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Abstract

TiO,-heterogencous photocatalysis of nitrilotriacetic acid (NTA) at pH 2.5 was studied to establish the kinetic
regime and the reaction mechanism. Pure Degussa P-25 and Hombikat UV100 commercial samples were compared.
A Langmuirian behavior was observed over P-25. Platinization of the Hombikat sample (0.5 wt.%) caused an
important increase on the photocatalytic rate with a change in the kinetics from zero order in the pure precursors to
first order in the platinized sample. The nature of the intermediates and their evolution with time were compared on
all systems. Glycine, iminodiacetic and oxamic acids have been identified in different proportions, together with
ammonium and glycolic acid, depending on the catalyst used. The rapid depletion of NTA was not accompanied by
a corresponding total organic carbon (TOC) reduction, but 84% of TOC decrease was obtained on P25 after 24 h, a
very reasonable result for refractory compounds. A detailed mechanism is proposed for the photocatalytic reaction,
suggested to be the same over the three catalysts here tested.

1. Introduction

Nitrilotriacetic acid (NTA) is an aminopolycarboxylic
acid, extensively used as a chelating agent. In spite of
being considered as a potential human carcinogen [1], it
continues to be systematically employed in industrial
applications [2-5]. NTA has been previously treated by
different techniques including advanced oxidation tech-
nologies [3, 6-16].

Our group has been working on NTA degradation by
heterogeneous photocatalysis using TiO,, the most
common photocatalyst. Preliminary results indicate that
the NTA concentration, the amount of TiO,, time and
pH are important variables, and that low pHs are the
most favorable [17].

On the other hand, we have also observed that
although platinization of TiO, improves sometimes the
efficiency of photocatalytic reactions, this effect depends
on the substrate to be treated [18, 19]. In a recent paper,
three commercial photocatalysts (Degussa P-25 (P25),
Sachtleben Hombikat UV100 (HB) and Millenium
PC50 (PC50)), were platinized, characterized and tested
as photocatalysts in comparison with the corresponding
pure samples using the degradation of EDTA and NTA
as model compounds [20]. In the case of NTA, a
remarkable increase in activity over the platinized
samples was observed, together with a change in the

kinetic regime from zero order in the pure samples to
first order in Pt-TiO,.

In the present work, we started a detailed study to
elucidate the mechanism of NTA photocatalytic degra-
dation over pure and platinized TiO, samples.

2. Materials and methods
2.1. Chemicals

TiO; (Degussa P-25) and Sachtleben Hombikat UV100
(HB) were commercial samples provided by the man-
ufacturers. NTA, iminodiacetic acid (IDA), oxamic
acid, glycine (Gly) were Sigma and glycolic acid and
ammonium were Merck, all of the highest available
purity. All other reagents were at least of reagent grade
and used without further purification. Water was
purified by a Nanopure system. Diluted HCIO, was
used for pH adjustments. A 0.5 wt.% Pt Hombikat
sample (0.5HB) prepared as described previously [19],
was used.

2.2. Photocatalytic studies

An annular glass reactor (415 mm-length, 35 mm-exter-
nal diameter, 85-ml total volume) provided with a UV
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lamp (Philips TLD/08, 15 W, 350-410 nm, 100%
maximum transmission at 366 nm) was used for the
photocalytic experiments. The total incident photon
flow per unit volume, measured by ferrioxalate acti-
nometry [21], was 4.0 peinstein s 17! .

For the photocatalytic experiments, a fresh NTA
solution (250 ml) at a known concentration was poured
into a Pyrex reservoir, the catalyst (P25, HB or 0.5HB)
was suspended at 1.0 g1™' in the solution, and the
resulting suspension ultrasonicated for 2 min. Prior to
irradiation, suspensions were stirred in the dark for
30 min and the extent of adsorption was calculated by
difference in the NTA concentration. The adsorbed
amount was discounted to correct the initial concentra-
tion. Photocatalytic runs were done at 25 °C and the
suspension was recycled at 1.0 l min~' by means of a
peristaltic pump. A water-saturated air stream was
bubbled at 0.2 1 min~" in the reservoir throughout the
experiment. In the case of the experiments performed to
analyze the kinetic regime, pH was maintained constant
at 2.5 with HCIO4 during the entire reaction time. In the
experiments performed to analyze the intermediates, the
pH was left to vary freely. Preliminary experiments
showed that 2.5 was the optimal pH for the reaction.
According to the values of the acid ionization NTA
constants (pK; = 0.8, pK, = 1.8; pK;5; = 2.5 and
pKy4 = 9.7 [22]), the predominant species in solution
at pH 2.5 are the mono- and the dianion.

Samples were taken periodically from the reservoir
and filtered through 0.22 um Millipore filters for eval-
uation. At least, duplicated kinetic runs were carried
out. Total organic carbon (TOC) was measured with a
Shimadzu 5000A TOC analyzer, in the NPOC mode.

For HPLC analysis, a Konik KNK-500A liquid
chromatograph with a Rheodyne Model 7125 injector
and an Alltech UV—Vis detector was used, working at
room temperature. NTA was determined as the Fe(I1I)—
NTA complex [14]. The reaction intermediates gener-
ated in the photocatalytic reactions were evaluated with
an anionic interchange column (Hamilton PRP X100,
250 x 4.0 mm), using 7.5 mM, pH 2.5 KH,PO, as
eluent, at a 1.2 ml min~! flow rate and 195-nm detec-
tion. Nitrate was measured with a Wescan anion
column, using 4 mM, pH 4.5 potassium biphthalate as
eluent, at the same flow rate and 265-nm detection.
Ammonium was analyzed as described previously [23].

3. Results and discussion
3.1. Kinetic studies

TiO, (P25) aqueous suspensions, containing NTA in
concentrations ranging 0.4-6.2 mM at pH 2.5, were
irradiated under near-UV light and analyzed periodically.
Normalized concentration was plotted against reaction
time to circumvent slight differences in concentration
between experiments. The adsorption values after 30 min
in the dark ranged between 5-20% depending on the

initial NTA concentration. Taking into account the point
of zero charge (pzc) of TiO, Degussa P-25 (6.5 [24]) and
the pK values, NTA adsorption at pH 2.5 can be mainly
attributed to electrostatic attraction.

Kinetic data were analyzed using the Langmuir—
Hinshelwood model according to:

kKC
1 + kCy (1)

where Cj is the initial substrate concentration and Ry is
the initial photocatalytic rate, defined as the variation of
the substrate concentration in the bulk vs time. & is the
saturation rate and can be interpreted as the limiting
rate at high solute concentrations. K is an equilibrium
constant and indicates the ability of the substrate to be
adsorbed or associated to the TiO, surface. However, it
has been noted [25] that these parameters have only
procedural significance and that they do not necessarily
reflect interfacial phenomena.

The kinetic profiles at different NTA concentrations
up to 60 min were linear in the range 2.5-6.2 mM and, at
lower concentrations, they presented a deceleration after
some irradiation time (not shown), typical of a
Langmuir—Hinshelwood behavior. Initial rates were
calculated, and a linear plot of 1/R, vs 1/Cy was obtained
(Figure 1). Kinetic constants, k=7.6 x 107 M s~ and
K = 1790 M™!, were similar to those obtained for other
carboxylic acids submitted to similar treatments [26, 27].

Ry

3.2. Evolution of intermediates over P25

Experiments with 5.0 mM NTA (zero order regime)
were performed for 24 h under the same conditions,
except that the pH was left to vary freely. The following
intermediates were identified and quantified: IDA,
oxamic acid, Gly and ammonium (these names will be
used for the compounds in this paper irrespective of the
protolytic form due to changes in pH). The evolution
and decay of the compounds are presented in Figure 2.
Glycolic acid was identified but it could not be quan-
tified due to the limit of determination of the analytical
method. Some chromatograms are shown in Figure 3.
As can be observed, total NTA depletion takes place
at 5 h of irradiation, following a linear decay. A stoichi-
ometric transformation of NTA into IDA and of IDA
into Gly is observed. For example, at 1 h the sum
(NTA + IDA) is around the initial NTA concentra-
tion, as observed before for the homogeneous Fe—NTA/
sunlight system [16]. At 8 h, when NTA has disap-
peared, the sum (IDA + Gly) is approximately
4.5 mM, indicating that most of the nitrogen has been
transformed into these compounds. As shown, IDA and
Gly formation and decomposition follow an almost
linear regime, in a similar way to the decay of the parent
NTA. Figure 2 also shows that oxamic acid was initially
detected at 8 h, but it was produced during the whole
experiment at a much lower concentration than IDA
and Gly. Interestingly, there is some induction period
for oxamic acid production up to 11 h, indicative that
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Fig. 1. Langmuirian plot for the photocatalytic degradation of NTA over P25. Conditions: pH 2.5 (fixed), TiO,

IDA, Gly or some other compound is hindering its
evolution. Oxamic acid formation accelerates only after
total disappearance of IDA and when Gly reaches its
maximum concentration (around 12 h); the maximum
oxamic acid concentration (0.1 mM) is achieved around
22 h, decaying then linearly until the end of the
irradiation (28 h). Ammonium was observed as traces

after 4 h, increasing almost linearly since 16 h, when Gly
has almost disappeared. In agreement with the forma-
tion of these basic products, pH increases slowly
throughout the reaction, from 3 at 6 h up to 8 at 24 h.
Then, pH decreases (e.g. 7.25 at 28 h), an evidence of
volatilization of basic compounds (ammonia or amines),
reinforced by the fact that, at 24 h, the sum (ammo-
nium + oxamic) does not exceed 2.6 mM.

Nitrate was measured only at 6, 12, 18 and 24 h, but it
was not detected by two possible reasons: 1) oxidation
of ammonium to nitrate by holes or oxidative radicals
(e.g. HO®, O3~ is hindered by the competence of organic
intermediates; 2) strong reducing species such as CO3~

1500

2000
(1/Co) /M

2500

formed from intermediates promote reduction of nitrate
to ammonia [27].
Even though glyoxylic and formic acids and formal-
dehyde can be determined by the chromatographic
method, they were not detected, because they were
generated at very low concentrations, rapidly trans-
formed to other species, volatilized by the oxygen stream
or just not formed. Contrarily, our analytical method
does not allow measuring oxalic acid, and other tested
techniques presented interferences with some of the
intermediates; this does not invalidate its formation. In
contrast, minor amounts of glycolic acid could be seen
from 10 to 19 h. IDA has completely disappeared at
10 h, when Gly is growing to its maximum. This

suggests that glycolic acid can be formed by glycine
deamination (see later).

Three non-identified peaks were also observed in the

lg "', near-UV light,

chromatograms (Figure 3), which do not correspond to
acetic acid, hydroxylamine, N-methylamine, hydrazine or

A deeper analysis of these unknown
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Fig. 2. Time evolution and decay of intermediates during the photocatalytic degradation of NTA over P25. Conditions as in Figure 1.
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Fig. 3. Chromatograms acquired during the photocatalytic degradation of NTA over P25 at 5, 12 and 24 h of irradiation.

transients should involve the use of techniques such as
HPLC-MS, to which we did not have access.

In the very well accepted heterogeneous photocatalytic
mechanism, organic compounds can be oxidized directly
by holes or indirectly by hydroxyl radicals (HO®), whereas
conduction band electrons reduce oxygen to superoxide
(057), leading to additional HO® [28]. According to our
results and those previously reported in experiments on
biodegradation, y-radiolysis and Fe-NTA photolysis
[4, 5,8, 15, 16], we propose two different points of attack
on the NTA molecule: the nitrogen atom (point I) and the
a-hydrogen (point II), giving rise to pathways I and II,
respectively (Scheme 1). Pathway I begins by electron
abstraction from the nitrogen, followed by decarboxyl-
ation:

h* or HO®
_

RoN—CH,—COO™ R,N**—CH,—COO~

where R,N—CH,—COOH = NTA. Aliphatic free rad-
icals react with O,, forming peroxyl radicals that
decompose to imine radicals plus superoxide [12]:

R,N—CH; + 0; — RyN—CH,(0,)"

— RyN*=CH, + 03" 3)

Water addition to the double bond of the imine
radical gives an alcohol (one of the possible non-
identified products in Figure 3), which can decompose
to IDA plus formaldehyde, the main products of
pathway I:

R2N+:CH2 + H,O — R,N—CH,0H —

“)
RyN + CH,0

The increase in pH can be attributed also to the next
reaction:

L] L]
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Fig. 4. Comparison of NTA evolution during the photocatalytic NTA
Figure 1. pH was left to vary freely, as shown in the inset.

degradation on P25, HB and 0.5HB samples. Other conditions as in



Pathway II proceeds through hydrogen abstraction
from o-C-H bonds, as similarly described in y-radiolytic
experiments [12, 29]; thereby, IDA and glyoxylic acid
can be formed:

R,N—CH, — COOH + HO®(h") — R,N—CH"*

—COOH +H,0(H") (6)

R,;N—CH*—COOH + 0, — RyN—CH?*(0,)—COOH
(7)

R,N—CH"* (02)_COOH —R,ONT
— CH—COOH + 03 (8)

RQI\I7L =CH—COOH + H,0O (OHi) —
R,N—CH(OH)—COOH 9)

R;N—CH(OH)—COOH + H;0 — R;NH+

CHO—COOH (10)

Another possibility is the decay of the radical formed
in (6) through (11) and/or (12), as proposed in pulse
radiolysis [13, 30]:

2R;N—CH*—COOH — R;N— CH,; —COOH+
NTA

R,NH + CHO—COOH
IDA  Glyoxylic acid

(11)
R,N—CH—COOH

2R,N—CH*—COOH — |
R,N—CH—COOH

(12)

IDA can be decomposed also by both alternative
routes, either to Gly and formaldehyde through path-
way I or to Gly and glyoxylic acid through pathway II.
Similarly, Gly can be transformed to ammonium and
formaldehyde by route I and to glyoxylic acid and
ammonium by route II.

The lack of detection of glyoxylic acid suggests that
the favored route is pathway I. In our previous papers
on EDTA [23, 26], glyoxylic acid was actually detected
although in very low amounts (in the uM range),
indicating a similar preferred route. Formaldehyde can
be abundantly formed through pathway I, but as said
before, it was not detected.

According to the experimental evidences, we propose
the mechanism shown in Scheme 1.

Minor thermal and photochemical routes, typical of
photocatalytic systems, can be also operative. For
example, Gly can be oxidized to oxamic acid in a
common route following I or II; oxamic acid losses
ammonium and produces glyoxylic and oxalic acids,
ending in CO,. Parallelly, Gly can be deaminated to
glycolic acid, as proposed for other amines and amino-
acids [31]. The fact that oxamic and glycolic acids are
formed in very low quantities, and that Gly is decom-
posed mainly to formaldehyde and ammonium by
pathway I, reinforces the hypothesis that this is the
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main route of attack. Formic acid could be also a
possible decomposition product, formed from formal-
dehyde or oxalic acid oxidation; however, as already
said, these compounds were not found. Nevertheless,
results obtained recently by us in the UV/TiO,/oxalic
acid system indicate that oxalate is degraded directly to
CO,, with no formic acid formation [32].

3.3. Evolution of intermediates over HB and 0.5HB

In Figure 4, experiments performed over HB and 0.5HB
during 4 h of irradiation, are shown. Curve correspond-
ing to P25 in similar conditions is added for comparison.
The 0.5HB sample was chosen among other platinized
samples because of its high photonic efficiency for NTA
photocatalytic degradation [20]. As expected, the reac-
tivity varies with the type of sample. For example, at
120 min, the extent of degradation follows the order
P25 < HB < 0.5HB, attaining around 40, 60 and
100%, respectively. The higher activity of HB compared
with P25 can be attributed to its 6-fold higher surface
area [20]. A change on kinetic regime from zero to first
order with 0.5HB is observed. Both results — higher
activity and kinetic change — confirm our previous
findings [20]. Inset of Figure 4 shows a slow pH increase
with P25, somewhat faster with HB, and much higher
with 0.5HB, indicating a consequently faster production
of basic compounds.

An analysis of the evolution and decay of intermedi-
ates was performed to evaluate if the change on kinetic
regime was due to a different degradation route with HB
or 0.5 HB. In the chromatograms, no new peaks were
found, indicating that either the reaction intermediates
were the same formed over P25, or, if different, their
detection was not possible by our chromatographic
method. As before, IDA and Gly were identified in both
experiments. As expected, oxamic acid was not detected
on HB due to the short duration of the experiment, but
it was formed on 0.5HB, although in low amounts (see
later). Similarly, low amounts of glycolic acid appeared
with 0.5HB at 4 h (not shown).

Figures 5 and 6 show IDA and Gly profiles. Com-
parison between HB and P25 shows that IDA forms
initially at a similar rate, but on the first catalyst its
formation levels off at 2 h and keeps constant, at least
up to 4 h (Figure 5). As can be seen in Figure 6, Gly
production starts on P25 after 2 h, while on HB it is
produced from the beginning. This suggests that over
HB some part of the produced IDA is degraded (surely
to Gly, see Scheme 1), which does not occur on P25
(cf. Figures 5 and 6).

The best performance in the formation and degrada-
tion of the NTA intermediates was obtained also with
0.5HB (Figure 7). Comparison of Figures 2 and 7
indicates that the whole process occurs similarly on
P25 and on 0.5HB, the latter presenting some differ-
ences: 1) a first order decay for NTA and IDA; 2) Gly
production from the beginning of the reaction; 3) no
induction period for oxamic acid production.
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The fact that the same intermediates were formed on
the three catalysts suggests a similar mechanism,
proceeding predominantly through pathway I of
Scheme 1. However, the time evolution of the interme-
diates is very dependent on the type of catalyst. As said
before, a remarkable enhancement on the efficiency is
obtained by platinization. Platinum islands are effective
electron traps, due to the formation of a Schottky
barrier at the metal-semiconductor interface, inhibiting
recombination of electron and holes; platinum increases
also the oxygen reduction rate (the rate determining
step in most photocatalytic reactions) by decrease of
the overpotential [20].

3.4. Extent of mineralization by TOC results

After 24 h, TOC was reduced 84% over P25, indicat-
ing a reasonable extent of mineralization for a

relatively resistant compound such as NTA. Comparative
TOC data obtained with the three catalysts in the first
4 h indicate that initial mineralization is very difficult,
reaching similar values (30, 40 and 43% for P25, HB
and 0.5HB, respectively). For technological applica-
tions, the complete absence of any harmful products
at the end of the treatment must be ensured. This can
be monitored by toxicity tests throughout the
treatment.

4. Conclusions

A Langmuirian kinetic regime was found for the
photocatalytic degradation of NTA on TiO, (P25) at
pH 2.5. pH increases during the reaction indicating the
formation of basic compounds. Major intermediates
were IDA, Gly and ammonium, with minor amounts
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Fig. 7. Time evolution and decay of intermediates during the photocatalytic degradation of NTA over 0.5HB. Conditions as in Figure 1.

pH was left to vary freely.
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of oxamic and glycolic acids. A relatively good
mineralization (84%) was achieved in the system after
24 h. A mechanism involving holes or HO® attack on
the organic compound and its intermediates has been
proposed. From two possible mechanistic pathways,
the one involving electron abstraction from the nitro-
gen atom of the aminocompounds is suggested to be
the major route, as deduced from the nature and
amount of the detected intermediates. Comparison of
P25 and HB indicates that the latter is a better
catalyst, due to its higher surface area. A 0.5 wt.%
platinized HB was the most active sample, and a
change on the kinetics from zero order in the pure
precursors to first order in the platinized one was
observed in both NTA and IDA degradation. How-
ever, from the identified intermediates, it is suggested
that there is no change on the reaction mechanism on
the three photocatalysts.

Experiments to identify other intermediates are
underway, together with studies in the presence of
Fe(IIT). The final aim of our work is to make a
comparison between NTA and our previously studied
EDTA system.
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