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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(III)  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(III) 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(II)  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(III)  aqua complex.  Moreover,  Fe(III)–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(III)-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(III)-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(II),  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.
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t usually rely on the production of highly oxidizing species
e hydroxyl radical (HO•), Fenton processes have attracted
erest for technical development due to the relatively
of the Fenton reagent (Fe(II)/H2O2), the absence of iron

and the environmentally benign character of H2O2 aque-
ions [1]. The most relevant reactions involved in these
re [1–3]:

• −

2O2 → Fe(III) +  HO +  HO (1)

H2O2 � [Fe(III)(OOH)]2+ +  H+ → Fe(II) + HO2
• +  H+ (2)

ganic  substrates
(O2/H2O)→→→  Oxidation products (3)
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roduction of HO• occurs through the decomposition of
the presence of iron salts (usually inorganic) in  acidic
(Reaction (1)). According to (1), stoichiometric concentra-
O• are generated relative to the concentrations of ferrous
oduced. However, the use of high concentrations of fer-

 would lead to large sludge amounts of Fe(III) hydroxides
irable in  technological applications. A  strategy to mini-

 sludge volumes is  to use catalytic amounts of Fe(II) or
nton-like processes). Nevertheless, since the apparent

tant of Reaction (2) is much lower than that of Reaction
generation of Fe(II) is  the rate limiting step in the catalytic
e of most Fenton-like systems, and the overall process
es are strongly dependent on reduction pathways of
ecies other than the reaction between Fe(III) and H2O2 [5].
eduction of Fe(III) species in  Fenton systems may  be

 through dark and/or photochemical pathways. The
 rates of Fe(III) species through dark pathways depend
mbient redox potential of the reaction mixture. C-
radicals and semiquinone-like intermediates formed as
tion proceeds are known to  be  strong reductants that
icipate in the production of Fe(II). Moreover, most aro-

pounds are hydroxylated during their initial oxidation
lding hydroquinone-like intermediates (ortho- or para-

ed dihydroxybenzenes) that are able to reduce Fe(III)
hus, reaction manifolds involving the accumulation of
ucing intermediates usually lead to  an autocatalytic

since Fe(II) production is  substantially increased and the
ocess is accelerated [3,5,6].  Another key feature regarding
ke systems is the fact that the efficiency of catalyst recy-
ather sensitive to changes in  the coordination sphere of

 and the presence of Fe(III) chelating agents (e.g. organic
s) may  substantially affect the production of Fe(II) through
ways [7].  For instance, it is well-known that the pres-

igh oxalate concentrations suppresses the production of
 radicals in  Fenton-like systems operated under dark con-

 general, as the stability of a  given Fe(III)-chelate increases
es more difficult to  reduce, in  some cases in spite of an
te standard reduction potential [8,9].  For  the latter sys-

etic restrictions, such as the existence of accessible sites in
plexes, are also important factors that control the overall

 rates.
ition to  the contribution of dark pathways, the efficiency
roduction in  Fenton systems highly increases under UV
n (see, e.g., [10,11]). The enhancement is mostly due to
lysis of Fe(III) species, such as aqua complexes and com-
med with organic ligands, which dissociate in the excited
ield Fe(II) and the oxidized ligand [1]. The overall rate of
chemical Fe(II) production depends on the nature and on
roscopic properties of the absorbing species as well as on
sity and the spectral distribution of the incident radiation.
ple, although excitation of ligand-to-metal charge trans-
) bands of Fe(III) aqua complexes leads to the generation
yl radicals [12,13], the fraction of solar light absorbed by
a complexes is too small for valuable solar applications to

atment. Several authors have studied the photochemical
of ferric complexes formed with organic ligands [14–16]
n that natural organic chromophores can greatly enhance
uction rates under solar radiation conditions [17]. This

n  Fe(II) photochemical generation is  explained by the shift
nger wavelengths of the absorption spectra of the com-

rmed between Fe(III) and organic ligands with respect to
complexes and by the high quantum yields of Fe(II) photo-
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t. For example, Fe(III)–oxalate [18], Fe(III)–citrate [19],
ruvate [20] and Fe(III)–ethylenediamine disuccinate [21],

ady been used to degrade organic and inorganic pollutants.
oreactivity of Fe(III) complexes with aliphatic carboxylate
carboxylate ligands is  well-known and usually leads to
ylation of the organic ligand [14,22]. Nevertheless, to the
r knowledge, studies on the mechanistic behavior of aro-
boxylic ligands in  the photolysis of  their ferric complexes
been reported.
ave previously carried out a  comparative study on the

 kinetics of hydroxy and hydroxynitro derivatives of
acid (HBAs) in Fenton-like and photo-Fenton systems
droxybenzoic (2HBA), 2,4-dihydroxybenzoic (2,4dHBA),
y-5-nitrobenzoic (2H5NBA), 4-hydroxy-3-nitrobenzoic
) and 2-hydroxy-4-nitrobenzoic (2H4NBA) acids were
s model substrates for their structural features and
f their high toxicity and relatively low biodegradability.

 the model compounds used were structurally simi-
 initial consumption rates were substantially different.

 aforementioned importance of Fe(III) speciation for the
 of the catalyst, we here present a detailed study of the for-
f ferric complexes with the model substrates and analyze
ity to produce Fe(II) through both dark and photoinduced
s. The trends are compared with those of well-known
rboxylate complexes formed by  aliphatic acids. In addi-
e the contribution of Fe(III)-reducing intermediates has
earing on the kinetic profiles of HBAs consumption, we
oth the Fe(III) reduction ability of several polyhydroxy

 derivatives and the formation of primary products during
ke treatments of the model HBAs.

imental

ents

roxybenzoic acid (salicylic acid, 2HBA, >98%) and
roxybenzoic acid (2,4dHBA, ≥98%) were supplied
, and 2-hydroxy-5-nitrobenzoic acid (2H5NBA, 99%),
y-3-nitrobenzoic acid (4H3NBA, 98%) and 2-hydroxy-4-
oic acid (2H4NBA, 97%) were purchased from Aldrich.
ydroxy-benzoic acid (2,3,4tHBA, 97%, Aldrich), 2,4,5-
y-benzoic acid (2,4,5tHBA, Discoverycpr,  Aldrich),
ydroxy-benzoic acid monohydrate (2,4,6tHBA, >90%,
2,3-dihydroxy-benzoic acid (2,3dHBA, 99%, Aldrich),
roxy-benzoic acid (2,5dHBA, >98%, Fluka), 2,6-dihydroxy-
cid (2,6dHBA, 98%, Aldrich), 3,4-dihydroxy-benzoic acid
, Discoverycpr,  Aldrich) and hydroquinone (HQ, 99%,
ere used for Fe(III)-reduction experiments. All organic
were used without further purification. The inorganic
H2O2 (perhydrol 30%, Merck), H2SO4 (98%, Merck), HClO4
rck), NaOH (99%, Merck), and Fe(ClO4)3·H2O  (chloride
ldrich) were used as received. Solutions were prepared

lli-Q purified water (Millipore). Great care was taken to
Fe(III) stock solutions, which were immediately used,
to prevent Fe(III) hydroxide precipitation. The pH of
ions used for complexation, reduction and photolysis
nts was  adjusted to 3.0 with HClO4 (0.5 M),  whereas for
base equilibrium studies both HClO4 (0.1 M)  and NaOH
ere used. Mobile phases for LC  runs were prepared using
de acetonitrile (ACN, Merck), triethylamine (>99%, J.T.
hosphoric acid (H3PO4,  85%, Aldrich) and formic acid

 98–100%, Prolabo).
ytical methods

ption spectra were recorded using a Cary 3  double-beam
otometer from Varian or an HP-8452A diode-array sin-
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 spectrophotometer from Hewlett Packard. The pH of the
 was monitored using a  Radiometer pH meter (model
. Quantification of the substrates in the reaction mixtures
ormed by HPLC using a  Shimadzu instrument (solvent

odule LC-20AT, online degasser DGU-20A5, UV–vis pho-
rray detector SPD-M20A, column oven CTO-10 A5 VP,
ler SIL-20AAT) equipped with an Alltech Prevail Organic
lumn (RP-C18, 150 mm  long × 4.6 mm i.d.). The column
ure was maintained at 25 ◦C. The mobile phases were pre-

 mixing different proportions of ACN with an aqueous
pH 2.0 (58.5 mM H3PO4 and 13.0 mM triethylamine). Two
hases, composed of 25/75 and 10/90 (v/v) ACN/aqueous
re employed, depending on the compound studied. The

 was 1 mL  min−1. Fe(II) concentrations were quantified
rimetric technique through the complex formed with
throline [23]. LC-MS analyses were performed using a
innigan Surveyor MSQ  chromatograph, equipped with an

 for electrospray ionization, a quadrupole analyzer and
rray detector. A Bridge Shield column (RP-C18 125 mm
m i.d.) was used. The mass spectrometer was operated
e ion mode; the spray voltage in the ion source was set to

the capillary, and the cone voltage was 60 V. Temperature
ray capillary was 550 ◦C. Nitrogen was used as nebuliz-
he mobile phase was a  mixture (80/20 v/v) of ACN and a
id aqueous solution (0.1%). The system was operated in
mode at a flow rate of 0.5 mL  min−1. Prior to injection, all

ere filtered with 0.22 mm nylon filters.

ometric analysis of UV–vis absorption spectra

ophotometric data sets of acid/base and complexa-
riments were analyzed by Factor Analysis and Curve
n methods. These methods can be applied to  bilinear spec-

 data from a  chemical reaction to  provide information
position changes in an evolving system [24,25].  In the

ork we chose one of the most widely used algorithms, the
g least squares method (ALS), which provides estimates
trations and spectral profiles simultaneously [25,26].  The
ithm extracts useful information from the experimental
rix of absorption spectra, A(r × w), by  iterative applica-
nstrained regression analysis using the following matrix

T + E (4)

r × n) is the matrix of the kinetic profiles; ST(n ×  w) is
x containing the spectral profiles, and E(r × w) represents

 matrix. The quantities r, n and w denote the number of
 spectra, the number of independent species contributing
al absorbance and the number of recorded wavelengths,
ely. Resolving matrix A may  be a  rather difficult task
the one hand, n is usually unknown and on the other
ve resolution methods cannot deliver a  single solution
f rotational and scale ambiguities [27].  We applied Fac-

sis and Singular Value Decomposition to  the experimental
r the estimation of n.  Initial guesses of individual spectra
entration profiles were obtained by  the Orthogonal Pro-
pproach [28,29] and Evolving Factor Analysis [28,29].  In
educe rotational ambiguities, we  used chemically relevant
ts [30] such as mass balance, non-negativity, selectivity
odality. Matrix augmentation strategy [26] was used to

eously obtain the concentration profiles corresponding to
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ation profiles were obtained, absolute values were calcu-
g the initial concentrations.

rimental procedures and setup

ectrophotometric characterization of acid–base and
tion equilibria.
sorption spectra of 2HBA (0.35 mM),  2,4dHBA (0.37 mM),

(0.38 mM),  2H5N (0.38 mM),  3H4NBA (0.36 mM) solutions
ence of Fe(III) were recorded from pH 1.0 to pH 5.5. Curve

n methods were used to obtain the distribution functions
pectral profiles. The pKa values for carboxylic groups were

 by nonlinear fitting of the respective distribution func-
 formation of Fe(III)-complexes in aqueous solutions was
t pH 3.0, using substrate and Fe(III) concentrations rang-

 0 to 3.0 mM and from 0 to 3.5 mM,  respectively. The
ation profiles were obtained by analyzing the experimen-
ces of UV–vis absorption spectra by the curve resolution

 described in Section 2.3.  Conditional formation constants
 3.0) for the complexes were calculated by nonlinear fit-

e data to  the set of equations describing mass balance and
formation (§  3.1.2).

activity of Fe(III) species in the presence of hydroquinone
g agent

experiments were carried out using HQ as an Fe(III)-
 agent, at pH 3.0 and 24 ±  1 ◦C. Aliquots of  0.5 mL  of Fe(III)

 (0.2 mM),  freshly prepared in the presence of  excess of the
 HBAs (2 mM),  were reacted with 0.5 mL of HQ solutions

 in 4 mL  quartz cells. Control experiments were also per-
sing aqueous solutions of identical Fe(III) concentration,
e absence of HBAs. The production of Fe(II) at different
times was analyzed by adding 1.5 mL  of o-phenanthroline

etric reagent and measuring the absorbance values at
23].

otochemical reduction of Fe(III) species
chemical experiments were carried out at pH 3.0. In order
the degradation of the ligands by the photoproduced

 radicals (HO•)  [6], the solutions were prepared with an
 benzene since it is  an efficient HO• scavenger and does

 complexes with Fe(III). In addition, ferric solutions in the
f HBAs were used as control solutions. The initial concen-
f the substrates and Fe(III) varied from 0 to 1.5 mM and
o 0.7 mM,  respectively. Irradiation experiments were per-

 a Pyrex batch reactor equipped with two sampling ports
rculation circuit for temperature control (25 ± 3 ◦C). In this
edium pressure mercury arc lamp (Philips HPK 125) was
olychromatic radiation source. All experiments were per-
ith aerated solutions under continuous stirring and the

were kept in the dark before starting irradiation in order
Fe(II) formation during sample preparation and reactor

alysis of reaction intermediates and reducing ability

n-like degradation experiments of each model substrate
ried out in the dark at controlled temperature (24 ± 2 ◦C).
l pH of the solutions was  adjusted to 3.0. Initial concentra-
e HBAs, Fe(III) and H2O2 varied from 0.25 to 2.3 mM,  from

 mM,  and from 2.0  to  8.0 mM,  respectively. All experiments
ied out in  a well-stirred batch reactor of 200 mL and under

us analytic air  bubbling. Reaction mixtures were sampled
nt reaction times and quenched with MeOH (in order to
he degradation of reaction products by hydroxyl radicals

 after sampling). Samples were analyzed by  HPLC-DAD
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S. In order to evaluate the Fe(III)-reducing ability of poly-
ated compounds, an additional set of experiments was
d using the same batch reactor at pH 3.0, 24 ◦C, and under
us stirring. Ferric solutions were reacted with solutions
nt polyhydroxylated compounds structurally related to

ediate products expected during Fenton-like oxidation
odel HBAs. The initial concentrations of Fe(III)aq and of
ydroxylated intermediates varied from 0.2 to 0.8 mM,  and
to 2.0 mM,  respectively. Fe(II) production was  evaluated
henantroline as colorimetric reagent, whereas the fate of
ydroxylated intermediates in the presence of Fe(III)aq was

 by HPLC-DAD.

s and discussion

ation of Fe(III)-complexes of HBAs in acidic aqueous

d base and spectral properties of HBAs in Fe(III) free

 that substrate speciation may  influence iron cycling in
 and photo-Fenton systems, the acid–base and spectral
s of the five HBAs were evaluated. The chemical formulas
died compounds are presented in  Scheme 1.
bsorption spectra of the investigated compounds were

 for pH values ranging from 1.0 to  5.5 (Fig. S1, Elec-
pplementary information (ESI)). UV–vis spectra were also

 for inorganic Fe(III) aqua complexes (denoted hereafter
q) at pH values between 1.3 and 4.5  for comparison (data
n). The acid/base behavior of the latter solutions was in
t with previously reported results [12].  The pKa of the

c groups (pKa, COOH) and the spectra of the protonated
o-deprotonated forms of the five HBAs were obtained
ethods described in  Sections 2.3 and 2.4.  The pKa, COOH
able 1) are in agreement with previously reported data
Since irradiation wavelengths above 290–300 nm are of
erest for photo-Fenton systems operated at pH 2.8–3.2,

T
the n
deriv
nitro
non-

A
ical 

the p
tion
benz
than
takin
pres

3.1.2
T

acid
optim
were
tion
at fix
of th
as th
[L]/[

R
the 

pres
acid
a few
grou
tion
com
tran
for h

T
2HB
for l
(Fig.
also includes information about the absorption bands
d with the lowest energy electronic transitions for the
onated (LH2) and the mono-deprotonated (LH−) forms of
d HBAs.

trations o
with 1:1 

the spec
equimola

Ka, COOH and spectroscopic data of the lowest energy absorption bands for the studied
; L = HBA).a

d pKa, COOH �max LH2

(nm)
�max LH2

(M−1 cm−1)

1.8  ± 0.1 345 2430 

2.1  ± 0.2 310 8240 

2.6  ± 0.2 294 4660 

2.9  ± 0.1 305 3380 

3.6  ± 0.1 340 2360 

velengths are  given with a precision of ± 2 nm. Relative errors in the absorption coefficien
BA: 7.0%, 2HBA: 11.9%, 4H3NBA: 9.9%.
2,4dHBA 4H3NBA

zoic acid derivatives.

issociation constant of the carboxyl group is  affected by
e and the position of the substituents. For the salicylic acid
es investigated, the presence of the electron withdrawing
up significantly lowers the pKa, COOH with respect to the
ted salicylic acid derivatives.
gh a quantitative analysis of correlations between chem-

ture and spectroscopic properties is beyond the scope of
nt work, inspection of Table 1 values shows that absorp-
s associated with the S0 → S1 electronic transitions of
cid nitro derivatives are centered at longer wavelengths

se of non nitrated substrates. This may  be explained by
to account the expansion of the � system caused by the

 of the nitro group.

mation of Fe(III) complexes.
rmation of complexes between Fe(III) and the different

s studied by UV–Vis spectrophotometry at pH 3.0 (near
conditions for the Fenton process) [1,10].  Experiments
formed either by varying the ligand (L = HBA) concentra-
xed iron concentration or by varying iron concentration
igand concentration (§  2.4.1). The aspect of the solutions
ands in  the absence and in  the presence of Fe(III), as well
sorption spectra in  the visible region obtained at different
)] ratios, are given in  the ESI (Fig. S2).
s show that 4H3NBA does not form any complex since
ption spectrum of the solution does not change in the

 of Fe(III) (Fig. S2, ESI). On  the other hand, for the salicylic
atives significant spectral changes were observed within

onds after Fe(III) addition, showing that COOH and OH
ust be in  ortho position on the aromatic ring for the forma-
rric complexes. The absorption bands observed for these
s are  typical of ligand-to-metal charge transfer (LMCT)
s since d–d ligand field transitions (LF) are spin forbidden
pin Fe(III) complexes [6,35].
sorbance of the solutions containing variable 2,4dHBA or
centrations at fixed [Fe(III)] reached a  maximum value

 concentrations corresponding to  equimolar conditions
SI). No absorbance changes were found at higher concen-

f 2,4dHBA or 2HBA, indicating that only ferric complexes
stoichiometry were formed at pH 3.0. On  the other hand,
tra of the solutions containing 2H4NBA or 2H5NBA at
r concentrations with respect to  Fe(III) are  different from

 HBAs (LH2 and LH−: fully-protonated and mono-deprotonated forms,

�max LH−

(nm)
�max LH−

(M−1 cm−1)

348 2330
315 6890
290 4270
295 3280
352 2300

ts associated with the S0 → S1 transitions are: 2H4NBA: 13.7%; 2H5NBA:
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vidence in favor of Reaction (5) is given in  Section 3.2.
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n spectra recorded for the different substrates were ana-
ng curve resolution methods (Section 2.3). The results
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important to  note that the concentration profiles
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]  +  [LH−]  +  [L2−]). Likewise, metal concentration in Eq. (7)
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4+]). Hence,

lated values are conditional formation constants valid for
rimental conditions used (pH 3.0), since the pH governs
d and iron speciation. Table 2 shows the values of K0

ML and
 information about the absorption bands associated with

 transitions. The distribution coefficients of  the mono-
ated ligands (aLH−)  were also included for comparison
.
tional constants indicate relatively strong complexation,
on of Fe(III) not complexed by the HBA ligand being lower
nder the conditions used in Fenton-like experiments. Val-
L follow the order 2HBA < 2,4dHBA <  2H5NBA < 2H4NBA.

worthy that they also increase as the distribution coeffi-
the monodeprotonated forms associated with each ligand
crease.

been reported that ML2 and ML3 complexes can be formed
 Fe(III) and 2HBA at pH values higher than 4.0 [38].  The
n of complexes with higher L:M molar ratios is  favored at
alues since increasing pH leads to an increase in the frac-
− forms that participate in Reaction (5). Therefore, the

n of ML2 species for the nitrated HBAs may  be straight-
 related to their relatively high aLH− values at pH 3.0
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nalysis of the information about the LMCT bands shows
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ones (Table 2). In addition, the former complexes show
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s, respectively, Fig. S2, ESI) A  similar behavior has been

 for other ferric complexes [38].
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Table  2
Log(K0) values for complex formation of HBAs with Fe(III), spectroscopic data of the corresponding LMCT bandsa and distribution coefficient of the mono-deprotonated
ligands  (aLH−).

Ligand log(K0
ML)

(pH 3.0)
log(K0

ML2)
(pH 3.0)

�max ML
(nm)

�max ML
(M−1 cm−1)

�max ML2

(nm)
�max ML2

(M−1 cm−1)
aLH−

(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  4.94 ± 0.08 3.76 ±  0.07 496 2450 486 2800 0.89 ±  0.04
2H4NBA  4.99 ± 0.06 3.93 ±  0.05 486 1790 

a Peak wavelengths are given with a  precision of ±  2 nm.  Relative errors in the absorption coefficien
3.2%.

Fig. 2. Hydroquinone-induced Fe(II) production from different ferric
species through dark pathways. [Fe(III)]0 =  2.0 × 10−4 M,  [HQ]0 = 2.0 ×  10−4 M,
[L]0 = 2.0 × 10−3 M,  pH 3.0 and 24 ◦C. Fe(III)aq was included for comparison. Inset:
Fe(II) production observed in the presence of the ferric complexes during the first
5  min.
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II) production through photochemical pathways
ell established that Fe(III) usually forms hexa-coordinated,
, labile complexes, which can undergo photochemical

 of Fe(III) to  Fe(II) [6,14]. The overall photo-induced reac-
 be written as (charges were omitted for simplicity) [1]:

L)n]  + hn

e(II)(L)n-1] + L•(L = inorganic or organic ligands) (9)

hotochemical redox process involves excitation into the
te as a primary photophysical step. Subsequently, the
d LMCT state may  yield free Fe(II) and L• outside the sol-

 through the homolytic dissociation of  one of the Fe(III) L
,40].  The nature of the oxidized species (L•) depends on
ture of the ligand. In the predominant Fe(III)–aqua com-

 3.0 ([Fe(III)(OH)−]2+), the photoreduction of Fe(III) after
itation (� ∼  310 nm)  is  coupled to the oxidation of HO−

sphere electron transfer, yielding Fe(II) and HO• (Reaction
,40].

H)−]2+ +  hn → Fe(II) + HO• (10)

 case of ferric complexes with organic ligands such as
tes and polycarboxylates, the radical generated can be

 from the oxidation of either the organic ligand (Reaction
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• (Reactions (11) and (110)) or  indirectly by
ophilic attack of HO• radicals (Reactions (12) and (3)).

COO−)(H2O)n]2++hn → [Fe(II)(H2O)n]2+ + RCOO• (11)

 R• +  CO2 (110)

RCOO−)(H2O)n]2+ + hn

e(II)(H2O)n-1]2+ + RCOO− +  H+ + HO• (12)
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(III)-complexing agents, and it has been established that
lysis of their ferric complexes takes place through ligand
ylation (Reactions (11) and (110)) [14,41,42]. To the best of
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s (pH 3.0 and room temperature), the studied HBAs form
ric complexes. Stationary irradiation of aqueous solutions
omplexes using wavelengths longer than 450 nm did not
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Table  3
Comparison of Fe(II) and phenol (PhOH) initial production rates upon irradiation of ferric complexes of the benzoic acid derivatives and of the Fe(III)-aqua complex (Fe(III)
aq)  in the presence of benzene as HO• scavenger. [Fe(III)]0 = 1.0 ×  10−4 M, [L]0 = 2.0 ×  10−4 M,  [benzene]0 = 1.9 × 10−2 M pH 3.0, 24 ◦C, irradiation at � > 300 nm.

HBA Ligand rFe(II) (M min−1)a rPhOH (M min−1)a rFe(II)/rPhOH <Abs>305–325 nm
c

2H5NBA 4.7 (±0.9) x 10−7 4.41 (±0.16) x 10−7 1.07 1.56 (±0.04)
2H4NBA 7.1 (±0.8) x 10−7 6.40 (±0.11) x 10−7 1.11 0.45 (±0.06)
2,4dHBA 2.6 (±0.3) x 10−6 2.07 (±0.13) x 10−6 1.26 0.32 (±0.08)
2HBA 2.5 (±0.4) x 10−6 2.10 (±0.05) x 10−6 1.19 0.29 (±0.07)
absentb 17.0 (±1.3) x 10−6 17.5 (±0.1) x 10−6 0.97 –

a rFe(II) and rPhOH values were calculated from the profiles of Fe(II) and PhOH formation (see Fig. S4 and the note below in ESI).
b Aqueou
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show any
the chrom
bands rep
the charg
did not pr
timescale
(i.e., dow
the decom
ESI). Thes
decompo
transition
coordinat
(12)).

In ord
irradiatio
as HO• sc
ondary d
Fe(III) red
duction o
[23], whe
from the
Under the
2.5% after
both Reac
intra-liga
reduction
(rFe(II) and
ric compl
within ex
Fe(II) by 

pathways
producin
trast with
Reaction 

[44].
Table 

Fe(III)aq 

plexes. It
ferric spe
Fe(III)–HB
moieties 

ity obser
into acco
productio
(8280 = 0
the solve
for H2O m
plexes, in
within th
the LMCT
extends t
at  300 nm

ignifi
Fe(III
on n
ed w
plex 

ectio
is  i

sition
 sugg
ted H
cture

. Ph
he su
c com
ylate
rted
ds b

 com
 exc

OO•

atic
oxyla

 yiel
rgon

nera
tion 

).

O• +
heor
y re
, dec
atic 

nd th
 the b
oxy r
6 s−1

Oxid

. Pri
 Fen

 is th
lohe
rim

O• ra
tron–
s Fe(III) solution free  of organic ligands.
 absorption due to  intra-ligand transitions in the 305–325 nm range.

 change, neither in  the UV–vis absorption spectra nor in
atographic profiles. Therefore, excitation of the LMCT

orted in  Table 2 (i.e., absorption bands associated with
e transfer from the organic ligands to the metal center)
oduce any detectable chemical transformation within the

 studied. In contrast, irradiation at shorter wavelengths
n to 300 nm)  led to the formation of Fe(II) coupled with

position of both the HBAs and their complexes (Fig. S3,
e results suggest that both the production of Fe(II) and the
sition of the organic ligands would be initiated by LMCT
s that involve charge transfer to the metal center from
ed water molecules, thus yielding HO• radicals (Reaction

er to test the latter hypothesis, we performed a series of
n experiments (at � > 300 nm)  in the presence of benzene
avenger (§  2.4.3), thus minimizing the contribution of sec-
ark reactions capable of inducing ligand oxidation and/or
uction by non-photochemical pathways [6,43]. The pro-
f Fe(II) was measured by the o-phenanthroline method
reas the production of hydroxyl radicals was quantified

 amount of benzene transformed into phenol (PhOH)).
se conditions, HBAs oxidation rates were very low (below

 35 min  of irradiation). Therefore, it can be  concluded that
tion (11) and photochemical processes involving S0 → S1
nd (IL) transitions have a  negligible contribution to Fe(III)
. Moreover, the initial rates of Fe(II) and PhOH production

 rPhOH) showed the same trend among the different fer-
exes (Table 3) and their values may  be considered equal,
perimental error. Consequently, the photoproduction of

Fe(III)–HBA complexes does not involve decarboxylation
 (11) and (110), but proceeds mainly through Reaction (12)

g stoichiometric amounts of HO• radicals. This is  in  con-
 the fact that Fe(II) photoproduction proceeds through

(11) for ferric–carboxylate complexes of aliphatic acids

3 shows that, among the different ferric complexes,
is much more photoactive than the Fe(III)–HBA com-

 should be noted that Fe(OH)(H2O)5
2+ is the dominant

cies in the organic ligand-free solutions, whereas iron in
A complexes is  coordinated by bidentate salicylate-type
and by water molecules. Hence, the low photoreactiv-

ved for the Fe(III)–HBA complexes may  explained taking
unt two facts: (i) the quantum yield of Fe(II) and HO•

n upon LMCT excitation is higher for Fe(OH)(H2O)5
2+

.31) [37] than for Fe(H2O)6
3+ (8254 = 0.065) [37] because

nt reorganization energy is lower for HO- anions than
olecules [40]; (ii) in  solutions of the Fe(III)–HBA com-

ner filter effects (IFE) are exerted by electronic transitions

S
the 

the n
form
com
insp
rPhOH
tran
This
dina
stru

3.2.3
T

ferri
salic
repo
ligan
tials
upon
R C
arom
carb
tum
unde
rege
posi
(110)

RCO

T
easil
ones
aliph
S1 a
that
acet
∼10

3.3. 

3.3.1
In

step
ycyc
the p
of H
elec
e organic ligands (IL transitions, Table 1)  since the tail of
 absorption band associated with the Fe(III) water bond
o 320–330 nm [12] and the cut-off of the lamp well used is
.

mainly st
ing activa

OH) the
para posi
cant differences were observed for rFe(II) and rPhOH among
)–HBA complexes investigated: complexes formed with
itrated ligands exhibit higher photoactivities than those
ith nitrated ligands, the efficiency of the Fe(III)–2H5NBA
being the lowest among the tested compounds. Indeed,
n of Table 3 shows that the trend observed for rFe(II) and
nversely correlated with the average absorbance of the IL
s in the 305–325 nm wavelength range (<Abs>305–325nm).

ests that the efficiency of photoinduced oxidation of coor-
2O molecules might be relatively independent of the

 of the accompanying bidentate organic ligand.

otoinduced decarboxylation.
bstantial difference in  the photochemical behavior among
plexes of aliphatic-carboxy anions and those of aromatic

 anions deserves an explanation. Several authors have
 that the removal of one electron from the carboxylate
earing extended � systems requires much lower poten-
pared to aliphatic carboxylate ligands [45,46]. Hence,
itation of ferric–carboxylate complexes, the formation of
radicals through Reaction (11) should be easier for the
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Table  4
Fe(III)aq reducing ability of selected di-  and trihydroxybenzoic acid derivativesa,
[Fe(III)]0 = [HBA]0 = 0.8 mM,  pH = 3.0 and 24 ◦C

Compound CAT-like HQ-like RES-like [Fe(II)]/mMb

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
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he other hand, it is important to note that the electrophilic
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9],  whereas the carboxyl group is much more labile and
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Table  5
Time required for achieving a  conversion degree of 10% (t10)  in Fenton-like systems for the studied HBAs and related relevant data. ([HBAs]0 =  1  mM,  [Fe(III)]0 =  0.1  mM,
[H2O2]0 = 5.2 mM).

Compound
(C)a

t10

(min)
kHO

•b

(M−1 s−1)
Fraction of Fe(III)aq

(Faq)
Relative Reducibility
(RR)

Expected Primary
Intermediatesa

HQL Reductants
(YHQL)

CATL Reductants
(YCATL)

2H5NBA 58 2.6 × 1010 0.25% 2.5% 3H-Cc,  4NCd 00.0% 100.0%
2HBA  17 2.2 × 1010 1.61% 6.0% 5H-Ce, 3H-Ce, CATe 33.3% 66.6%
2,4dHBA 7.0 2.2 × 1010 1.32% 8.5% 5H-C, 3H-Ce, THBf 66.6%g 33.3%g

2H4NBA 6.5 3.1 × 1010 0.16% 3.5% 5H-Cc,  3H-Cc 4NCd 33.3% 66.6%
4H3NBA 3.3 1.8 × 1010 100% 90% 5H-Cc,  NHQd 50.0% 50.0%

a 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.
c A significant 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.
e Trace amounts of the corresponding m/z were observed by HPLC-MS.
f No sign stems
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