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ABSTRACT. The photocatalytic degradation of EDTA over TiO> has been analyzed to establish the influence
of oxidants on the reaction rate, the nature of the intermediates and the kinetic regime. Degussa P-25 sus-
pensions containing EDTA at initial pH 3 in different concentrations were irradiated under near UV light.
A Langmuirian behavior was observed. O» at saturation concentrations was found to be crucial for EDTA
degradation. The rapid depletion of EDTA was not accompanied by a corresponding TOC decrease, indicating
formation of refractory intermediates. An enhancement in TOC reduction could be achieved by keeping pH
constant or by hydrogen peroxide addition. Addition of Fe(Ill) caused a remarkable increase on the initial
rate of EDTA consumption and also on TOC decrease. Changes in both parameters clearly increased under
the simultaneous addition of Fe(Ill) and H»>Op, until limiting values.

Some of the possible intermediates of EDTA degradation were evaluated in the filtered solution. So far,
glycine, ethylenediamine, ammonium, formaldehyde, and formic, iminodiacetic, oxalic, oxamic, glycolic and
glyoxylic acids have been identified in different proportions, depending on the experimental conditions.
Different degradation pathways are proposed. In the presence of Fe(Ill), photo-Fenton reactions would con-

tribute also to the degradation process.

1. INTRODUCTION

Ethylenediaminetetraacetic acid (EDTA) is nowadays ex-
tensively used in several industrial and domestic appli-
cations (e.g., detergents, fertilizers, herbicides, cleaning
of boilers, decontamination of components of nuclear
reactors), and the amount of this compound in resid-
ual waters is (and will be) increasing constantly. The
effect as a water pollutant is indirect: although it does
not present a high toxicity, its ability for metal com-
plexation induces the mobilization of toxic metal ions;
it can even produce detrimental effects on biological
treatment of effluents by removing metals essential for
bacteria. Destruction of EDTA is not possible by bio-
logical treatments [1], chlorine is scarcely efficient [2],
and the compound is hardly retained by activated car-
bon filters [3]. Advanced oxidation technologies (AOTSs)
for its elimination have been tested with variable re-
sults: ozonation [4, 5], UV/H20> [6-11], UV with other
oxidants [12], radiolysis [13] and combined techniques
[14-16]. In recent papers, we have initiated a compara-
tive study on the efficiency of different AOTs for EDTA
treatment, still underway [17-19], with the final aim of
establishing the best procedure in terms of highest min-
eralization degree and lowest economical costs.
Mechanisms associated to EDTA photocatalytic
degradation are very complicated due to the amount of
intermediates that can be formed during the progress
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of the reaction. Related papers mention some of the
possible routes [20-23] but the true steps of the
mechanism have not been yet completely elucidated.
Moreover, several recalcitrant intermediates are
formed, which make very difficult total mineralization.
Some of our previous papers report aspects of the pho-
tocatalytic degradation of EDTA using TiO, and other
semiconductors [24-28]. In a recent work, we have
initiated a complete study, establishing the influence of
several parameters on the reaction rate, the nature of
the intermediates and the kinetic regime [29]. Analysis
of the filtered solution by ion chromatography and
capillary electrophoresis monitored the disappearance
of EDTA and the formation of degradation products
after different irradiation times [29, 30]. In this pre-
liminary work, glycine (Gly), ethylenediamine (EDA),
ammonium, iminodiacetic acid (IMDA), formic, oxalic
and glyoxylic acids have been identified. Later on,
additional studies on the system have been performed,
especially in the presence of Fe(Ill) and under the
simultaneous addition of Fe(III) and H>O». The present
paper collects and correlates the results, allowing to
propose different routes for the degradation, depen-
dent of pH and of the presence of Fe(Ill). In the last
case, the contribution of photo-Fenton reactions to the
degradation process is analyzed.

2. MATERIALS AND METHODS

2.1. Chemicals. TiO, (Degussa P-25) was a com-
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mercial sample, kindly supplied by the manufacturer
(Degussa A.G., Germany). NaEDTA (Carlo Erba) was of
quality grade and used as provided. Fe(Ill) was added
as a NHyFe(SO4)2.12H0 (Mallinckrodt) aqueous solu-
tion. 30% w/w (Merck) hydrogen peroxide was used. All
other reagents were at least of reagent grade and used
without further purification. Water was double-distilled
in a quartz apparatus and purified by a Nanopure sys-
tem in the case of chromatographic and electrophoretic
analyses. Diluted HCIO4 was used for pH adjustments.
Complete conditions for chromatographic and elec-
trophoretic analyses are described elsewhere [30].

2.2. Photocatalytic studies. Irradiations were per-
formed using high-pressure xenon arc lamps (Osram
XBO, 150 or 450 W) with a bandpass filter (Schott BG 1
or BG 25, thickness 3mm; 300nm < A < 500 nm; max-
imum transmission at 360 nm). The IR fraction of the
incident light was removed by a suitable filter (Schott
KG 5). Actinometric measurements were performed by
the ferrioxalate method [31]. Photon flows per unit vol-
ume of 1.1 x 107> and 1.8 x 107> Einstein L1 s~ were
calculated for the 150 and the 450 W lamp, respectively.

Photocatalytic runs were done at 25°C in a ther-
mostatted cylindrical Pyrex cell. In all cases, a fresh
solution (10mL) of EDTA at a known concentration
was adjusted to pH 3, the catalyst (1.0gL!) sus-
pended in the solution, and the suspension ultrason-
icated for 2 min. A water-saturated nitrogen, oxygen or
air stream was bubbled in the suspension at a constant
rate throughout the experiment. Prior to irradiation,
suspensions were stirred in the dark for 30 min and the
extent of dark adsorption was calculated by measuring
EDTA concentrations before and after the stirring. The
adsorbed amount was discounted to correct the initial
EDTA concentration in photocatalytic runs. Irradiations
were performed under magnetic stirring. Samples were
periodically withdrawn and filtered through 0.22 um
Millipore filters. At least, duplicated runs were carried
out for each condition, averaging the results. EDTA con-
centration was evaluated by spectrophotometric analy-
sis with bis(2,4,6-tripyridyl-S-triazine)iron (II) in the vis-
ible range [32]; in the presence of Fe(IIl), EDTA was eval-
uated by the EDTA-Fe(Ill) complex method in the UV
range [33]. UV-visible absorption measurements were
performed with a Shimadzu 210A spectrophotometer.
Total organic carbon (TOC) was measured with a Shi-
madzu 5000A TOC analyzer.

2.3. Chromatographic and capillary electrophor-
etic determination of degradation products. Af-
ter different irradiation times, some of the possible
intermediates and products of EDTA degradation in
the filtered solution were evaluated by methodologies
whose optimization is discussed elsewhere [30].

The cation chromatographic system was a Konik
KNK-500A liquid chromatograph equipped with a

Rheodyne Model 7125 injector. Detection was achieved
via an Alltech 320 conductivity detector and processed
with a Konikrom Chromatography Data System V. 5.2
integration software. Nitric acid, pH 2.5, was used as
eluent at a flow rate of 1mL min~!. Gly and ammo-
nium were analyzed on a 10 cm silica-base cationic col-
umn (Wescan 269-004), and EDA on a 12 cm silica-based
cationic column (Methrom Sep 904315). All chromato-
graphic analyses were performed at room temperature.

Anion capillary electrophoresis was performed in a
Thermo Separation Products SpectraPHORESIS ULTRA
capillary electrophoresis system controlled by PC1000
software, with a UV-Vis detector SpectraPHORESIS
UV3000. Separations were run at 25°C in a fused
silica capillary tube (40.1cm x 75um LD., effective
length 36.5 cm). Samples were injected hydrodynami-
cally (8 psi) for 5 s. The running buffer was 5 mM potas-
sium acid phthalate and 0.3 mM hexadecyltrimethylam-
monium bromide (CTAB) as electroosmotic flow mod-
ifier. As internal standard, 10.0 ug mL~! nitrate was
used. EDTA, formic, glyoxylic and acetic acids were an-
alyzed with addition of 1 mM Cu?* to the buffer elec-
trolyte at pH 3.3. Oxalic acid and IMDA were analyzed
at pH 4. Glycolic acid was evaluated semiquantitatively
at pH 5.5.

Formaldehyde was qualitatively detected with chro-
motropic acid [34].

3. RESULTS AND DISCUSSION

Aqueous suspensions of TiO» (Degussa P-25, 1g L)
containing EDTA in concentrations ranging 0.3-5.0 mM
at initial pH 3 were irradiated under near UV light for
different illumination times, and samples were taken
periodically for analysis. The profiles for the time
course of EDTA depletion at different concentrations
up to 120 min were linear in the range 3.0-5.0 mM, and
at lower concentrations they presented a deceleration
after some irradiation time (graphics not shown), typ-
ical of a Hinshelwood-Langmuir behavior. Initial rates
were calculated from these profiles, and a linear plot
of 1/Rg vs. 1/Cy was obtained in accordance with the
kinetic regime (Figure 1). Kinetic constants k = 6.3 X
107"Ms™! and K = 4690M~! have been calculated.
This last constant is very similar to the (thermal) ad-
sorption constant of EDTA over TiO» that can be calcu-
lated from data reported elsewhere [35].

Experiments with 5.0 mM EDTA (zero order regime)
were performed for 3 h irradiation under different con-
ditions (Figure 2). No reaction was observed in the ab-
sence of TiO2. Under N, bubbling, depletion of EDTA
was very low (ca. 16%). Under O; (different fluxes at
saturation in water) or air bubbling, a decrease of EDTA
concentration up to ca. 90% was obtained in the differ-
ent cases (Figure 3). The initial photonic efficiency in
the presence of oxygen was &y % = 4.2, calculated from
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Figure 1. Langmuirian plot for the photocatalytic degra-
dation of EDTA. Conditions: pH 3, [P-25] = 1g L™1, near
UV, Ip = 1.1 x 1075 Einstein L~1 s~1, oxygen bubbling at
0.2 mL min~1,
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Figure 2. Photocatalytic experiments with [EDTA] =
5.0 mM under different conditions. Other conditions as in
Figure 1.

the slope of the straight line in Figure 2 and the incident
photon flow. Although an increase of more than 1 unit
in pH was observed after 3 h irradiation, only negligible
changes on the degradation rate occurred by keeping
pH constant by periodical HClIO4 addition. Similar re-
sults were obtained after the initial addition of hydro-
gen peroxide (10:1 molar ratio H2O» to EDTA) or adding
a drop each 10 min of irradiation (not shown). Addition
of 0.5mM Fe(Ill) (1 order of magnitude lower than the
molar EDTA concentration) caused a dramatic increase
on the initial rate of EDTA depletion, and &, % = 25.0
was calculated in these conditions from the initial slope
of the curve. In contrast, TOC decrease ranged only be-
tween 4.5 and 9% in the absence of oxidants other than
oxygen, and was considerably improved (21% or more)
by keeping pH constant, by hydrogen peroxide addition
or in the presence of Fe(IIl) (Figure 3).

Another set of experiments was performed with
5.0mM EDTA under similar conditions but using dif-
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Figure 3. Degree of EDTA degradation and TOC decrease
after 180 min irradiation time. Conditions as in Figure 2.

ferent Fe(IIl) /EDTA molar ratios. Figure 4 shows the
results: all experiments indicate an improvement in
degradation in comparison with the system without
Fe(IIl) (especially in the extent of TOC reduction), but a
decrease is observed with high Fe(IlI) contents. In the
case of EDTA depletion, the highest Fe(Ill) concentra-
tion (1:1 to EDTA) is frankly detrimental. Therefore, a
large amount of Fe(IIl) should be avoided.
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Figure 4. Decrease of EDTA and TOC after 180 min irra-
diation in experiments with different Fe(Ill) /JEDTA molar
ratio. All other conditions as in Figure 2.

Experiments under more prolonged irradiation
were performed to assess TOC degradation (oxygen
0.2L min~!, no other oxidants). Only isolated points af-
ter 12 and 24 h were evaluated, which yielded 39 and
63% TOC decrease respectively, indicating the recalci-
trance of the system to mineralization.

The following runs were performed with simultane-
ous addition of Fe(Ill) and H»O> in different ratios, ir-
radiating only up to 30 minutes to control the initial
changes in the system (Figure 5). Changes in EDTA de-
pletion and TOC decrease depended on the relative
concentration of oxidants and substrate. Changes in pH
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Figure 5. Decrease of (a) EDTA and (b) TOC in the photo-
catalytic degradation of EDTA after 30 min of irradiation in
the presence of different Fe(Ill) and H>O» concentrations.
Conditions: [EDTA] = 5.0 mM, pH 3, [P-25] = 1 g L™, near
UV, Iy = 1.8 x 107 Einstein L~! s71, oxygen bubbling at

0.2 mL min~1.

were generally larger than in the absence of Fe(Ill) or
H>02, and reached 7 or more in the cases of the highest
conversions. Fe(Ill) concentrations higher than 2.5 mM,
i.e., at a molar ratio Fe(Ill) to EDTA higher than 0.5:1,
were detrimental until a 50mM H»>O» concentration.
This result is in accordance with the previous ones in
the absence of H>O5. Similarly, in most conditions, TOC
decrease was enhanced until the same H>O» concentra-
tion. However, with higher amounts of H,O> the trend is
not clear, depending on the amount of Fe(Ill) added to
the system. The best condition for conversion found in
this work (44% TOC decrease and 99% EDTA disappear-
ance) was in the presence of 2.5 mM Fe(IlI) and 50 mM
H»>0», i.e., at a 1:2:20 molar ratio Fe(Ill)/EDTA/H»0>.
Note that these values of decomposition are extremely
good for an irradiation time of only 30 min, in com-
parison with the previous results. This experiment was
then repeated up to 180min, achieving 52% TOC re-
duction. The initial photonic efficiency, calculated from
the initial slope of the profile of EDTA degradation (not
shown), was &y % = 33.

The following intermediates and products were de-
tected after photocatalytic runs of different duration:
formic, oxalic, oxamic, glyoxylic and glycolic acids,
IMDA, Gly, ammonium and EDA. Formaldehyde was
also qualitatively detected, but not quantified. Nitrate

and nitrite were never detected, even after 24 h irradia-
tion. Other unknown compounds were observed, whose
identification is underway.

As stated in our previous work [29], in the absence
of oxidants other than oxygen, formic acid, IMDA, ox-
alic acid and Gly were the most abundant products
after 180 min irradiation, formed at concentrations in
the mM range. Glyoxylic acid, glycolic acid and ammo-
nium were detected in lower amounts (two orders of
magnitude), whereas EDA was the less abundant prod-
uct, found in concentrations about 3.5 uM. Further ex-
periments comparing those up to 180 min irradiation
yielded more information about the fate of the decom-
position products. Up to 60 min, glyoxylic acid con-
centration remained higher than Gly. Isolated exper-
iments up to 12 and 24h showed a decrease in the
concentration of Gly, IMDA, EDA, glyoxylic and formic
acids, indicating that they are degradable intermedi-
ates. Glycolic acid disappeared completely after 12 h.
On the contrary, oxamic acid, not observed at 180 min,
could be detected after 12h and even at a higher con-
centration after 24 h irradiation, although always lower
than 0.1 mM. Similarly, oxalic acid concentration also
increased constantly, these results suggesting the re-
fractory nature of both compounds. Ammonium con-
centration increased continuously up to 24 h, being un-
doubtedly a final product, taking into account that nei-
ther nitrate nor nitrite could be detected. In the pres-
ence of Fe(IlI) and no H>0; (experiments up to 30 min),
a slightly increase in EDA concentration could be ob-
served. When H»>O» was added, this increase occurred
only when important changes in pH took place.

According to the accepted mechanism for hetero-
geneous photocatalytic processes, electrons and holes
are generated after light absorption by the semiconduc-
tor. The organic compound can be oxidized directly by
holes or by hydroxyl radicals, whereas conduction band
electrons reduces oxygen to superoxide, forming addi-
tional HO®, through successive steps. Taking into ac-
count the identity and amount of products detected
in our experiments, and similarly to previously pro-
posed mechanisms with other oxidants [4, 7, 10, 36], it
can be suggested that EDTA photocatalytic degradation
proceeds through three possible pathways (a), (b) and
(c), depending on the point of attack to the molecule,
through which ED3A, IMDA and glyoxylic acid can be
respectively formed in the initial steps (Scheme 1). Suc-
cessive h* or HO® attacks, combined with other dark
processes, induce EDTA cleavage forming the interme-
diates indicated in Scheme 1, together with CO2, CH>0
and NH4". Formaldehyde is further oxidized to formic
acid. IMDA is decomposed to Gly, which is known to
transform slowly to oxamic acid [10], and this explains
why this compound cannot be seen during the first
times of the reaction. Glyoxylic acid is further oxidized
to oxalic and/or formic acids. Pathway (a), which im-
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Scheme 1. Possible pathways for the photocatalytic transformation of EDTA. * Identified products. Other detected products:

ammonia and formaldehyde.

plies HO* attack on nitrogen and ends in EDA, is not
favored at acid pH due to protonation of this atom.
Therefore, in the absence of Fe(Ill) and H,O>, the higher
concentrations found after 180 min for IMDA and Gly
compared with that of EDA suggest that pathway (b)
proceeds at a higher extent. Similarly, as up to 60 min
glyoxylic acid concentration remained higher than Gly,
this could indicate that pathway (c) is also important.
When Fe(III) or HyO, is added, the reaction is faster,
and a rapid pH increase is observed in some cases.
These conditions would favor, at some extent, path-
way (a) [7, 10], which is validated by the slightly in-
crease in the quantity of EDA. The depicted Scheme 1 is
actually a simplified representation of different events
taking place during the photocatalytic process, tak-
ing into account that some of the intermediates (e.g.
ED3A, EDDA, EDA) can also be decomposed by similar

photocatalytic processes.

The accelerative role of Fe3* can be explained
by a combination of photolysis (or photocatalysis by
TiO2) of homogeneous and surface Fe-EDTA complexes
through a LMCT reaction such as (1) [7, 37, and refer-
ences therein]. Fe(II) and Fe(III) ions can, in turn, partic-
ipate in Fenton and Fenton-type reactions and generate
additional HO".

(=)Fe(ll) — L + hy —25 (=)Fe(Il) + Lowa, (1)
or TiO;

Fe(Il) + HoOp —— Fe(Ill) + HO* + HO ™, (2)
Fe(Ill) + Ho O, —— Fe(Il) + HO2®* + HT , (3)
Fe(Ill) + HO2* —— Fe(l) + O + H* . (4)

Of course, external addition of H>O» favors the Fen-
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ton reaction, but it is known that an excess can be
detrimental because this reagent acts as a HO® scav-
enger [38]. In addition, a large concentration of Fe(III)
can be deleterious as found in previous cases [37]. As
said, the best conversion was found at a 1:2:20 molar
ratio Fe(Ill)/EDTA/H»0O>, with an unclear behavior at
higher H,O> concentrations, depending on the amount
of added Fe(IIl). Probably, there is an optimum relation-
ship between Fe and hydrogen peroxide, which leads
to the best degradation. More detailed experiments are
underway to explain these results.

It must be pointed out that the increase in quan-
tum efficiency in the presence of Fe(Ill) (with or with-
out added H>O») does not mean an increase in the effi-
ciency of the photocatalytic reaction (an always desired
purpose in photocatalysis), because this system should
be considered a combined AOT, heterogeneous photo-
catalysis + photoFenton-type reactions. Therefore, the
active species generated in these complex systems are
probably involved in more rapid reactions in solution
phase compared with those in the interface.

4. CONCLUSIONS

A Langmuirian regime describes accurately the kinetic
behavior of EDTA photocatalytic degradation. Oxygen
is crucial for the reaction, and almost complete EDTA
depletion takes place after 180 min irradiation. In con-
trast, a very low decrease of TOC is observed, which
suggests that reluctant intermediates are formed dur-
ing the degradation. Decrease of TOC can be helped by:
a) keeping a constant pH; b) H>O, addition; c) addition
of Fe(III). In this last case, photoFenton-type reactions
would contribute also to the degradation process. A
higher acceleration is observed under the simultaneous
presence of Fe(Ill) and H»O>. However, high amounts
of Fe(Ill) are detrimental, and the comportment of the
system is unclear with high H>»O» concentrations. Dif-
ferent intermediates of the reaction have been identi-
fied in agreement with proposed mechanistic pathways,
depending on the experimental conditions.

More systematic experiments are underway to find
the optimum Fe(Ill) and H>O; concentrations and to
determine more precisely the fate and nature of the in-
termediates.
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