiles were observed and the Fe(Il) production rates followed the
trend: HQ » CAT »4NC.

Taking into account the latter trend, a third set of experiments
was performed to test the effect of the initial addition of HQ, CAT or
4NC on the autocatalytic profiles of 2H5NBA degradation in Fenton-
like systems (Inset to Fig. 3). The results showed the same trend as
that observed for H,0, free-solutions, confirming that HQ is more
efficient than CAT for the recycling of the catalyst. Moreover, the
kinetic profiles suggest that both the nature and the concentration
of intermediate reaction products may play a critical role in the
degradation efficiency of the HBAs.

3.4. Factors influencing HBAs kinetic profiles in Fenton-like
systems

In the previous sections, we presented the results of our stud-
ies concerning various key factors that could affect the reduction
of Fe(Ill) species, the rate limiting step in the Fenton oxidation of
organic pollutants. The interplay of these factors under the condi-
tions of the Fenton-like and photo-Fenton processes may be very
complex. Therefore, we measured the reaction times required for
achieving 10% consumption of the different HBA derivatives (t1g) in
Fenton-like systems (Table 5), and attempted to correlate t;o with
the four following factors that may play a role in controlling the
overall oxidation rates:

(a) Reactivity toward HO® radicals

One of the factors not discussed up to now is the efficiency
of the reaction of the different HBAs with HO®. The effective
rate constants for the latter reaction (kyo®) have been calculated
from known rate constants [6] as the weighted average of val-
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Table 5

Time required for achieving a conversion degree of 10% (t1o) in Fenton-like systems for the studied HBAs and related relevant data. ([HBAs]o =1 mM, [Fe(Ill)]o =0.1 mM,

[HzOz]g =52 mM)

Compound tio kno*" Fraction of Fe(Ill)yq Relative Reducibility =~ Expected Primary HQL Reductants CATL Reductants
(€) (min) (M-1s 1) (Faq) (RR) Intermediates? (YhaL) (YcatL)

2H5NBA 58 2.6 x 100 0.25% 2.5% 3H-C¢, 4NC¢ 00.0% 100.0%

2HBA 17 2.2 x 10 1.61% 6.0% 5H-C¢, 3H-C¢, CAT® 33.3% 66.6%

2,4dHBA 7.0 2.2 x10'° 1.32% 8.5% 5H-C, 3H-C¢, THB' 66.6%2 33.3%2

2H4ANBA 6.5 3.1x 1010 0.16% 3.5% 5H-C¢, 3H-CC 4NC¢  33.3% 66.6%

4H3NBA 33 1.8 x 10'° 100% 90% 5H-C¢, NHQ¢ 50.0% 50.0%

2 nH-C: hydroxylated derivative of the parent compound with the OH substituent at the position n, 4NC: 4-nitrocatechol, NHQ: nitrohydroquinone, THB: 1,2,4,trhihydrox-

ybenzene.

b Effective rate constant of the reaction of each compound with hydroxyl radicals under the tested experimental conditions.

¢ Assignificant peak with the corresponding m/z was detected by HPLC-MS.

d Identification by m/z and UV-vis. For CAT and 4NC, retention times of the corresponding standards were also used.

¢ Trace amounts of the corresponding m/z were observed by HPLC-MS.

f No significant peaks were observed for the corresponding m/z by HPLC-MS in Fenton systems. However, this compound has been detected during the treatment of

2,4dHBA by VUV photolysis [55].

& Note that the HQ-like structures are also CAT-like, but only one of the three structures is purely CAT-like and the effect of HQ-like structures prevails. Moreover, the three

structures are trihydroxy benzene derivatives.

ues for complexed and uncomplexed HBAs. The values listed in
Table 5 show a rather small range of variation, the largest being
for 2H4NBA (3.1 x 10'9M~1s-1) and the smallest for 4H3NBA
(1.8 x 1010 M-1s-1),

(b) Fraction of Fe(Ill) aq

Complexation of Fe(Ill) by organic ligands substantially slows
down Fe(II) production (§ 3.2.1). Therefore, the fraction of Fe(IIl)
not complexed by the HBA ligand (Fyq) may directly affect the
oxidation rates. This fraction is 100% for 4H3NBA, the only HBA
investigated remaining as free ligand in Fe(Ill) aqueous solutions.
In contrast, Fyq is very small (from 1.61% down to 0.25%) for the
other HBAs that form stable bidentate ferric complexes of 1:1 and
1:2 stoichiometries (§ 3.1.2).

(c) Relative reducibility

The reactivity of ferric complexes toward reductive pathways
may significantly affect the production of Fe(Il). The relative
reducibility of Fe(IIl) by HQ (RR) has been used to quantify the effect
of the presence of HBA on the Fe(Il) production. RR has been cal-
culated as the ratio of the concentrations of Fe(Il) measured after
10 min of reaction time, in the presence and in the absence of
HBA (data from Fig. 2, § 3.2.1). As expected, the highest RR (90%)
was observed in the presence of 4H3NBA, the non-complexing
HBA. Among the Fe(Ill)-complexing substrates, RR is higher in the
presence of non nitrated HBAs (6.0-8.5%) than in the presence of
nitrated HBAs (2.5-3.5%).

(d) Reaction intermediates.

Considering the potential role of the in situ formed interme-
diates as Fe(Ill)-reducing agents, the main hydroxylated products
detected (§ 3.3.1) have been listed in Table 5 for each HBA. Since
resorcinol-like intermediates do not reduce Fe(Ill) and HQ-like
structures (HQL) are more efficient than CAT-like structures (CATL)
for the recycling of the catalyst, the expected primary yields of HQL
(Ynqr) and CATL (YcarL) are also indicated in Table 5. The only HBA
not yielding any HQL is 2H5NBA.

Inspection of Table 5 shows that tjy values vary consider-
ably among the studied HBAs and follow the order: 4H3NBA
(3.3)<2H4NBA (6.5)~2,4dHBA (7.0)<2HBA (17)«2H5NBA (58).
The following points stand out from the latter trend:

i) Considering the large differences in t1¢ (from 3.3 to 58 min) and
the small range of (HO* values (from 1.8 to 3.1 x 1010 M-1s1),
the efficiency of the reaction of the HBAs with hydroxyl rad-
icals does not play any discriminating role in controlling the
oxidation rates.

ii) From the values of the two parameters related to Fe(Ill) com-
plexation (Fiq and RR), it would be expected that the non
complexing HBA (4H3NBA, Faq = 100% and RR = 90%) would react

considerably faster than all the others, and that the two Fe(III)-
complexing nitrated HBAs (2H5NBA and 2H4NBA, Faq <0.5%,
RR < 4%) would be the slowest to undergo oxidation. This is not
what is experimentally observed (Table 5). Although the short-
est t1g among all HBAs was obtained for 4H3NBA and the longest
for 2H5NBA, as expected, 2H4NBA reacts similarly to 2,4dHBA
and 9 times faster than 2H5NBA. Moreover, while 2,4dHBA and
2HBA display similar Faq and RR values, 2HBA is consumed 2.5
times slower than 2,4dHBA.

iii) Another parameter that strongly influences the kinetic trends is
the Fe(Ill)-reducing ability of the intermediates, which depends
on both their structure and their stability (Section 3.3, Fig. 3).
Concerning the structure, the primary yield expected for HQ-
like intermediates (YuqL) appears to play a decisive role,
whereas the formation of CAT-like intermediates has a minor
effect. Indeed, 2,4dHBA and 2HBA should behave similarly
according to Faq and RR values (Table 5). However, the higher
Yhaqt value for 2,4dHBA (66%) than for 2HBA (33.3%) lowers sig-
nificantly the value of t1¢ for the former (7 min) compared to
the latter (17 min), in spite of a higher Yca. for 2HBA (66%)
than for 2,4dHBA (33.3%). Interestingly, 2H5NBA is the only
HBA that does not form HQ-like intermediates (Yyqp =0) and it
is oxidized at a considerably lower rate (t;o =58 min) than any
other compound (although Ycary is 100%). Finally, the stability
of the Fe(Ill)-reducing intermediates should also be consid-
ered. For instance, Yyq. for 2H4NBA (33%) is lower than for
the non nitrated 2,4dHBA (66%), thus it was not expected that
both compounds would have similar values of tio (6.5 and
7 min). However, although the trihydroxybenzene derivatives
expected to be formed by the first HO* attack on 2,4dHBA
(Scheme S1, ESI) are efficient for Fe(IIl) reduction (§ 3.3.2), ring
opening reactions and decomposition may prevail for this com-
pound (§ 3.3.1).

7. Conclusions

Reduction of Fe(IIl) is a critical step that controls the activity
of the catalyst and the efficiency of degradation of organic pollu-
tants by Fenton and photo-Fenton processes. In this work, we have
focused on the elucidation of the main factors preventing or favor-
ing Fe(Ill) reduction for a series of hydroxy derivatives of benzoic
acids (HBAs). The following main conclusions may be drawn from
our experimental results:

+ Complexation of Fe(IllI) slows down Fe(II) production under dark
conditions. This statement is valid not only for aliphatic carboxy-
lates as reported previously in the literature, but also for aromatic
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carboxylates as long as they are strong Fe(Ill)-complexing agents.
This is the case of salicylate-like HBAs that form stable bidentate
ferric complexes in aqueous solutions at pH 3.0, the optimal pH
for the Fenton process.
In clear contrast to what is usually observed for ferric com-
plexes of aliphatic carboxylates, a rather small photochemical
enhancement of the Fenton process should be expected upon
irradiation of ferric complexes of aromatic carboxylates. More-
over, this small enhancement is restricted to irradiation in the
UV spectral range: under these conditions, excitation of the LMCT
bands involving coordinated H,O molecules and the Fe(III) cen-
ter leads to the production of stoichiometric amounts of Fe(II)
and HO*, but with substantially lower efficiencies than that of
the Fe(Ill) aqua complex. Fe(Ill)-HBA complexes are inert under
visible light irradiation, i.e. upon excitation of the LMCT bands
involving the salicylate-like ligand, and no decarboxylation of the
latter is observed.

* As observed for other aromatic compounds, Fe(Ill)-reducing
intermediates formed during the Fenton oxidation process of
HBAs play a key role in iron cycling and therefore in control-
ling the overall reaction rates. The efficiency of Fe(Ill) reduction
largely depends on the structure and the amount of the reduc-
ing intermediates. In the case of the HBAs investigated, we found
that hydroquinone-like structures were much more efficient than
catechol-like structures, whereas dihydroxybenzene derivatives
with a resorcinol-like structure were unable to reduce Fe(III).
In addition, all trihydroxy benzoic acid derivatives efficiently
produced Fe(Il), but ring opening reactions and decomposition
prevailed under the conditions of the Fenton reaction.

*

The results presented in this work highlight that the autocat-
alytic profiles and the relative efficiencies of HBAs oxidation in
Fenton systems can only be explained by a complex interplay of
the following key factors: (i) formation of Fe(Ill)-HBA complexes,
(ii) ability of these complexes to participate in dark and photo-
induced reductive pathways, and (iii) formation of intermediate
products capable of reducing ferric species. Therefore, in order to
develop appropriate kinetic models for the optimal application of
Fenton processes at a technological level, these factors should be
carefully evaluated for each particular system.
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