
Evidence for immobilized photo-Fenton degradation of organic

compounds on structured silica surfaces involving Fe recycling

Anna Bozzi,a Tatiana Yuranova,a Jerzy Mielczarskib and John Kiwi*a

a Laboratory of Photonics and Interfaces, Institute of Molecular Chemistry and Biology,
Swiss Federal Institute of Technology, Lausanne 1015, Switzerland
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The present study reports on the use of novel structured inorganic silica fabrics loaded with Fe ions by
exchange-impregnation as a heterogeneous photocatalyst. These Fe–silica fabrics are denoted EGF/Fe(0.4%).
Experimental evidence shows that Fe ions are released from the silica fabrics and react with H2O2 to form
oxidative radicals in solution; the Fe ions are reduced to Fe(II) during oxalic acid and oxalate oxidation.
The Fe3þ is extracted from the support to the aqueous medium where it is re-oxidized by being re-adsorbed
onto the silica fabric. The contributions of the homogeneous and heterogeneous photocatalysis processes during
the degradation of oxalic acid and oxalates were quantified as a function of the solution pH and the results
presented agree with the modeling of the iron oxide surface in the presence of oxalates at different pH values.
By attenuated total reflection infrared spectroscopy (ATRIR), the asymmetric stretching vibration doublet
band at 1740 cm�1 and the satellite peaks corresponding to surface carboxylates were followed during the
photocatalytic destruction of the oxalates. The results obtained indicate that the oxalate decomposition channel
involves a fast light-activated decarboxylation of the Fe complex: [RCO2Fe]

2þ! [R�]þCO2þFe2þ. The
structural features of the EGF/Fe(0.4%) surfaces were investigated before and after the oxalate photocatalysis
by high resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and
gas adsorption studies (BET).

Introduction

Oxidation of organic substances catalyzed by transition metal
ions is a topic of great interest in both industrial and biological
chemistry. Inorganic membranes and fabrics represent a very
promising approach to finding stable, chemically suitable
and cost effective interfaces to carry out immobilized Fenton
degradation of organic compounds. Inorganic silica fabrics,
due to their known amenability to chemical modification, are
one of the most promising support materials for Fenton immo-
bilized systems.1–3 The development of supported Fenton cat-
alysts has over the years become important in the emerging
field of advanced oxidation technologies (AOT’s)3–5 since this
approach avoids the iron sludge formed by using dark or
photo-assisted homogeneous Fenton pre-treatment. Recently,
the use of Fenton-like reactions for the treatment of contami-
nated soil6 and the subsurface has increased because of the
ability of the Fenton reagent to rapidly oxidize and mineralize
bio-refractory organic contaminants.7 The present study shows
that the Fe2þ ions remaining in solution after oxalic acid
degradation go back to the catalyst surface and participate
in a new degradation cycle. This is similar to the mechanism
for Fenton chemistry suggested for soil and ground water
remediation.
The EGF/Fe(0.4%) fabrics presented in this study avoid

iron leaching during the photo-induced process. EEC regula-
tions8 allow only up to 2 ppm of iron ions in drinking water.
These EGF/Fe(0.4%) fabrics present acceptable kinetics and
resist oxidative radical attack during Fenton processes. In this
study we address oxalic acid degradation by focusing on the
molecular mechanism of the surface photochemistry on Fe-
loaded fabrics because (a) this compound and formic acid
are probably the last produced during the abatement of

organic compounds before being finally mineralized to CO2

and (b) oxalic acid and oxalates are essentially unreactive to
attack by OH radicals.2,4,5 The ferrioxalate system has been
studied in a homogeneous solution as an actinometer9,10 and
in biological systems.
It is our intention to probe the molecular mechanism taking

place on the EGF/Fe(0.4%) fabric surface and establish (a) the
photo-reduction kinetics of the complex [Fe(III)(Ox)n ¼ 1–3]

d�,
(b) the formation of iron carboxylate during the photo-degra-
dation process and (c) the reaction mechanism of oxalic acid
degradation. By modeling the surface of Fe2O3 and the ioniza-
tion of oxalate in solution the interaction between oxalic acid
and the EGF/Fe(0.4%) fabric during oxalic acid and oxalate
oxidation will be determined.

Experimental

Materials

Oxalic acid, H2O2 , HCl, FeCl3�6H2O, Ferro-Zine1 and
hydroxylamine hydrocloride were Fluka p.a. reagents and used
as received. Triply distilled water was used in all experiments.

Preparation of supported Fe–silica fabrics. Following a
recently reported procedure,2,3 alumino-borosilicate fibers
(EGF fabric, where EGF stands for extruded glass fabrics),
obtained from Vetrotex and containing SiO2 , B2O3 , MgO,
Al2O3 , K2O, Na2O, Fe2O3 , were treated with HCl to leach
out all the non-silica components. The iron loading on the
silica fabrics was obtained by ion exchange from an aqueous
solution of Mohr’s salt, Fe(NH4)2(SO4)2�6H2O. The fabrics
were dried at 80 �C and calcined at 450 �C for 1 h. The samples
were rinsed with distilled water and dried in air at 50 �C.
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Methods

Photo-reactor and irradiation procedures. The photocatalytic
activity of the structured Fe–silica fabrics was evaluated in
cylindrical Pyrex flasks each containing 70 ml of reagent solu-
tion. The Fe–SiO2 fabric catalyst strips of 48 cm2 were imme-
diately placed behind the wall of the reaction vessel.
Irradiation of the vessels was carried out inside the cavity
of a Hanau Suntest solar simulator having an intensity of
90 mW cm�2.

Analysis of the irradiated solutions. Spectrophotometric ana-
lyses of the solutions were carried out by a Hewlett–Packard
8452 diode array spectrophotometer. The total organic carbon
(TOC) was monitored via a Shimadzu 500 instrument
equipped with an ASI automatic sample injector. The peroxide
concentrations were assessed by Merkoquant paper1 at levels
between 0.5 and 25 mg l�1 of H2O2 . The total iron concentra-
tion in the irradiated solutions was measured by complexation
with Ferro-Zine1 (Aldrich16,060-1) in the presence of
hydroxylamine hydrochloride.

Ion chromatography. The quantitative determination of oxa-
lic acid was carried out by ion chromatography using a Dionex
4000i (Dionex, Sunnyvale, CA, USA) LC system working in
suppressed ion mode and equipped with a conductivity detec-
tor. Samples, injected via a 50 ml loop, were eluted at a flow
rate of 1 ml min�1 through an OmniPac PAX-500 analytical
column.

ATRIR spectroscopy. Attenuated total reflection infrared
spectroscopy (ATRIR) was applied to the study of the struc-
tured Fe–silica surfaces. The reflection spectra were recorded
on a Bruker IFS 55 FTIR spectrophotometer equipped with
a calcium telluride detector and an internal reflection attach-
ment from Harrick Co. A detailed description of the applied
ATR technique can be found in reference.11

Transmission electron microscopy and energy dispersive X-ray
spectrometry (EDX). Transmission electron microscopy
(TEM) was performed on a Philips CM 300UT/FEG micro-
scope fitted with a Schottky field emission gun. Thin TEM foils
were prepared by cryo-ultramicroscopy. Small pieces of the
sample were embedded in epoxy and cut at liquid nitrogen
temperature with a Diatome diamond knife with a 45� cutting
edge. Chemical analysis was performed by energy dispersive
X-ray spectrometry (EDX) with an organic detector window.
Selected area electron diffraction (SAED) was then considered
as a convenient tool for the analysis of the samples. The ring
patterns superimposed on an intense background showed a
contrast that was sufficient for accurate phase determination.

Gas adsorption studies. Physisorption was carried out using
a Sorptomatic 1900 Micropore unit. A precision of 2% was
attained in the reproducibility of the adsorption isotherms.
The experiments were performed at the liquid nitrogen boiling
temperature of 77 K.

X-Ray photoelectron spectroscopy (XPS). Experiments were
performed with a Leybold–Heraeus instrument (LHS 12) using
MgKa radiation at a power of 200 W. The binding energies of
the peaks were referenced to the Au 4 f7/2 energy level of
84 eV. The standard Shirley12 treatment was used for the quan-
titative evaluation of the background correction. Electrostatic
charging effects were referenced by calibration to the C1s
signal.

Modeling

The Acuchem program (NIST, Gaithersburg, MD) was used
for modeling the surface species and oxalate (oxalic acid)
speciation in solution as a function of pH. The fitting was
carried out with MatLab 4.2 in conjunction with Acuchem
software. The generalized two-layer model was chosen taking
into account the oxide surface area, the concentration of the
surface sites and the ionic strength of the solution.

Results and discussion

The following results refer to the most important experimental
findings obtained during the course of this study.

Degradation of oxalic acid on EGF/Fe(0.4%) fabrics

Fig. 1 shows the mineralization of oxalic acid in the dark and
under Suntest light irradiation when the Fenton reagent Fe3þ/
H2O2 is in contact, either in a homogeneous or heterogeneous
way, with the oxalic acid solution. It is readily seen that dark
runs with 2 mg l�1 of Fe(III) or EGF/Fe(0.4%) fabrics do not
lead to any oxalic acid mineralization. The EGF/Fe(0.4%)
fabric, under light, mediated 80% oxalic degradation in a
process that will be shown to involve dual heterogeneous-
homogeneous photocatalysis. When Fe3þ/H2O2 was added
homogeneously to the solution containing oxalic acid, 80%
of the initial oxalic acid was degraded under light irradiation
as shown in Fig. 1. More interesting is the observation in
Fig. 1 that an EGF/Fe(0.4%) fabric in the dark is ineffective
in oxalic acid abatement. When only H2O2 is added, less than
10% of the oxalic acid is degraded under light after 120 min.
At each experimental point shown in Fig. 1 the residual H2O2

was quenched with bisulfate immediately after the given time
to avoid further oxidation of the substrate by H2O2 . The
absence of oxalic acid degradation during the dark reaction
(Fig. 1) shows that oxalic acid is unreactive with OH radicals.
Fig. 2(a) shows the mineralization of oxalate at different pH

values under Suntest light in a solution with the same make-up
as that used to give the results in Fig. 1. The results obtained
show that the mineralization mediated by the EGF/Fe(0.4%)
fabric proceeds in an acid solution but attains only 50% of
the maximum degradation at pH �3.61. A systematic decrease

Fig. 1 Mineralization of oxalic acid (1.1 mM) at pH 2.75 under
Suntest light irradiation (90 mW cm�2) in a solution containing H2O2

(10 mM) using homogeneous Fe ions and EGF/Fe(0.4%) fabric as
catalysts. Full symbols refer to dark runs and open symbols refer to
light runs.
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in the oxalate mineralization is seen when the reaction is car-
ried out at more basic pH values (pH range 2.76–6.08). Fig.
2(b) shows the profile of the Fe ions available in solution dur-
ing runs at different pH values under the conditions reported in
Fig. 2(a). Fig. 2(b) also shows that the concentration of iron
increases with time up to �30 min and then decreases to
around 0.5 mg l�1 with the exception of the pH 2.76 solution.

Extent of the homogeneous and heterogeneous catalysis

To assess the extent of the homogeneous catalysis process lead-
ing to oxalic acid oxidation, several experiments were per-
formed in homogeneous solution at different concentrations
of iron ions and at different pH values. This was to estimate
the participation of the homogeneous catalysis in the overall
process within the pH range of 2.5–5.5. Table 1 shows the
pseudo-first-order rate constants calculated by fitting the
degradation results under these experimental conditions.
To distinguish the contribution of heterogeneous and

homogeneous catalysis during oxalic acid oxidation (steady
state), we consider the competing reactions

Ox-acidþH2O2 þ FeðOHÞ3=Fe oxide

! oxidation products; khetero ð1Þ

Ox-acidþH2O2 þ Fe2þ ! oxidation products; khomo ð2Þ

where khetero and khomoare the pseudo-first-order rate con-
stants for heterogeneous and homogeneous catalysis, respec-
tively. Therefore, the observed rate constant becomes:

kobs ¼ khetero þ khomo ð3Þ
The contribution of heterogeneous catalysis (khetero) can be

estimated from eqn. (4) once the rate constant for the homoge-
neous reactions is known:

Phetero ¼ khetero
kobs

� 100 ¼ kobs � khomo

kobs
� 100 ð4Þ

where Phetero is the percentage of heterogeneous catalysis dur-
ing the degradation of the oxalates. The khomo values obtained
by homogeneous phase experiments with 2 mg L�1 of iron
were used to identify the contribution of the homogeneous oxi-
dation only since this is the highest concentration of Fe ions
released by the EGF/Fe(0.4%) fabric into the solution. This
iron concentration was chosen as the reference value for
homogeneous degradation as shown in Fig. 1. Table 2 gives
the pseudo-first-order rate constants and the percentages of
heterogeneous and homogeneous catalysis; the heterogeneous
process represents 67% of the overall degradation at pH 3.6
and 93% at pH 5.5. Homogeneous catalysis only plays a
dominant role in an acidic medium (68% homogeneous
oxidation at pH 2.5).
Fig. 2(b) shows that at the most acidic pH (2.76) about 1 mg

l�1 of Fe ion is left in solution and a slightly higher degrada-
tion of the oxalates is observed with the EGF/Fe(0.4%) fabric
as compared to the homogeneous process at the same pH
(Fig. 1). This confirms the data presented for the hetero-
geneous and homogeneous processes in Tables 1 and 2. The
release and subsequent re-adsorption of Fe ions [Fig. 2(b)]
on the silica fabric explain the accelerating effect introduced
by the Fe ions originating from the EGF/Fe(0.4%) fabric.

Formation of oxalate complex(es) on EGF/Fe(0.4%) fabrics

Fig. 3 shows the effect of H2O2concentration on the photo-
degradation of oxalic acid on the EGF/Fe(0.4%) fabrics.
The explanation of the most interesting feature in Fig. 3 relates
to the decrease observed of TOC in the absence of H2O2 . This
decrease is due to complex formation between oxalic acid and
Fe ions. For an initial oxalic acid concentration of 1.1 mM a
final concentration of 0.25 mM was measured after adding
10 mM H2O2 in the presence of Fe ions at a concentration
�0.05 mM. The oxalic acid is present in a large excess relative
to the Fe3þ ion concentration and the resulting [Fe3þ� � �(Ox�)i]
complexes have high stability constants:10,13 (a) mono-oxalate
with K1 ¼ 5.5� 107 M�1, (b) K2 ¼ 3.4� 1016 M�1 and (c)
K3 ¼ 1020 M�1. These [Fe3þ� � �(Ox�)i] complexes with i ¼ 1,
2, 3 undergo photolysis: FeIII(Ox)3

3�þ hn!FeIII(Ox)3
3�*;

FeIII(Ox)3
3�*!FeIII(Ox)2

2�þOx��; Ox��þFeIII(Ox)3
3�!

FeIII(Ox)2
2�þ 2 CO2 ; FeIII(Ox)3

3�*! quenching. These latter

Fig. 2 (a) Mineralization of oxalic acid (1.1 mM) under Suntest light
irradiation (86 mW cm�2) and in the dark in a H2O2 (10 mM) solution
as a function of pH in the presence of an EGF/Fe(0.4%) fabric. (b)
Concentration of Fe ions in solution from an EGF/Fe(0.4%) fabric
as a function of time during Suntest irradiation of a solution with
the same make up as in (a), at different pH values.

Table 1 Total iron concentrations and pseudo-first-order rate con-
stants for the oxidation of oxalate acid under different pH values

pH CFe/mg L�1 khomo/s
�1

2.5 2 2.42� 10�4

3 2.33� 10�4

5 2.28� 10�4

3.6 2 3.42� 10�5

3 4.68� 10�5

5 5.50� 10�5

5.5 2 9.40� 10�7

3 1.19� 10�5

5 1.51� 10�5

Table 2 Pseudo-first-order rate constants and percentage of homoge-
neous and heterogeneous catalysis for the oxidation of oxalates under
different pH values

pH kobs/s
�1 khomo/s

�1 khetero/s
�1 % Phomo % Phetero

2.5 3.53� 10�4 2.42� 10�4 1.12� 10�4 68 32

3.6 1.02� 10�4 3.42� 10�5 6.83� 10�5 33 67

5.5 1.26� 10�5 9.40� 10�7 1.16� 10�5 7 93
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reactions explain the TOC decrease in the absence of H2O2 .
Because the solution concentration of Fe3þ is much less than
that of oxalic acid, the TOC decrease in the absence of H2O2

cannot be explained by homogeneous reactions. Since
the recovery of Fe(II) to Fe(III) is slow in the presence of air
(as known from ferrioxalate actinometry4,9), the oxidation of
oxalic acid due to photolysis in solution is not sufficient and
cannot explain the observed kinetics. Therefore, the surface-
bound Fe(III) has to be taken into account and the addition
of H2O2 accelerates the recovery of Fe(II) to Fe(III) through
the reaction

Fe2þ þH2O2 ! Fe3þ þOH
� þOH� ð5Þ

and this in turn increases the concentration of the complex
[Fe3þ� � �(Ox�)i] accelerating the rate of oxalate degradation
due to photolysis.
Fig. 3 shows that an increase in the hydrogen peroxide con-

centration above 10 mM leads to a decrease of the oxalic acid
degradation rate. The two factors involved in the decrease at
higher H2O2 concentrations are the well-known scavenging
of OH� by excess H2O2 :

H2O2 þOH� ! HO2
� þH2O; k6 ¼ 2:7� 107 M�1 s�1

ð6Þ

and the quenching of FeIII(Ox)3
3�* by the peroxide:13

FeiiiðOxÞ33�� þH2O2 ! quenching ð7Þ

Taking a as a constant directly proportional to the absorption
coefficient and quantum yield of the [Fe3þ� � �(Ox�)i] complex
dissociation, it can be seen from eqn. (8) that the variation of
TOC degradation as a function of H2O2 concentration has
kinetics showing first an increase and later a decrease:4,9,10,14

d½Ox2�	
dt


 aI
1

t
þ Kq½H2O2	

þ k5k6½FeðIIÞ	½Ox	½H2O2	
k6½Ox2�	 þ k7½H2O2	

ð8Þ

Degradation of oxalates in acid solutions mediated by
an EGF/Fe(0.4%) fabric. Surface interactions

Fig. 4 presents the catalytic nature of the catalyzed oxalate
photodegradation under Suntest light irradiation on EGF/
Fe(0.4%) fabrics in the presence of H2O2 . At the end of each
degradation cycle, the initial amounts of oxalate and H2O2

were added to the original solution and the photodegradation
cycle started again. The amount of Fe ions found corresponds
to the amount present after 60 min irradiation as reported
previously in Fig. 2(b). After each cycle in Fig. 4, the same
amount of Fe ions was released into the solution.

To understand the interaction between the hematite cluster
on the silica fabric and the oxalates in solution, the speciation
of hematite in solution is composed of four species:14,15

==FeOH2
þ, ==FeOH, ==FeO� and ==FeL, where ==FeL denotes

the surface complex ligand for oxalates, H2L denotes oxalic
acid, L2� refers to the oxalate and the initial concentration
of the oxalate equals H2LþHL�þL2�. The equations in
Table 3 represent the equilibria between the species due to
the surface protonation as a function of pH.

Infrared characterization of Fe carboxylates during
oxalate photodegradation

Fig. 5 shows the existence of Fe carboxylate intermediates dur-
ing the EGF/Fe(0.4%) mediated photodegradation of oxalic
acid. Fig. 5(a) shows the attenuated total reflection infrared
spectra (ATRIR) of EGF/Fe(0.4%) fabrics after adsorption
of different concentrations of oxalic acid. The spectra present
Fe oxalate surface complexes and their disappearance during
the photodegradation process. In Fig. 5(a), the band at 1740
cm�1 is characteristic of a bidentate coordination carboxyl
group (–COO�) for an oxalic acid group adsorbed onto the
fabric and corresponds to a Fe(Ox)3

3� surface complex. An
additional lower wavenumber shoulder observed around
1650 cm�1 also gives evidence for the formation of the
Fe(Ox)3

3� surface complex; it is also the evidence for small
amounts of a Fe(Ox)2

2� surface complex. The strong band
at 1630 cm�1 due to the bending vibration of the OH group
does not allow us to estimate the amount of Fe(Ox)2

2�. The
Fe(Ox)3

3� with three oxalic groups has a tri-dimensional
structure in solution.1,10,16 When iron oxalate equilibrates at
the silica surface there is not enough space to accommodate
the tri-dimensional structure. Therefore, a shift in the band

Fig. 4 Repetitive photocatalytic mineralization of oxalic acid (1 mM)
on an EGF/Fe(0.4%) fabric under Suntest light irradiation in the
presence of H2O2 (10 mM) at pH 2.75.

Fig. 3 Mineralization of oxalic acid (1.1 mM) under Suntest light
irradiation (90 mW cm�2) as a function of H2O2 concentration at
pH 2.75 in the presence of an EGF/Fe(0.4%) fabric.

Table 3 Equilibrium expressions and mass balance equations for
surface complexation reactions

==FeOH2
þ,==FeOHþHþ logKa1 ¼ �6.7

==FeOH,==FeO�þHþ logKa2 ¼ �10.4
==FeOHþHL�,==FeL�þH2O logKL

H2L,HL�þHþ logKH2L ¼ �1.23

HL�,L2�þHþ logKHL ¼ �4.19

ST ¼ [==FeOH2
þ]þ [==FeOH]þ [==FeO�]þ [==FeL�]

OxAT ¼ [H2L]þ [HL�]þ [L2�]þ [==FeL�]

H2L, oxalic acid; L2�, oxalate; COxA ¼ H2LþHL�þL2�
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positions is observed when surface and bulk precipitated
Fe(Ox)3

3� complexes are compared.17,18

Fig. 5(b) shows the adsorption, at zero time and after 15
min, of the carboxylate groups at 1735 and 1623 cm�1 and
the asymmetric stretching vibration doublet at 1574 and
1538 cm�1. This clearly indicates the formation of the
Fe(Ox)3

3� surface complex with the bidentate carboxyl group
of oxalate. After 15 min, a maximum in the Fe carboxylate
band is observed and only a trace of the initial caboxylate is
found on the surface. After 60 min, the bands originating from
either carboxylic non-coordinated groups or Fe carboxylate
complexes have disappeared. The IR bands at 1740 and 1630
cm�1 in Fig. 5(a) are shifted in Fig. 5(b) to 1735 and 1623
cm�1, respectively, due to H-bonding when carboxyl groups
are transformed into carboxylate groups on the silica fab-
ric.16,17 Another interesting observation is that iron loading
increases the number of surface OH groups found in the
3200�3500 cm�1 region. After 30–45 min the number of OH
groups was observed to be constant. Strong bands at 1066
and 888 cm�1 due to the SiO2 stretching vibration of the fabric
overlap with OH and Fe–O bands. In addition, a good con-
trast was not obtained in the IR spectra of the EGF/
Fe(0.4%) fabrics since these samples are fibrous and homoge-
neous radiation is not possible on these surfaces.
No spectroscopic evidence by ATRIR was found for the

presence of the iron oxalate surface complex on fabrics
pre-equilibrated with oxalic acid and irradiated subsequently

for 5, 10, 20, 30 and 60 min. The results show that no carb-
oxylate species were formed during oxalate degradation on
fabrics having only surface [–Si–O–] species.

Nature of the iron species on the surface of the
EGF/Fe(0.4%) fabric

IR spectra (Fig. 6) also give no spectroscopic evidence for the
presence of the iron oxalate surface complex on the EGF/
Fe(0.4%) fabric pre-equilibrated in oxalate (1 mM) solution
and subsequently irradiated as described above. The EGF/
Fe(0.4%) fabric was equilibrated overnight before use with
oxalic acid to eliminate the Fe oxide species (–Fe–O–Fe–).
The results show that no carboxylate species are formed during
oxalic acid degradation on fabrics where only (–Si–O–Fe–) cat-
alytic clusters are available on the catalyst surface. It is readily
seen in Fig. 7 that in a leached fabric the degradation of
oxalates is considerably decreased with respect to non-leached
materials, pointing to the lower photocatalytic activity of the
(–Si–O–Fe–) clusters.

Suggested mineralization mechanism of oxalates mediated by
the EGF/Fe(0.4%) fabric

Scheme 1 is suggested as the photodegradation pathway for
oxalates, consistent with the results presented in Figs. 1–5.
The EGF/Fe(0.4%) fabric acts as a sink for the oxalate in

Fig. 5 (a) ATRIR spectra of an EGF/Fe(0.4%) silica fabric equilibrated with different concentrations of oxalates at pH 2.75: (a) 0.1, (b) 1, (c) 2
and (d) 5 mM. (b) ATRIR spectra of an EGF/Fe(0.4%) silica fabric during Suntest irradiation of a solution of oxalate (1.1 mM) containing H2O2

(10 mM) at pH 2.75: (a) 0, (b) 15 and (c) 60 min.
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solution in a reaction where the iron acts as a heterogeneous
catalyst and reacts with the oxalate ions in solution:
Feheteroþ ox�2,Fe(Ox�2)homo

þ. The latter Fe omplex can
subsequently add two more oxalate groups to form Fe(Ox)3

�3,

the initial dominant complex in solution. The absorption of
a photon by an Fe(III) oxalate complex results in an electron
transfer from a complexing oxalate ligand to the Fe(III) ion,
producing a ferrous ion and an oxalate radical anion. The
LMCT photo-decarboxylation of the Fe oxalate complex
(Fig. 1) is a fairly common process,9,19 resulting in the reduc-
tion of Fe(III) and evolution of CO2 . As the abatement of oxa-
late progresses (see Figs. 1 and 2) the TOC decreases due to the
depletion of the Fe oxalate and consumption of oxalic acid in
solution. Since at longer reaction times less [Fe(III)(Ox)n ¼ 1–3]

d�

is available to the solution, it follows that the concentra-
tion of Fe(II) also decreases with time as shown by the decrease
in Fe(II) concentration in Fig. 2(b). The hydroxyl and super-
oxyide radicals noted in Scheme 1 become available due to
the added H2O2 in the presence of Fe(III)/Fe(II) ions under
light irradiation and interact in a series of consecutive
reactions leading to oxalate mineralization.
By estimating the encounter-pair time for the four main

reactions following [Fe(III)(Ox)n ¼ 1–3]
d� decomposition under

light in the presence of H2O2 (10 mM), the OH� formation
or consumption probability can be estimated in Scheme 1 from
the reciprocal of the encounter-pair lifetime of the reactions:
(a) OH� þ (Ox2�)!OH�þOx��, with k ¼ 2� 106M�1 s�1 and
[Ox2�] ¼ 10�3 M, gives a value for the reciprocal encounter-
pair lifetime of �2� 103 s�1; (b) OH� þFe2þ!OH�þFe3þ,
with k ¼ 3� 108 M�1 s�1 and [Fe2þ] ¼ 7� 10�5 M, the latter
value is �2.1� 104 s�1; (c) OH� þH2O2!HO2

� þH2O, with
k ¼ 1.3� 107 M�1 s�1 and [H2O2] ¼ 10�2 M, the latter value
is �1.3� 105 s�1; and finally, (d) H2O2þFe2þ!
OH� þOH�þFe3þ, with k ¼ 47 M�1 s�1 and [H2O2] ¼ 10�2

M, the latter value is �0.47 s�1. From reactions (a)–(c) above
the radical OH� is mainly consumed by H2O2 and not formed
by the reaction (c) in Scheme 1 since 1.3� 105 s�1� 0.47 s�1.
Also it can be estimated that the OH� radical is consumed
by reaction (c) and not by reaction (a) since 1.3� 105

s�1 > 2.3� 103 s�1 indicating that only 1% of the OH� radical
reacts with oxalic acid in the presence of H2O2 (10 mM). The
main decomposition channel of oxalate involves a Fe carbox-
ylate redox process (see Fig. 3): [RCO2–Fe]

2þ!
[R�]þCO2þFe2þ. Analysis of the amount of Fe extracted
from the surface due to oxalate varies between 0.1% and
0.2% of the total Fe available. XPS results confirmed that
the depletion of Fe on the fabric increased with the time and
concentration of oxalic acid used. The iron remaining on
the EFG/Fe(0.4%) fabric surface acts as crystallization nuclei
for the Fe ions returning from the solution, due to the over-
bearing presence of the Fe-loaded fabric in the system under
study.5,10,13,14

Transmission electron microscopy (HRTEM) studies

Fig. 7 shows that leaching out the hematite on the catalyst sur-
face with oxalic acid (1 M) for 16 h leads to the mineralization
of oxalic acid with a slower rate due to the remaining (–Si–O–
Fe–) on the silica fabric. The leaching process was carried out

Fig. 6 IR spectra of EGF/Fe(0.4%) silica fabric during Suntest irra-
diation of a solution of oxalic acid (1.0 mM) containing H2O2 (10 mM)
at pH 2.75 irradiated for (a) 5, (b) 10, (c) 20, (d) 30 and (e) 60 min. The
EGF/Fe(0.4%) silica fabric had been equilibrated before use in the
dark with oxalic acid (1.0 mM).

Fig. 7 Mineralization of oxalic acid (1.1 mM) on an EGF/Fe(0.4%)
fabric under Suntest light irradiation (90 mWcm�2) in the presence of
H2O2 (10 mM) at pH 2.75 before equilibration and after equilibration
for 16 h in oxalic acid (1.0 M) in the dark.

Scheme 1

524 N e w . J . C h e m . , 2 0 0 4 , 2 8 , 5 1 9 – 5 2 6
T h i s j o u r n a l i s Q T h e R o y a l S o c i e t y o f C h e m i s t r y a n d t h e
C e n t r e N a t i o n a l d e l a R e c h e r c h e S c i e n t i f i q u e 2 0 0 4

D
ow

nl
oa

de
d 

on
 1

0 
D

ec
em

be
r 

20
10

Pu
bl

is
he

d 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

31
60

27
K

View Online

http://dx.doi.org/10.1039/B316027K


by equilibrating the EGF/Fe(0.4%) fabric overnight with oxa-
lic acid to eliminate the Fe oxide species (–Fe–O–Fe–). Fig.
8(a), obtained by HRTEM, shows Fe clusters with �1 nm size
(centered around 0.4 nm) distributed on the silica fabric. The
Fe clusters are seen with a fairly homogeneous dispersion on
the lower left hand side of Fig. 8(a). Fig. 8(b) shows the char-
acterization of the EGF/Fe(0.4%) fabric surface using EDX
additionally to HRTEM measurements. The (–Si–O–Fe–) spe-
cies formation takes place during catalyst calcination at 450 �C
and is present as a layer 0.147 mm thick. These observations
confirm the presence of one active catalytic iron species
(–Fe–O–Fe–) and another less active species (–Si–O–Fe–) on
the EGF/Fe(0.4%) fabric.

XPS analysis of EGF/Fe(0.4%) fabric

XPS spectroscopy was used to further characterize the EGF/
Fe(0.4%) fabric before and after reaction. The referencing
and correction of the Fe -peaks observed by X-ray photoelec-
tron spectroscopy was carried out as reported recently by our
laboratory.11 Table 4 reports the percentage coverage for the
elements found on the silica surface carried out according to
DIN20 by comparing with known spectra of silica. The mea-
surements had an error margin of 5%. The surface C seems
to be removed during the preparation of the Fe-loaded silica
fabric. The surface fluorine is seen to increase due to the
migration of the F in the fabric during the calcination step.
The Fe present represents more than 5% of the surface area

of the fabric as seen in the last row in Table 4. This is a surpris-
ingly high value. The fabric is highly loaded with iron and acts
as a reservoir of Fe(III) that replenishes Fe3þ in solution as it is
photoreduced during the course of the reaction.
From the binding energies (BE) in Table 5, the Fe2p doublet

is seen to shift slightly after the photocatalytic process on the
EGF/Fe(0.4%) fabric. This is indicative of a small reduction
from the Fe(III) to the Fe(II) state of the iron after the EGF/
Fe(0.4%)fabric has been used during the degradation of oxalic
acid. This is confirmed by the fading of the pale orange color
of the fabrics to yellow after use since FeO/Fe(II) is colorless.
The XPS signal observed at 708.9 eV is ascribed to Fe(II) and
at 711.2 eV to Fe(III). The peak observed at 713.4 eV originates
from the peak asymmetry observed in the Fe oxide band
envelope (FeO/Fe2O3).

Gas adsorption, porosity and BET measurements

Table 6 shows the specific surface area and the BJH21 deso-
rption pore diameter, total pore volume and average pore dia-
meter at zero time and after 2 h for light-induced processes
during oxalate degradation with an EGF/Fe(0.4%) fabric.
BET analysis showed that the surface area of the fabrics
increased modestly after oxalate abatement. By using the
Barret, Joyner and Halenda (BJH) model, a desorption pore
diameter of �38 Å could be estimated for the SiO2 fabric
before and after use. The values obtained point to the stability
of the fabric during oxalate abatement.

Conclusions

This study presents an innovative Fenton immobilized catalyst
consisting of iron oxide silica fabrics able to efficiently oxidize

Fig. 8 (a) High resolution electron microscopy (HRTEM) showing
the Fe cluster on the silica fabric surface. (b) High resolution electron
microscopy (HRTEM) of the silica fabric showing the interfacial Fe
silicate identified by means of electron dispersive X-ray spectrometry
(EDX).

Table 4 Elemental analysis by XPS of silica and EGF/Fe fabrics

Element peak Silica fabric EGF/Fe fabric

C 1s 26 12.7

N 1s 0.75 0.42

O 1s 43 51.3

F 1s 0.75 2.25

Al 2p 1.48 2.01

Si 2p 27.5 22.6

Ca 2p 0.47 3.29

Fe 2p <0.1 5.06

Table 5 Binding energies of the Fe ion in EGF/Fe fabric

Before use After use

Spectral peak BE/eV % BE/eV %

Fe 2p3/2 708.9 0.01 708.8 0.03

Fe 2p3/2ox 711.2 59.6 710.9 57.8

Fe 2p3/2ox’ 713.4 40.4 713.0 42.2

Table 6 Surface adsorption of the EGF/Fe fabric

Zero time After 2 h

BET surface area/m2 g�1 9.8 13.4

BJH desorption pore diameter/Å 37.2 38.3

Average pore diameter/Å 32.9 26.3

Pore volume/cm3 g�1 0.0085 0.0088
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organic compounds such as oxalic acid and oxalates. The
mechanism involved is quite complex since it involves two Fe
redox states driving the conversion of the oxalate by using
up the H2O2 added as oxidant. The photoreduction of Fe(III)
oxalate complexes is shown to play an important part in the
overall decomposition of oxalate as opposed to the mechanism
with solution phase complexes. At pH values > 3.6 heteroge-
neous catalysis plays the major role during the photocatalytic
degradation of oxalates on EGF/(Fe(0.4%) fabrics. The Fe
ions fixed on the silica fabric form surface complexes of the
type Fe(II)/(III)–R that are photosensitive, leading to electron
transfer reactions. Evidence is provided for the degradation
of oxalic acid oxalates on the Fe–silica fabric due to Fe ions
leaching into the solution and being re-adsorbed onto the silica
fabric. The decomposition of the Fe carboxylates under light is
shown to have the triple benefit of (a) reducing the TOC in
solution, (b) forming Fe2þ ions that can be reused in the initial
Fenton reaction and (c) liberating organic radicals that subse-
quently oxidize the organic intermediates in solution. Two
types of iron speciation were found on the silica surface
with a specific mode of intervention during the abatement of
oxalates.
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