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Abstract

Degradation of cyanuric acid in aqueous suspensions of Degussa P2BaE®een achieved by the addition of fluoride ion at low pH.
Consistent with the work of Minero and Pelizzetti [Langmuir 16 (2000) 2632, Langmuir 16 (2000) 8964], it is suggested that this is due
to the formation of homogeneous phase hydroxyl radicals. Support for this hypothesis is brought from successful degradations using other
hydroxyl-generating conditions and the successful degradation-tiudylpyridine, another organic compound previously shown to be
resistant to Ti@-mediated photocatalytic degradation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

" X

Nearly every organic molecule ever tested is degraded to /N'K \)N\ —_— H A
CO,, H>0, and appropriate inorganic ions when exposed HO” N7 OoH (o] H o
to TiO,-mediated photocatalytic degradation conditions in o o
oxygenated water. This mineralization process is the basis Cyanuric Acid, 1 Isocyanuric acid
upon which the use of Ti@and other semiconductors for Cl
water purification is built. — NN

One of the very few organic molecules known to survive NM i A g
such treatment is cyanuric acidl)( This is of both fun- . N N H
damental and practical interest. The latter is true because 4-t-Butylpyridine, 2 Atrazine
of the large family of triazine herbicides in popular usage, o o o
most notably atrazine. Several studies have all shown that J P
atrazine and other triazine herbicides are all degraded to cya- HoN H NH3 HoN" NHp
nuric acid in the presence of irradiated piGuspensions, Biuret Urea

but that no further degradation takes pld8e8]. While it

is known that cyanuric acid is generally difficult to chem-
ically hydrolyze or oxidize[9], this result is still remark- . : X 7
able given the extreme generality of the Jihotocatalytic € tautomeric form known as isocyanuric af8fi which is
degradation method. In contrast, biologically based degra- related to cyanuric acid _by a series of keto-enol equ_|I|br|a.
dations usingPseudomonas sp. bacteria have been success- (For convenience, we \_N|II c_ons,lstently refer to the mixture
ful. These degradations proceed through biuret and urea,Of tautomers as cyanuric acid.) The pKa values are 6.9, 11.4,

both of which are intermediates that are formally products and 13'_5’ and most evidenc'e SuggeStS that the .anion that is
of hydrolysis reaction§10-13] Similarly, hydrolysis can formed is that qf the cyanuric acid tautpmer. This suggests
be catalyzed by alumina in the range of 3@[14] or in that cyanuric acid, were it adsorbed to $i@vould probably

supercritical water at even higher temperature and pressuregg,:]” the enolic form, but there is no direct evidence on this
i

In neutral to acidic solution,1j exists predominantly in

15]. .
[15] A few reasonable hypotheses might be proposed to ac-
count for the stability of 1) to TiO,-mediated photocat-
* Corresponding author. Tekt515-294-4711; fax:+515-294-9623. alytic degradation, which generally occurs by electron trans-
E-mail address: wsjenks@iastate.edu (W.S. Jenks). fer reactions and the action of adsorbed hydroxyl radicals.
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First, it might be argued that the principle reaction might 2. Experimental

simply be removal of one of the phenolic hydrogen atoms,

either directly or by sequential electron and proton loss. 2.1. Materials

The resulting phenolic-type radical might be sufficiently sta-

ble to survive until it can pick up an electron to return to  All chemicals were obtained from Aldrich in the highest
starting material or its conjugate base. Although it is well purity available and used as received, except as noted. The
known that a great many aromatic compounds (including water employed was purified with a Milli-Q UV plus system

many phenols) are hydroxylated by irradiated T&dspen- resulting in a resistivity= 18 M2 cm~1. TiO» was Degussa
sions, we know of no specific evidence to contradict this P-25.
assertion.

A second hypothesis is that hydroxyl radical addition does 2.2, Degradation and analysis procedures
occur, but is reversible because loss of water of H&3ults
in a species that ends up returning to cyanuric acid under2.2.1. Photocatalytic degradation
the conditions. We refuted this hypothesis a few years ago, All suspensions were prepared at 100 mgJg@r 100 mi
showing that'®0 in (1) is retained, at least on timescales water. The pH was regulated by addition of HCI (pH 2),
that are relevant to the usual degradation chemi&y|t phosphate buffer (10 mM, pH 7) or NaOH (pH 12). NaF, if
might also be argued that the carbon atoms in cyanuric acidused, was added at a concentration of 40 mM. After an hour
are already fully oxidized and are simply not reactive with of stirring and equilibration in the dark, the desired organic
the usual species formed in photocatalytic conditions. How- (1 or 2) was introduced at a concentration of 30d. The
ever, as we have also previously shoff, urea is sensi-  mixture was dispersed in an ultrasonic bath for 5 min to dis-
tive to TiO,-mediated degradation, even though its carbon perse larger aggregates and then purged witla@l stirred
atom is also formally at the CQOoxidation state. In this pa-  for 20 min in the dark before the irradiation was started. The
per, we will present circumstantial evidence for what might mixture was continuously purged by,@roughout the ir-
be the simplest hypothesis of all, thd) does not adsorb  radiation except as noted. Irradiations were carried out with
significantly to TiQ, and—given that the great majority of  stirring at ambient temperature using a modified Rayonet
TiO,-mediated degradation chemistry occurs on the catalystmini-reactor equipped with a fan and eight 4 W broadly emit-
surface—cyanuric acid is not present where the active oxi- ting 365 nm fluorescent tubes. After the reactions, samples

dizing species are formed. were acidified, centrifuged, and filtered to remove thesTiO
The factor that suggested this idea to us was the recentWater was removed by freeze—drying. Anthracene was added
report from Nedoloujko that 4-butylpyridine @) also with- after photolysis as an external standard for GC analysis.

stood TiQ conditions, but was degraded by Fenton chem-

istry [16]. This was important in that the degradations of 2.2.2. H,O» photodegradation

pyridine derivatives have been reported a number of times  Solutions were prepared as above, leaving out Tit-

[17-23] without any evidence that pyridines are particu- mediately before photolysis, 1.0 ml obB, (30% in water)

larly hardy species. It thus seemed at least plausible thatwas added. Photolysis and analysis were carried out in the

something similar—presumably a lack of contact between ordinary way, save that broadly emitting 300 nm fluorescent

the reactive intermediates and the substrate—was occurtubes were used instead.

ring with cyanuric acid. Perhaps it was only the reputa-

tion of cyanuric acid as a particularly persistent molecule 2.2.3. Fenton reaction

that made one propose that there would be special chemical Reactions were conducted at room temperature. Normal

explanations. conditions were 30QM of the organic substrate, 8 MM
Here, we report the degradation of cyanuric acid, both FeSQ and 80 mM HO,. The pH of solution was regulated

using Fenton chemistry and the Tidluoride system intro-  as usual. After desired reaction time, the resultant mixture

duced by Minero et al1,2]. These authors, on the basis of was filtered through 0.2m Whatman filters without other-

elegant kinetic studies, proposed that addition of fluoride ion wise quenching the reaction and the water was removed by

to TiO2 suspensions under acidic conditions causes the sur-freeze drying. Ordinary analyses were then used.

face coating of the particles by fluoride and the production

of homogeneous hydroxyl radicals. For simplicity, we will 2.2.4. Analysis

refer to conditions in which NaF has been added to,TiO The dried samples were exhaustively silylated by treat-

suspensions as TiF. The results simultaneously support ment with 1 ml of anhydrous pyridine, 0.2 ml of hexamethyl-

two hypotheses: (1) that cyanuric acid is not pathologically disilazane, and 0.1 ml chlorotrimethylsilane. The reactions

resistant in principle to this type of degradation, but is not were carried outin 1.5 ml plastic-stoppered vials. The result-

degraded by Ti@because it does not bind at or near catalyti- ing mixtures were shaken vigorously for about 60 s and then

cally active sites, and (2) the Minero—Pelizzetti proposal that allowed to stand for 5min at room temperature. Some pre-

the TiOy/fluoride system is capable of producing mobile— cipitate was separated by centrifugation prior to chromato-

and presumably homogeneous—hydroxyl radicals. graphic analysis. The intermediate products were analyzed
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as their trimethylsilyl (TMS) derivatives using GC-MS on a 100
Varian star 3400CX Gas Chromatograph using 25m DB-5 =
column, coupled with a Magnum ion trap detector mass 'c 80
spectrometer (Finnigan MAT, San Jose, CA). The temper- g
ature program of column was as follows: at &) hold o) g
time = 2min; from 150 to 200C, rate= 10°C/min; then %:E 60
raise the rate to 40C/min until 280°C. A HP 5890 series Il S
Gas Chromatograph with a 25 m ZB-5 column and an FID ﬁ 5 40
detector was also used for routine analysis. ‘gg—:'
C
2.2.5. Adsorption of cyanuric acid to TiO»/F and TiO> (% 20
Equilibrium extents of adsorption onto TiF and TiQ 2
were evaluated after equilibration for fixed periods with vig- 0

orous magnetic stirring. The adsorption was evaluated at
three different pHs: pH 2, 7, and 11 were held by HCI, and
30 mM phosphate buffer, and NaOH, respectively. Suspen-
sions were prepared containing 50 mg of 7i®20 ml water
and a variable amount of cyanuric acid. For 7B 84 mg
of NaF was added to each sample. After at least 9h for
equilibration, an aliquot was removed, and syringe filtered
twice through Millipore 0.22um and Poll 0.2@um filters to
remove TiQ. The residual concentration of)(was deter-
mined by UV-Vis spectroscopy using a Shimadzu UV-2101 but degradation was 3—4 times faster at pH 2. A qualitative
spectrometer. indication of the relative rates can be seerFig. 1, which
illustrates the remaining cyanuric acid after a fixed degrada-
tion period of 6 h. Degradation kinetics were approximately

W TiO2 1 TiO2/NaF Fenton

Fig. 1. Cyanuric acid remaining after a fixed period of irradiation under
several conditions. The initial concentration was g00 for all experi-
ments.

3. Results first order for two half-lives, as is often observed for photo-
catalytic degradations.
The experiments of Nedoloujko and Kiyii6] were qual- Control experiments using extended irradiation in the ab-
itatively reproduced. It was found thatt4sutylpyridine @) sence of NaF indicated that the rate of degradation in the
was degraded only very, very slowly under typical Fi€on- presence of fluoride ion at pH 2 was a minimum of 1000

ditions, regardless of pH. However, at pH 2, using JF) times faster than in its absence. If either the Jias left
(2) was degraded over the course of several hours. We do nobut of the suspension or the sample was flushed with Ar to
dwell on the products formed under these conditions, as thisremove all @ and kept anaerobic, no degradation BfWas
compound was not of our primary interest. However, early in observed on photolysis.
the degradation, in addition to the usual trace products, afew At appropriate intervals during the degradations using
major products were partially identified on the basis of mass Na/F conditions, samples were removed from the slurry.
spectral data. A very small amount of a dimer was formed. The TiQ; was removed, and the residual material remaining
What appeared to be a single isomer of a trimethylsilylated after the water was removed was exhaustively silylated and
hydroxylated product (mass M + OTMS) the largest new  subjected to standard GC-MS analysis. In no case were
peak at modest degradation conversion. We assume this iany intermediates in the degradation observed. Control
the 3-hydroxylated material. An apparently single isomer experiments using potential intermediates urea and biuret
of a bishydroxylated species (massM + 2 OTMS) was (NH2,CONHCONH) showed that these compounds would
also observed. A second dioxygenated species was formedave been observed had they been in the mixture.
(mass= M + 2 O) that was not silylated, indicating that this These results were compared to degradations done under
was probably a ring-opened product. other conditions. Photolysis of oxygen-saturated solutions
Additionally, samples of cyanuric acid (3p®) were initially containing 30QuM (1) and 8.8 mM RO, at pH 2,
exposed to the standard photocatalytic degradation condi-using broadly emitting fluorescent bulbs centered at 300 nm,
tions (100 mg TiQ in 100 ml HO, broad 365 nm irradia-  resulted in successful degradation of cyanuric acid on a
tion, O-saturated solutions) at pH 2, 7, and 12. Under no timescale similar to the TigJF experiments. An exact rate
conditions was measurable degradation observed, consistentomparison is meaningless because the output of the lamps
with literature reports. (though of the same order of magnitude) was not measured,
Treatment of {) at the same concentrations, but with the and the absorption of light in the homogeneous sample
addition of NaF (i.e., TiQ/F conditions) were also carried is much different than in the highly scattering BiGus-
out. At pH 12, no degradation was observed. At pH 7, some pensions. However, as expected, the degradations showed
degradation was observed over the course of several hourszero-order kinetics, as appropriate for a homogeneous
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oride exchange equilibrium constant, and a fixed concentra-
tion of TiO2 and fluoride. For phenol, they determined that
° at pH 3.6 with 10mM F, virtually all of the reactivity of
phenol is with homogeneous hydroxyl radicals formed by
oxidation of water. They report a change in the ratimof
o tho andpara hydroxylation that occurs when NaF is present,
A though also note this can be sensitive to many parameters.
B We hypothesize here that formation of freely diffusing
hydroxyl radicals, caused by addition of fluoride at low pH,
facilitates the photocatalytic degradation of cyanuric acid.
Consistent with the data ifig. 2, we suggest that, more than
its general resistance to hydrolysis and oxidation, the rea-
son cyanuric acid is not degraded in the presence of “naked”
TiO> is that it does not adsorb to the surface of Ti®®
any measurable extent. Therefore, when surface-bound hy-
droxyl radicals or trapped valence bond holes are formed,
it is effectively inert simply because it is virtually never in
the immediate vicinity of the reactive species. In contrast to
naked TiQ conditions, cyanuric acid is degraded on pho-
tolysis of hydrogen peroxide or by Fenton chemistry. These
results clearly show that it is not solely the inherent unre-
activity of cyanuric acid that causes its stability to naked
Fenton chemistry using an excess of Fe{sénd HO, TiO, by showing that it is degraded by homogeneously dis-
in the dark was also applied to 30/ solutions of cyanuric  persed hydroxyl radicals (or in the case of the Fenton reac-
acid. As shown irFig. 1, these degradations were successful tjon, hydroxyl-like species).
at every pH and showed less variation in rate. Again, the  We further infer from the results of the Fenton and hy-
comparison of the absolute rates to the Ficonditions  drogen peroxide photolysis experiments that the relative
is not particularly meaningful, but what is important is that unreactivity of a_) does p|ay a role in the current resu|ts1
degradations occur at all pH values tested, indicating that however. That comes from the result that no intermediates
the lack of TiQ/F-mediated degradation at high pHis nota such as biuret or urea are observed. If the rate constants for
special feature ot the chemistry df)(per se. As usual, N0 “productive” reactivity between HOand cyanuric acid are
degradation intermediates were observed. well below the near-diffusion controlled limit that is typical
The extent of adsorption of cyanuric acid to Bi@as  for reactivity between H® and organic substrates, then
determined by UV-Vis spectroscopy. Samples were preparedany putative stable intermediates should be consumed more
using 50 mg TiQ in 20 ml water and various concentrations  rapidly by HC® than is cyanuric acid. In such a case, it is
of (1). Fig. 2 shows the residual absorptions at 213nm for pjausible that the intermediates never build up a reasonable
three sets of samples: no TOTIO,, and TiQ/F, all at  steady state concentration because they are degraded faster
pH 2 after removal of TiQ by centrifugation and filtration.  than they are forméd
The data clearly indicate that there is no more than a few  \when cyanuric acid is subjected to TiB photolysis con-
percent of the cyanuric acid adsorbed, even at the highestgitions, formation of freely diffusing hydroxyl radicals is
concentrations. Very similar data were obtained at pH 7 and consistent both with the hypothesis of Minero and Pelizzetti
12, thOUgh the extinction coefficients (and thus the absolute regarding hydroxy| radical formation and with our own re-
absorptions) vary because of the protonation state of thegarding cyanuric acid adsorption as the root cause for its
cyanuric acid. inertness. Because this logic may be considered somewhat
circular, it is important to note that TiGmediated degrada-
tion of 44-butylpyridine is also facilitated by the addition
of fluoride. There is no reason to believe th2k fossesses
any special chemical resistance to hydroxyl-like species or
Minero, Pelizzetti, and coworkers carried out an elegant valence bond holes, nor that it is reactive with fluoride ion.
set of experiments, based largely on kinetic analyses of thelndeed, Nedoloujko and Kiwi showed that it too is subject to
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Fig. 2. Residual absorption at 213 nm after removal of;TiOircles: no
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photochemical reaction limited by photon absorption. As
before, no intermediates were detected.

4, Discussion

degradation of phenol, using T¥@uspensions at various pH
values in the presence and absence of fluoridgig]. At
low pH, fluoride displaces OH from the surface of the 7iO
particles, with a maximum fluoride coverage calculated in

oxidation by homogeneously dispersed reaggts Thus,
these paired results provide strong supporting evidence for

1 We cannot eliminate the possibility of strongly adsorbed intermediates

the range of approximately pH 2.5 to 4.5, based on reason-ihat we cannot detect, through our previous experience makes this seem

able assumptions for the TiOH acid-base equilibria, the flu-

unlikely.
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the Minero hypothesis, this time using a very simple observ- are not clear. However, it would be consistent with the cur-

able: removal of cyanuric acid from solution at least three rent results to speculate that their immobilization procedure

orders of magnitude more rapidly than without the fluoride. provides for binding sites that are more attractive to cya-
Moreover, the observation of “ordinary” hydroxylation nuric acid in addition to immobilizing the Ti©particles.

intermediates in the TiglF-mediated degradation o2)(is Reactions between the TiGand cyanuric acid might then

consistent with our explanation for the lack of observable take place.

intermediates in the degradation &j.(There is no reason to

believe that compound®) is considerably less reactive than

any of its obvious derivatives towards OThus, the rate 5. Conclusions

of intermediate formation is not grossly lower than that of

intermediate degradation early in the course of the reaction, The addition of fluoride to aqueous suspensions of titania

and the steady state concentration initially builds up. In con- has proved to be an important mechanistic tool in unravel-

trast, as in the homogeneous oxidations, the intermediatesng a long-standing conundrum in photocatalytic degrada-

from TiO./F degradation ofX) are consumed more rapidly  tion. By using this method in parallel with other methods for

than they are formed and are thus not detected. An unfortu-producing homogeneous hydroxyl-type reagents, it is shown

nate corollary of this is that, although the expected reactivity that cyanuric acid is susceptible to degradation under easily

of hydroxyl radicals with {) would presumably be by addi- accessible conditions. The comparatively unrelated, but not

tion to the carbon atoms, any further mechanistic discussionas generally unreactive;tdbutylpyridine (which is also al-

is too speculative to be fruitful. most untouched by ordinary Tiphotolysis conditions) is
The pH sensitivity of the degradation df)(under TiQ/F also degraded by TighF. It gives predictable hydroxylated

conditions is also consistent with Minero. By working at pH intermediates, and thus supports the hypothesis that the in-

2, itis reasonable to suggest that we have not maximized theduced reactivity is due to the formation of homogeneous

amount of surface fluoride coverage (which peaks at slightly HO®. The reason that cyanuric acid is ordinarily inert to

higher pH according to them), though we used a higher TiO,-mediated photocatalytic degradation appears to be that

[NaF] than Minero. However, the considerably lower rate at it simply is not bound to the reactive portions of the 7iO

pH 7 is consistent with their prediction of still lower surface surface to any measurable extent, perhaps in combination

coverage by fluoride, and the complete lack of degradation with its lower reactivity evident from other reactions. Its in-

at pH 12 is consistent with their prediction of negligible flu- herent chemical resistance to degradation is still exhibited in

oride coverage. An important secondary conclusion to draw the inability to observe intermediate degradation products,

from this work is that the formation of free hydroxyl radicals regardless of degradation method, because the intermediates

apparently does not depend on complete fluoride coverageare consumed more rapidly than they are formed.

While undoubtedly more homogeneous Hi®formed with

higher fluoride coverage, some appears to remain even at

pH values where coverage is incomplete. The exact form of Acknowledgements

the pH dependence is beyond the modest scope of this pa-
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degradation with respect to lamp output, pH, Ti€ncen-

tration, [NaF], etc., and it is possible that relative rates could
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