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Abstract

These laboratory studies were aimed at distinguishing the relative importance of released or added ferric ions and of ferric oxide particles
for the photodegradation of oxalic acid in natural waters. The parameters whose effects were determined for this purpose included the pH, the
irradiation wavelength, the concentrations of the various species and the identity of the ferric oxide sample. In addition, the existence of a
potential photocatalytic activity of ferric oxide was established by measurements of the electrical photoconductance of three samples under
vacuum and in a dry dioxygen atmosphere. The results show the dominant role of ferric ions. However, the influence of ferric oxide is clearly
not attributable to the mere dissolution. Effects due to the photoexcitation of surface iron-HC,0,~ complexes are confirmed. Photocatalytic
events may exist. The relative importance of these various phenomena depends on the [Fe®* ],/ [Fe,0s] ratio and on the identity of the
ferric oxide sample; in particular the crystallinity seems to favour the photodegradation of oxalic acid.

Keywords: Ferric oxide; Ferric ions; Oxalic acid; Natural waters; Atmospheric water; Photocatalysis; Photodegradation

1. Introduction

The Earth’s crust contains about 5 wt.% iron, which is
accordingly the fourth chemical element in order of impor-
tance. Ferric oxide, principally as haematite, is an abundant
mineral. Natural waters contain both ferric oxide and iron
rons. As a result of soil erosion and combustion of iron-
-ontaining materials, the amounts of ferric oxide and oxy-
hydroxides in the atmosphere are also important [1]; for
example, they often represent between 5 and 15 wt.% of fly
ashes [2]. These fine solid particles behave as condensation
nuclei in the formation of fog and cloud water droplets in
which iron ions dissolve. The amounts of iron ions in atmos-
pheric water range from nanomoles per litre to millimoles per
iitre [3—6] and in other natural waters usually from tens to
nundreds of micromoles per litre. These ions and ferric oxide
play a role in the degradation of organic compounds and this
study was carried out in this framework.

Ferric oxide electrodes have been used in photoelectrolysis
zells [7] because of their sensitivity in the visible spectral
~egion. Stable photocurrents were observed despite some dis-
solution, which, for a given electrode, depended on the elec-
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trolyte and increased with increasing radiant fluxes. Although
the efficiency was obviously subordinate to the identity of
the material, it remained low in all cases. Powdered haematite
was found to be inactive for the oxidation of cyanide and
active for that of sulphite and oxalate under UV irradiation
[8]. Kormann et al. [9] have compared colloidal haematite
with powdered ZnO and TiO, for oxidizing chlorinated
organics in UV-irradiated aqueous suspensions. From their
results and a critical review of literature data they concluded
that ferric oxide was apparently ‘‘photocatalytically’’ active
only in cases where the compound to oxidize was a strong
reducing or complexing agent.

The photoredox reactions occurring in aqueous solutions
containing oxalate and iron ions or iron oxides have recently
been reviewed [ 10]. Hydrogenooxalate ions can be bound to
the ferric oxide surface, forming several possible types of
complexes in the inner coordination sphere. These complexes
facilitate the reductive dissolution of ferric oxide. The detach-
ment of the Fe?* ions is easier for samples that are poorly
crystallized. The inhibiting effect of dissolved dioxygen upon
this detachment can be tentatively attributed to the trapping
by this reactant of the electrons transferred from the valence
band to the conduction band of the semiconductor photoca-
talyst by the irradiation. This phenomenon depends on the
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crystallinity. In solution hydroxyl radicals can be formed both
from the photoexcitation of Fe(OH)?* and Fe,(OH),**
entities [11] and from Fe(IIl) complexes with oxalate
[12,13].

This study was undertaken as a supplementary attempt to
assess the respective importances of dissolved ferric ions,
surface organic complexes and the photocatalytic activity of
ferric oxide in the degradation of oxalic acid. The practical
goal was to gain a better understanding of the phenomena
that may occur in atmospheric water droplets, in the photic
zone of natural waters and on the surface of wet soils that
principally contain ferric oxide. Oxalic acid was chosen
because (i) it is found in atmospheric water droplets at con-
centrations similar to that of iron cations [13], (ii) itis a
degradation product of many organic compounds and (iii) it
readily forms complexes with ferric ions [14]. Our conclu-
sions are based on studies of the effects of several parameters
upon the photodegradation rate of oxalic acid. These para-
meters included the irradiation wavelength, the concentration
of oxalic acid, the mass of ferric oxide or the concentration
of ferric ions, the addition of ferric ions to suspensions of
ferric oxide, the identity of the ferric oxide sample and the
pH. Also, some measurements of the electrical photocon-
ductance of three ferric oxide samples under vacuum or in a
dry dioxygen atmosphere were carried out to gain information
on the behaviour of light-irradiated ferric oxide in the absence
of liquid water.

2. Experimental details
2.1. Materials and characterization techniques

Dehydrated oxalic acid (99%), Fe,(S0,);-5H,0 (97%)
and Fe(NO,);-9H,0 (99%) were purchased from Aldrich.
Preparations and some characteristics of the ferric oxide sam-
ples are indicated in Table 1. The surface areas of these

Table 1
Preparation methods and characteristics of the ferric oxide samples

samples, evacuated at 423 K for 3 h, were measured by the
Brunauer-Emmett-Teller (BET) method using dinitrogen.
X-Ray diffraction patterns were recorded on a Siemens
diffractometer using Co Ka radiation filtered through a nickel
foil. Photoconductivity measurements were performed in a
photoconductivity cell which was described previously [ 18].

2.2. Photoreactor and irradiation devices

The irradiation of the aqueous solutions or suspensions
was carried out in a Pyrex cylindrical flask (total volume
about 90 ml) with a bottom optical window whose surface
area was approximately 11 cm” and which transmitted wave-
lengths greater than 290 nm. This flask was directly connected
to a chromatograph to analyse the atmosphere above the lig-
uid. In the case of the study of the influence of oxalic acid
concentration, a flow of O, was bubbled in the solution before
the irradiation was started. Two types of lamps were used.
When a Philips HPK 125 W high pressure mercury lamp was
employed, a circulating water cell 2.2 cm thick was placed
in the incident beam to absorb the IR part of the emission.
The radiant flux, measured with a power meter (United
Detector Technology, model 21A) and entering the photo-
reactor, was 65 +2 mW cm 2. To study the effect of various
wavelengths, a xenon lamp (Hanovia 250 W) and interfer-
ential filters (365, 430, 576 and 675 nm) were used.

2.3. Procedures and analyses

Ten millilitres of oxalic acid solution was introduced into
the photoreactor containing or not containing powder ferric
oxide. The suspension was magnetically stirred for 30 min in
the dark before it was irradiated. This period of time was
sufficient to reach equilibrated dissolution of iron oxide and
adsorption of oxalic acid. The kinetics of carbon dioxide
evolution was monitored by use of an Intersmat IGC 120 MB
gas chromatograph equipped with a Porapak Q column, 3 m

Sample Preparation method Structure Surface area Iron ions CO,"*
(m?g™1 dissolved ? (%)
(mmol 171

Fe, 0, Merck Commercialized Haematite 4 0.2 90

FeURS00 Decomposition of urea in presence of Amorphous 25 21 100
(NH,4),S0, and Fe,(S0,4)3-2H,0
at pH 2.2 [15,16]; calcination at 773 K

FeUR600 Same preparation as above, Haematite 23 1.25 52
but calcination at 873 K

FeNO120 Precipitation of Fe(NO;), by NH,OH 80% haematite, 181 0.036 48
at pH 8 [17]; product then dried 20% goethite
at 393 K in air

FeNO500 Same preparation as above, Haematite 19 0.053 82

but calcination at 773 K in flowing air

® In the presence of 5 mmol 1~ ' oxalic acid and air. Ferric oxide concentration: 10 g1,
® The percentages relate to the total transformation of oxalic acid into CO,. The values indicated are those corresponding to an irradiation of 80 min.
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long and 6.3 mm inner diameter, and a catharometer. The
absorbance spectra were determined at room temperature by
ase of a Perkin—Elmer Lambda 9 spectrophotometer. The
oncentrations of iron ions released by the ferric oxide sam-
oles (Table 1) and the pHs were measured by an ARL-Fison
solasma ICP-AES and a Tacussel II ionoprocessor
-espectively.

3. Results and discussion
i.1. Assessment of the photocatalytic properties of Fe,0;

To assess the capability of ferric oxide to form electron—
10le pairs when irradiated by photons of energy greater than
he band gap, photoconductance measurements were carried
»ut with the three samples Merck, FeURS500 and FeUR600

Table 1). Fig. 1 shows the effect of switching on and off
he UV irradiation under vacuum in the case of the Merck
.ample after a prolonged first irradiation necessary to reach
»quilibrium. These variations illustrate the photoexcitation of
:lectrons to the conduction band of ferric oxide. The other
wo samples behaved similarly. When the evacuated, UV-
rradiated samples were exposed to gaseous dioxygen, no
‘ariation in the photoconductance o was observed for pres-
-ures below about 13.3 Pa. This means that at the correspond-
;ng surface coverages by oxygen species the rate of
recombination of the photoproduced charges was much faster
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Fig. 1. Conductance o (S) of Fe,0; Merck under vacuum with and without

irradiation at wavelengths greater than 220 nm. The variations shown here
for one sequence can be repeated.

than the rate of capture of electrons by the oxygen species.
Consequently, a poor photocatalytic activity for oxidation
reactions can be predicted [ 18-20]. However, at higher diox-
ygen pressures P(O,), logo was proportional to
log[P(0,) ~%%],i.e. the electrical equilibrium was controlled
by O~ species [ 18] at least up to the highest pressure used
(667 Pa). This variation shows that, provided that the cov-
erage of the ferric oxide surface by oxygen species is suffi-
cient, some oxidative photocatalytic activity may ensue.

These experiments, performed with evacuated ferric oxide
samples, are only indicative for the photodegradation of
oxalic acid in aerated ferric oxide aqueous suspensions. In
particular, the coordination of oxalate at the solid surface can
change the photosensitivity. Nevertheless, previous studies
[ 19,20} have shown correlations between the photoconduct-
ance variations and the photocatalytic activity for oxidations
in various media.

3.2. Comparison between Fe,0; and TiO,

To demonstrate the importance of the effect of the com-
bination of ferric oxide and the ferric ions released by this
oxide upon the degradation of oxalic acid, we first compared
this effect with that of titanium dioxide Degussa P-25, a
semiconductor sample whose high photocatalytic activity is
well known. Fig. 2 shows that these effects were very close
when ferric oxide Merck was used. However, this does not
mean that the photocatalytic activities of the two oxide sam-
ples were nearly equal, as was evidenced by replacing oxalic
acid, which can bind to the surface of ferric oxide and form
complexes with ferric ions [ 10], by acetaldehyde. The rate
of formation of carbon dioxide from this latter pollutant was
much faster in the presence of TiO, (Fig. 3). In other words,
these comparisons already show that under our experimental
conditions the photodegradation of oxalic acid is predomi-
nantly attributable to the existence of surface or dissolved
iron—oxalate complexes and not to the photocatalytic activity
of ferric oxide.

To further assess the relative importance of the two types
of phenomena, we focused on the system oxalic acid/ferric
oxide—ferric ions and varied several parameters.

100
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time /min

Fig. 2. Carbon dioxide formed from the photodegradation of oxalic acid (5
mmol 177, 10 ml, pH 2.3) as a function of irradiation time (A>290 nm) in
the presence of TiO, P-25 Degussa (3.5 g1~') and haematite commercial-
ized by Merck (2.0 g17'). The percentages relate to the total transformation
of oxalic acid into CO,.
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Fig. 3. Photodegradation of acetaldehyde (0.454 mmol 17, 20 m}). Other
conditions as in Fig. 2, with the exception of the concentration of haematite
35gl™h.

3.3. Oxalic acid degradation at various wavelengths

The degradation of oxalic acid in the presence of ferric
oxide was studied at various wavelengths by use of interfer-
ential filters to determine whether the action spectrum of the
rate of carbon dioxide formation was similar to the absorption
spectrum of the solid or of the solution containing ferric ions.
The samples FeURS500 and Fe,O; Merck were used (Table
1). Their concentration was 2 g 17, i.e. that corresponding
to the maximum effect under polychromatic irradiation (see
below). Fig. 4 shows that the action spectrum of the mean
degradation rate of oxalic acid corresponded to the absorption
spectrum of the solution (Fig. 4B) and not to that of the solid
(Fig. 4A). Clearly, these results demonstrate that the for-
mation of carbon dioxide from oxalic acid depended predom-
inantly on the absorption of photons by iron—oxalate
complexes. Nevertheless, they do not rule out the existence
of a photocatalytic activity of the solid in so far as the two
absorption spectra partly overlap below about 400 nm. The
photochemical reductive dissolution of haematite in the pres-
ence of oxalate and in the absence of oxygen was also found
to occur only at wavelengths shorter than about 400 nm
[10b].

3.4. Rate—concentration relationships in the
photodegradation of oxalic acid

Figs. 5 and 6 show the initial rate of CO, formation vs. the
initial concentration C, of oxalic acid in the presence of 0.2
mmol 17! ferric ions, which corresponded to the concentra-
tion of iron ions released by the Merck sample in 5 mmol 1~
oxalic acid, and in the presence of the Merck sample respec-
tively. The variations observed cannot be entirely attributed
to the changes in initial pH from 3 to 1.3 approximately
because of varying C, (see Fig. 10 below), nor to increases
in the release of iron ions from the Fe,O; sample. The lang-
muirian form of the curve of Fig. 6 may be caused either by
the photocatalytic activity of ferric oxide or by the formation
of surface iron—oxalate complexes acting as the light-absorb-
ing species. The linear transform of this curve (Fig. 6, inset)
tends to show that oxalic acid was dissociatively adsorbed on
ferric oxide.

The initial rate of carbon dioxide evolution, r,, was higher
in the presence of ferric ions alone, whatever C,, (Fig. 5).
The proportionality of r, to C, suggests that iron—oxalate
complexes caused the photodegradation. This proportionality
was not observed for the highest C,, presumably because of
the absorption of uncomplexed oxalic acid.

These results show that ferric oxide played a role in the
photodegradation of oxalic acid, although this role was mark-
edly less important than that of ferric ions when these ions
were present alone in the solution at a concentration of 0.2
mmol 171,
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Fig. 4. Absorption spectra of (A) the FeUR500 sample (Table 1) and (B)
the solution obtained by filtrating the suspension containing 2 g 17! of this
sample in 5 mmol 17! oxalic acid, pH 2.3, which was stirred in the dark for
18 h. The triangles correspond to the mean rate v,, of CO, formation (result-
ing from the irradiation of the suspension at the indicated wavelengths for
70 h) divided by the radiant flux ¢. Qualitatively similar resuits were
obtained on replacing the FeURS00 sample by the Merck sample, but the
U/ @ ratios were smaller. Spectrum B is similar to that published in Ref.
[13].
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“ig. 5. Initial rate of formation of CO, as a function of the initial concentra-
ion of oxalic acid in the presence of 0.2 mmol 1~ ! ferric nitrate at A>290
1m (volume of suspension, 10 ml).

1.5. Oxalic acid photodegradation in the presence of
sarious masses of Fe,0; or concentrations of F&’* ions

Figs. 7 and 8 show the initial rate of formation of CO, from
»xalic acid at A>290 nm in the presence of various concen-
rations of ferric ions and in the presence of various masses
»f two ferric oxide samples respectively.

Oxalic acid at the concentration of 5 mmol 17! absorbs
very weakly in this wavelength range and a control experi-
mnent showed that the evolution of CO, observed was not due
.0 the direct photolysis. Moreover, the counter-ions did not
slay a role, since the effect of ferric nitrate or sulphate was
‘he same.

The rate r, was proportional to [Fe**] up to about 10
nmol 17! (Fig. 7). This proportionality could be explained
1y the formation of iron—oxalate complexes which were pho-
‘odegraded under irradiation. The decrease in r, beyond this
oncentration could arise either from an absorption compe-
ition between the ferric ions and the oxalate complexes or
from the formation of polynuclear iron complexes which
shotodegrade less easily than the mononuclear complexes
i21].

In the presence of the amorphous FeURS00 sample or the
Merck haematite sample (Fig. 8) r, first increased with
increasing masses of ferric oxide. The increase was more
important with the FeURS500 sample which released more
iron cations in the solution (Table 1). Because of the effect
of ferric ions shown in Fig. 7, it is again inferred that carbon
dioxide was predominantly formed by the photodegradation
of iron—oxalate complexes. When concentrations of ferric
oxide higher than about 20 g 1~ were employed, the role of
the solid as an optical filter became dominant, which led to a
decrease in 7,. This decrease cannot be attributed only to the
absorption by ferric ions, because in that case the maximum
of the two curves of Fig. 8 should not correspond to the same
mass of ferric oxide for both samples. At the highest concen-
trations of ferric oxide the fact that r, was not zero could stem
either from the photocatalytic activity of the oxide or from
the photodegradation of surface iron—oxalate complexes.

3.6. Simultaneous effects of Fe,0; and added Fe(NO;); on
the photodegradation of oxalic acid

Fig. 9 shows the effect of adding ferric nitrate to a suspen-
sion containing 10 g 17! of the haematite sample FeNO500
which released about 50 wmol 1~ iron ions ( Table 1). Ferric
ions at the concentration of 10 wmol I ! without ferric oxide
led to a very low photodegradation of oxalic acid (Fig. 9,
curve (1)). Addition, to the suspension containing the
FeNOS500 sample, of 0.2 mmol 1~ ! of ferric ions, which was
equivalent to the release of iron ions by the Merck haematite
sample, did not change the photodegradation rate of oxalic
acid (Fig. 9, curve (2)). Therefore it can be concluded that
the formation of carbon dioxide was in that case due either
to the photocatalytic activity of the FeNO500 sample or to
the photoexcitation of surface iron-oxalate complexes. When
the concentration of added ferric ions was 20 mmol 1~ ! (Fig.
9, curve (3)), the formation rate of CO, was increased and
was equivalent to that observed without the solid (Fig. 9,
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Fig. 6. As Fig. 5, but with ferric nitrate replaced by the Fe,0; Merck sample (10 g1~ !). The inset shows the linear transform.
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Fig. 7. Influence of the concentration of ferric ions (from ferric nitrate

dissolved in 10 ml of distilled water) on the initial rate of photodegradation
of oxalic acid (5 mmol 17", initial pH 2.3) at A >290 nm.
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Fig. 8. Influence of the amount of ferric oxide (volume of suspension 10
ml) on the initial rate of photodegradation of oxalic acid (5 mmol 1=, pH
2.3) at A>290 nm in the presence of the amorphous ferric oxide sample
FeURS500 (diamonds) and the Merck sample (squares).

curve (4)). This high concentration was chosen because it
corresponded to the release of iron ions by the FeURS500
sample (Table 1).

In conclusion, these experiments clearly show that the
dominant origin of the photodegradation of oxalic acid
depended upon the ratio [Fe?*]/[Fe,05].

3.7. Effect of the identity of the ferric oxide sample on the
photodegradation of oxalic acid

A series of ferric oxide samples were prepared and tested
in the photodegradation of oxalic acid under identical con-
ditions. Clearly, the dissolution of the samples ( Table 1, fifth
column) was not the only factor determining the evolution
rate of carbon dioxide (Table 1, last column). This again
emphasizes the role of the solid itself:

As various factors affected the surface properties, no really
clear picture emerged concerning the importance of each
factor. However, the comparison of two samples calcined at
393 and 773 K (FeNO120 and FeNOS500 in Table 1) showed
that the high temperature treatment, which completed the
transformation of FeOOH (20% initially) into haematite,
produced a sample giving rise to a higher rate of CO, evo-
lution, despite a reduced surface area (19 m? g ™! instead of

wo{ @
4)
1 (2)
Q 6o-
o 1
S "
20 1
10 50 100
time / min

Fig. 9. Percentage of CO, formed by the photodegradation of oxalic acid (5
mmol 17, 10 ml, initial pH 2.3) at A>290 nm (100% corresponds to
complete transformation ) as a function of the irradiation time in the presence
of (1) 10 umol 17! ferric nitrate, (2) 100 mg FeNOS500 with (circles) and
without (stars) 0.2 mmol 1! ferric nitrate, (3) 100 mg FeNOS500 and 20
mmol 17! ferric nitrate and (4) 20 mmol 17! ferric nitrate.

181 m® g~"), and equivalent small releases of iron ions.
Therefore the increase in crystallinity was favourable for the
photodegradation of oxalic acid.

Also, the comparison of two haematite samples ( FeNO500
and FeUR600 in Table 1) with equivalent surface areas,
prepared either from ferric nitrate or ferric sulphate, tends to
show the unfavourable role of sulphate ions (see also Section
3.8), since the lowest rate of CO, evolution was observed
with the ex-sulphate sample, although it released about 24
times more iron ions. Sulphate ions can be coordinated in the
inner sphere of ferric oxide [15,22]. Accordingly, they mod-
ify the surface and can hinder the coordination of oxalate ions
to the surface.

3.8. Effect of pH on the photodegradation of oxalic acid

The effect of pH on r, in the presence of Fe,O; Merck and
in the presence of ferric ions is shown in Fig. 10. Considering
that the pK value of the couple HC,0,~ /C,0,%~ is 4.19, it
can be inferred from the smaller r,, at pH 5 than at lower pHs
that HC,0O, ™~ ions were involved in the formation of CO,. A
similar dependence on pH has been reported [13] for the
formation of hydrogen peroxide from a sunlight-irradiated,
aerated solution of ferric ions and oxalate.

The rate r, was identical whether Fe(NO,); or Fe,(SO,),
was used as the source of ferric ions and it also did not depend
on whether HNO; or H,SO, was added to reach pH 1.5. By
contrast, the use of sulphuric acid in place of nitric acid
decreased r, in the presence of the Fe,0; Merck sample (Fig.
10). This influence can be attributed either to a competition
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Fig. 10. Initial rate of formation of CO, from oxalic acid (5 mmol 17, 10
ml, A>290 nm) as a function of pH in the presence of Fe,0; Merck (10 g
i~1) (squares) and ferric nitrate (0.2 mmol 1~') (diamonds). The pH was
adjusted with KOH (3.4 and 5) or with HNO, or H,SO, (1.5).

between sulphate and oxalate for capturing the oxidizing spe-
cies formed at the solid surface or, more likely, to a modifi-
cation of the solid surface resulting from the location of
sulphate ions in the inner coordination sphere [ 15,22]. What-
zver the reason, the effect of sulphate also shows the involve-
ment of the ferric oxide surface in the photodegradation of
axalic acid.

4. Conclusions

Since the photocatalytic activity of ferric oxide in the deg-
radation of aqueous oxalic acid cannot be delineated from the
photodegradation of iron—oxalate complexes either at the
»xide surface or in the water bulk because of iron ion disso-
jution, we have tried to assess the importance of heteroge-
neous photocatalysis both from photoconductance
measurements in the dry state and from comparisons with
ritanjum dioxide in aqueous solutions. From these experi-
ments it can be concluded that heterogeneous photocatalysis
nlays a minor role as compared with the other photoprocesses.
This conclusion is also supported by the spectral sensitivity
of the oxalic acid degradation. The role of the complexes
formed at the solid surface [10] is confirmed and illustrated
n particular by (i) the different patterns of the initial deg-
-adation rate against the initial concentration of oxalic acid
n the presence of ferric ions or ferric oxide and (ii) the
letrimental effect of sulphate ions used in the preparation of
“erric oxide or added to the suspension of this oxide in water.
Addition of two different concentrations of ferric ions to a
erric oxide sample allowed us to show the importance of the
atio [Fe** 14,/ [Fe,05]. Apart from this ratio, several other

parameters are at the origin of the distinct effects of various
ferric oxide samples, among which the crystallinity is notice-
able.

Although the concentrations of oxalic acid, ferric ions and
ferric oxide used in these laboratory studies were generally
higher than those encountered in natural waters, the curves
of Figs. 5 and 6 show that extrapolations to lower concentra-
tions can be made. Consequently, the conclusions drawn here
may reasonably be expected to remain valid for environmen-
tal conditions.
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