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Abstract

The photocatalytic degradation of six-membered heteroaromatics (pyridazine, pyrimidine and pyrazine) in aqueous TiO, suspension
was investigated. The initial mechanistic sequence(s) in the TiO,-photocatalyzed oxidation of the constituent heterorings was predicted
theoretically by molecular orbital (MO) calculations such as frontier electron densities and point charges on all the atoms. The cleavage of
the heterocyclic moiety was examined by UV—VIS spectroscopy. The evolution of N, and CO, gas was determined by gas chromatography.
The formation of NH;* and NO3 ~ ions was assessed by ion-HPLC, and that of carboxylic acid intermediates by HPLC. The disappearance
of six-membered heteroaromatics and the formation of intermediates were observed by LC-MSD. The heterorings containing an N=N
fragment lead to the evolution of N, gas, and those containing a C—-N=C fragment lead to the generation of a large amount of NH4* ions
and a minor amount of NO3~ ions. The photodegradation of these heteroaromatics is closely related to the position of the nitrogen in the
heterorings. The mechanism of the photodecomposition of the heterocyclic aromatics was revealed through comparison of experimental

data with the analytical simulation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photocatalytic decomposition on TiO, semiconductors
has been found to be an effective strong oxidation in ad-
vanced oxidation technology. The photomineralization of
organic compounds containing heteroatoms has recently at-
tracted attention. Phosphorus, sulfur and chlorine in hetero-
cyclic compounds can be photomineralized to the inorganic
ion species PO43~ [1-6], SO4*~ [3,7] and CI~ [8-14],
respectively. Most nitrogen compounds can be converted
photocatalytically into both ammonium and nitrate ions
[15-19]. It is very difficult to identify the intermediate
degraded products in the photocatalytic degradation of
nitrogen-containing materials. The detailed mechanism of
the formation of NH4t and NO3;~ ions has not been eluci-
dated until now. The evolution of N gas in the photooxida-
tion of N-containing compounds is better established than
that of NH4" and NO3~ ions. The dependence of photoox-
idation on the chemical structure of heterorings with two
nitrogen atoms has not yet been revealed.

* Corresponding author. Fax: +81-42-599-7785.
E-mail address: hidaka@epfc.meisei-u.ac.jp (H. Hidaka).

We discuss in the following three aspects: (i) the pho-
todegradation time course for different positions of the two
nitrogen atoms in six-membered heteroring compounds; (ii)
the initial photooxidation reaction on the TiO; surface; and
(iii) comparison of computer simulation with the experimen-
tal data for the photodegradation.

2. Experimental section
2.1. Chemicals and reagents

The six-membered heterocyclic compounds of pyridazine
(OP: 0-C4H4N>), pyrimidine (MP: m-C4H4N>) and pyrazine
(PP: p-C4H4N3) having the same molecular weight 80.1
were supplied by Wako Pure Chem. Co. The chemical struc-
ture is shown below (the atom numbers are used in the
molecular orbital (MO) calculations). The titanium dioxide
photocatalyst was Degussa P25 (particle size, 20-30 nm by
TEM microscopy; 83% anatase and 17% rutile determined
by X-ray diffraction; surface area, 533m”g~! by the BET
surface area measurement).

1010-6030/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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2.2. Photodegradation procedures and analytical methods

Aqueous solutions (1 mM, 50ml) of the three chemicals
were placed in the presence of TiO, powder (100 mg) in
a 124 ml Pyrex vessel. The atmosphere in the photoreactor
cell was purged with oxygen gas and the TiO, dispersion
was then supersonicated. Irradiation of the dispersions
was carried out with a 75W mercury lamp, delivering
1.46 mW cm~2 in the wavelength range 310-400 nm (max-
imum emission at A = 360 nm).

The ring opening of the cyclic compounds analyzed with
a JASCO V-560 UV-VIS spectrophotometer. The concen-
tration of ammonium and nitrate ions was assayed with a
JASCO liquid chromatograph (HPLC) equipped with a CD-5
conductivity detector and either a Y-521 cation column or
an I-524 anion column. The temporal evolution of N> and
CO» was monitored by gas chromatography with an Ookura
Riken chromatograph (model 802; TCD detection) through
both a molecular sieve SA (N3 gas) and a Porapack Q column
(CO;, gas) with helium carrier gas. The formation of car-
boxylic acid intermediates for the photooxidation of samples
was analyzed with a JASCO liquid chromatograph (HPLC)
containing bromothymol blue (BTB), with a UV-detector for
445 nm and a KC-811 column. The generation of interme-
diates in the photodegradation of the six-membered cyclic
compounds was determined with a Hewlett-Packard (HP)
LC-MSD (electrospray ionization: EPA-AIC) in the mixed
eluent of methanol and H>O (1:1) equipped with an Agilent
Eclipse XDB-C8 column.

2.3. Computer simulations

The computer simulation system used with a CAChe
Worksystem version 3.2 (Fujitsu Co., Ltd.) was imple-
mented on an Intel P-III and Windows 2000 system. The
UV-VIS electronic transitions were calculated with ZINDO
using INDO/1 parameters after geometrical optimization
with augmented MM3 and MOPAC/PM3. The frontier elec-
tron density for radical attack and the point charge in the
heteroaromatics were also calculated by a MOPAC/PM3
wavefunction. A geometrical configuration was determined
by pre-optimization calculation in the mechanics using
augmented MM3, followed by geometrically optimized
calculation in MOPAC using PM3 parameters and the sol-
vation effects in water was also simulated by COSMO
[20-22].

3. Results and discussion

The photocleavage of six-membered heterorings is
illustrated in Fig. 1. Three UV-absorption peaks for three
homologues of OP, MP and PP were observed at 201, 246
and 300 nm, respectively.

The UV-absorption of OP at 246 and 300nm
decreased gradually with initial UV-irradiation time. The
UV-absorption signal of OP at 201 nm started to disappear
after 3 h illumination. However, the absorbance of MP and
PP at 201 nm barely decreased after UV-illumination of
10 h. The UV-spectral patterns corresponding to a chemical
structure were determined by ZINDO simulation. The posi-
tion of chemical structure for the UV-absorption at 201 nm
in each homolog was due to the N'-C® and N>-C3 frag-
ments in OP, the C3 and C° atoms in MP, and the N! and

Concentration (mM)

201 nm

Irradiation time (h)

Fig. 1. Temporal photodegradation of pyridazine (OP), pyrimidine (MP)
and pyrazine (PP) in the presence of TiO, (100mg) under UV-
illumination.
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Fig. 2. Formation of NH4* and NO3~ ions, and evolution of N gas in the
photodecomposition of pyridazine (OP), pyrimidine (MP) and pyrazine
(PP).

N2 atoms in PP (see the atom numbers in the structures).
The experimental results and simulations of UV-absorption
enabled the initial photocleavage for each compound to
be inferred. The initial photodegradation of OP involved
bonds to carbon atoms, and reached the nitrogen and carbon
atoms in the heteroring after illumination for 3h. MP was
photodecomposed at the N-C position. The photodecom-
position of PP happened for the four carbon atoms in all
UV-irradiation times.

The formation of NH4+ and NO3~ ions, and N, gas
in the photomineralization of the two nitrogen atoms, is
shown in Fig. 2. No formation of NH;4* and NO3;~ ions
in the photodegradation of OP was recognized even after
UV-illumination for 10h, but N, gas (about 1 mmol/l) was
generated. The generation of Ny gas was due to the scis-
sion of the C-N bonds resulting in the disappearance of
UV-absorption at 201 nm after 3h (see Fig. 1). The pho-
tomineralization of MP resulted in the predominant forma-
tion of NH4 " ions and a slight amount of NO3 ™~ (in the ra-
tio, 5:1). The photomineralization of nitrogen atoms in PP
was characterized by a ca. 12:1 ratio of NH4 " to NO3 ™ ions
after illumination of 10h. The final photooxidized product
for the heteroring containing N=N was N, gas, and the pho-
tooxidation of the C—-N=C fragment in the heteroring yielded
both NH4+ and NO3 ™~ ions, the amount of NH T ion being
larger than that of NO3 ™.

2.0

1.5

1.0

0.5

CO, concentration (mmol/L)

Irradiation time (h)

Fig. 3. Evolution of CO; gas in the photooxidation of pyridazine (OP),
pyrimidine (MP) and pyrazine (PP).

The evolution of CO; gas is depicted in Fig. 3. The evo-
lution of CO» gas in the photomineralization of the four car-
bon atoms in OP, MP and PP followed the order of PP >
MP > OP under UV-illumination for 3 h, and it followed the
order of PP > OP > MP after 10h illumination. The pho-
tomineralization yields and the photodegradation rates with
respect to two nitrogen atoms versus four carbon atoms are
listed in Table 1. The photomineralization yield of the two
nitrogen atoms in OP was seven times for that of the carbon
atoms, and is considered to be rapidly photodegraded. The
corresponding ratio for PP was 1.4, but the photomineral-
ization yield of nitrogen atoms in MP was only 0.7 times
that for carbon atoms. The photomineralization yield ratios
for nitrogen atoms versus carbon atoms of each heteroring
compound followed the order OP >> PP > MP after illumi-
nation for 3 h, changing to OP > MP > PP at 10h of illu-
mination. The photooxidation of MP gave priority to carbon
atoms for irradiation time of 3 h.

The formation of carboxylic acids in the degradation of
OP, MP and PP is shown in Fig. 4(a)—(c), respectively. The
carboxylic acid intermediates were formed by opening of the
heterorings, and the further photooxidation of the carboxylic
acids resulted in the evolution of CO, gas.

The initial intermediate formed from OP was propanoic
acid, which reached the maximum peak at 1 h whereas the
maximum amounts of formic and acetic acids were gen-
erated upon illumination of 2h. The formation of formic
and acetic acids was expected from the photooxidation of
propanoic acid. No butanoic acid (CH3CH;CH,COOH),
containing four carbon atoms, formed during the photo-
degradation of OP. The initial photocleavage of the C=C
bond was more preferred to that of the N—C bond since
there was no change in UV-absorption at 201 nm for
UV-illumination of up to 3 h. Propanoic acid, formic acid
and tiny amount of acetic acid were continually generated.
The intermediates produced in the photodegradation of MP
were propanoic acid and acetic acid after 1h irradiation.
The predominant product in the photodecomposition of MP
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Table 1

The photomineralization yields of pyridazine (OP), pyrimidine (MP) and pyrazine (PP)

Photomineralization yields (%)

Photodegradation ratios of N vs.
C [(N2 4+ NH4 T 4+ NO3;)/CO;]

UV-irradiation of 3h UV-irradiation of 10h 3h 10h
N, CO, NH4+ NOs3~ N> CO, NH4Jr NO3~
OP 70 10 0 0 100 36 0 0 7.0 2.8
MP 0 18 9 3 0 30 35 7 0.7 1.4
PP 0 20 25 3 0 48 53 4 14 1.2

was acetic acid. The initial cleavage in MP was of the C-N
or C=N bonds, followed by the competitive formation of
propanoic acid and acetic acid. A small amount of formic
acid was formed after UV-illumination. The initial produc-
tion of acetic acid was detected during the photodegradation
of PP after illumination of 1h. Formic acid was sparing by
generated after further UV-irradiation.

Analysis of the initial adsorption on the TiO, surface
and/or the photoactive site of the chemical structure was
very difficult in the high-speed photoreaction. The negative
charge in the chemical structure was attracted to the pos-
itively charged TiO; surface. The surface of the TiO, par-
ticles is charged positively in aqueous solutions below pH
6.3, changing to =Ti-OH, ™ positive surface from =Ti—-OH
neutral surface. The pH value of each solution changed from
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Fig. 4. Formation of carboxylic acid intermediates in the photooxidation
of pyridazine (OP), pyrimidine (MP) and pyrazine (PP).

ca. 4.8 to 5.4 during irradiation. Accordingly, the calculated
negative charge in the heterorings indicated that at the be-
ginning of the degradation the heteroring was attracted onto
the TiO, surface. The reaction was initiated with the attack
of *OH radicals from the TiO,/OH™~ (H,O) interface formed
by positive holes (h™) after adsorption of the heterorings on
the TiO; surface. The attack of *OH radicals led to a moiety
of high frontier electron density of TiO,. The calculation
of the frontier electron density of the positions attacked by
the *OH radical and the partial charges was accomplished
by the MOPAC system (see Table 2). Atom numbers are
seen on the chemical structures in the experimental section.
The lifetime of the DMPO-OH adduct of an *OH radical
on the TiO, surface with DMPO as the spin-trap agent was
about 30 s according to ESR measurements, which was too
short to pursue for the photodegradation pathway. As the
distance between a negatively charged atom and an atom
having a higher frontier electron density gets closer, the
rate of photodegradation increases.

The atoms having the most negative charge in OP, MP
and PP were all N! or N2 atoms. However, the highest fron-
tier electron densities of each heteroring were different. The
richest frontier electron densities in OP were the C> and C®
of the two C-N groups, which were therefore, susceptible
to attack by *OH radicals. The nitrogen atoms were prefer-
entially attracted onto the TiO; surfaces, hence the nitrogen
atoms were photomineralized early in comparison with the
carbon atoms. The frontier electron density of the C° atom
of MP was larger than those of the other atoms, and those of
the four carbon atoms of PP were higher than those of the

Table 2

Calculated point charges and frontier electron densities for pyridazine
(OP), pyrimidine (MP) and pyrazine (PP) using the MOPAC method from
the CAChe system

Atom  Point charge Frontier electron density
OP MP PP OP MP PP
N! -0.219 -0390 -0.349 0305 0239 0.188
N2 —-0.218 —-0.390 —-0.349 0304 0238 0.188
c? 0.099 0.260 0.099 0390 0376 0.401
ct —0.024 0.133 0.099 0301 0313 0.405
o —0.024  —0.062 0.099 0297 0.512  0.399
ct 0.099 0.134 0.099 0390 0311 0.404
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Fig. 5. Positive ion ESI mass spectrum in the photodecomposition of
pyridazine (OP).

two nitrogen atoms. The actual product of the initial pho-
todecomposition is determined by this distance.

The detection of intermediates in the photodegradation
of six-membered heterorings was analyzed by HPLC/EPA
mass spectrometry. Many intermediates were formed during
the photodegradation of the heterorings, indicating com-
petitive photodegradation between the heteroring (or the
intermediates and) TiO, photocatalyst. The assignment of
the photooxidation mechanism was usefully assisted by the
characteristic data for increasing UV-irradiation time. The
characteristic intermediates for OP corresponded to the both
positive (cationic compounds: [material +H™]) and negative
(anionic compounds: [material — H*]) materials. The initial
peak (81.1 m/z: OP+H) of OP (which has a molecular weight
of 80) could hardly be observed after UV-illumination of
90 min (Fig. 5). The peak of 113.1 m/z was formed after
irradiation for 30 and 90 min. The chemical structure of
113.1 m/z was attributable to HOC-N=N-CH=CH-COH,
which was generated from the scission of the double bond
(—C=C-). The photodegradation was correlated to the dis-
appearance of UV-absorption and the MO simulation.
Signal at 61.0 and 88.1 m/z in the photodecomposition

of OP were discerned in the MS spectra after illumina-
tion of 90min, and these new peaks were the expected
intermediates of CH3COOH and CH; OH-CH=N-CHO.
The formation of CH,OH-CH=N-CHO from the scis-
sion of the N-C bond in the competitive photodecompo-
sition of OP on TiO;, surface was slower than the gen-
eration of CHO-N=N-CH=CH-CHO (as measured by
UV-absorbance changes). The generation of 95.1 and 97.1,
or 69.1 m/z was observed in the irradiation time of 5 or
30 min. MS spectra for anionic compounds: the peak at 95.1
m/z was identified as the intermediate of C4H3OHN,. The
intermediates from OP underwent further photooxidation to
generate smaller peaks at 95.1 and 97.1 m/z. The chemical
structures of NH=N-CH=CH-CH=CHOH (97.1 m/z) and
CH,=CH-CH=CHOH (69.1 m/z) indicated cleavage of the
C-N bond, and their formation led to easy evolution of
Ny gas. LC-MSD analysis for positive EPA data (cationic
compounds) of MP corroborated the photooxidation mech-
anism. The photodegradation of MP during the initial stage
(10min) yield peaks at 71.1 m/z (NH,—CH=N-CHO),
101.2 m/z (NH,—CH=CH-CH=N-CH,O0H) and 113.1 m/z
(CHO-N-CH=CH-CH=N-CHO). The decrease of the
71.1 m/z peak only was examined after UV-illumination
for 15 min. Possibly the photooxidation of MP proceeded
via many oxidation steps. Evidence for intermediates
during the photooxidation of PP was obtained from MS
spectra of cationic compounds (positive EPA data). Ir-
radiation for 10min led to an increase in new peaks at
65.1, 88.1 and 113.1 m/z. The peaks were assigned to
CH3CH,COOH (65.1 m/z), CHOH-CH=N-CHO (88.1
m/z) and CHO-N=CH-CH=N-CHO (113.1 m/z). The many
other peaks in the LC-MSD measurements were supposed
to be from amines, aldehydes and carboxyl derivatives.

4. Photodegradation mechanisms

The photodecomposition mechanism of OP is tentatively
proposed in Scheme 1. In the initial step, the N=N fragment
in OP was adsorbed onto the TiO; surface, and the C3 and
C® atoms were preferentially attacked by ®*OH radicals. Oth-
erwise, direct oxidation of OP proceeded by photooxidation
by holes in the TiO;, photocatalyst. The two cationic inter-
mediates formed by addition of —OH to the carbon of the
N-C fragment. Afterwards opening of the ring of OP was
caused by UV-illumination. HOC-N=N-CH=CH-CHO and
NH=N-CH=CH-CH=CHOH intermediates were generated
in the next step. The latter reaction was slow compared to
the former. The intermediate CHO-N=N-CH=CH-CHO
was mineralized to N, gas and carbon-containing inter-
mediates. The residual intermediates with carbon atoms
were photodecomposed by °OH radicals, and the suc-
ceeding reaction led to the generation of CH3CH,COOH,
CH3COOH, HCOOH and HCHO. The decomposition of
the NH=N-CH=CH-CH=CHOH intermediate led to Nj
gas and the CH,=CH-CH=CHOH intermediate. The inter-
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Scheme 1. Proposed photodegradation mechanism of OP (x: one atom of nitrogen:one atom of carbon).

mediates containing carbon was mineralized to CO; gas
via CH3COOH, HCOOH and HCHO. Subsequently, N>
gas was easily formed by photodegradation of the inter-
mediates. The final photomineralization product (CO;, gas)
resulted from photodegradation of the intermediates. The
photomineralization of the nitrogen atoms was carried out
more simply than that of the carbon atoms in OP.

Making use of both the analytical data and the calculation
results, the simple photodecomposition mechanism of MP
is proposed in Scheme 2. After adsorption of the N=C-N
fragment to the positive TiO; surface, the initial photodegra-
dation of MP took place at the TiO,/H;O interface and
*OH radicals attacked the C3 position from opposite sides.
Competitive direct oxidation to MO was caused by holes in
the TiO;. The photodegradation mechanism was organized
into the following three processes. Step (I) was the genera-
tion of N-containing intermediates of NH,—~CH=N-CHO or
CH;3COOH after the attack of *OH radicals. Acetic acid was
mineralized to CO, gas by further photodegradation. The
photodecomposition mechanism of NH,—~CH=N-CHO con-
tinued with the formation of two NH,—CHO intermediates
by scission of the C=N bond. The two steps (II) and (III)

Adsorption of pyrimidine on TiO, surface

H
Photodegradation rate of
3 : 1€after 10 h*
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o ™7
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generated heterorings having a *C® or *N! radical. How-
ever, the formation of these heteroring radical-containing
structures was in principle impossible. The (II) way led
to the formation of CHO-N-CH=CH-CH=N-CHO by
ring opening, and scission of the C=N bond caused evo-
lution of CO, gas via carboxy and aldehyde derivative
intermediates. The photodegradation of NH;—CHO was
via the same mechanism as step (I). In step (III), the
NH,-CH=CH-CH=N-CH;OH intermediate was initially
supposed to form the (CHO-N=CH-CH=CHO) intermedi-
ate and the NH4™ ion. Evolution of CO; gas began when
UV-irradiation was further continued. The rapid initiation
in the degradation of MP occurred more competitively in
three pathways rather than that of OP and PP.

The photodecomposition mechanism of PP is illustrated
in Scheme 3. Two nitrogen atoms were adsorbed on the
TiOy surface. The two initial photooxidations were en-
hanced by preferential attack of *OH radicals at the carbon
atoms, and direct oxidation of PP was by photooxidation
caused by holes in TiO,. These reactions led to the gen-
eration of CHO-N=CH-CH=N-CHO. The intermediates
NH,>—CHO and HOCH;—CH=N-CHO were generated from

CH3;COOH —» HCOOH or HCHO ->» CO;gas

H
) _-NH; —> NH,"
~ li'/MIZ—» //c/ 2 4

[0}
— HCOOH or HCHO - CO gas
So —
J NH,*
HCOOH
H\(,/N HCHO > CO:gas
\E > CH‘COOH
()%
H N —¥» NH

&}, ~> HCOOH

HCHO > CO; gas

H

TN\

HCHO

N CH,CH,CO0H 7 CH:COOH

Scheme 2. Proposed photodegradation mechanism of MP (x: one atom of nitrogen:one atom of carbon).
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Adsorption of pyridazine on TiO; surface
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Scheme 3. Proposed photodegradation mechanism of PP (x: one atom of nitrogen:one atom of carbon).

scission of the N=C fragment. The evolution of NH4" ions
and/or NO3™ ions, and CO; gas in the photodegradation
of NH,—CHO were easy reactions: the carbon atoms of the
HOCH;-CH=N-CHO intermediate were photodecomposed
to CHCOOH and HCHO, via NH;—CHO and CH3COOH.
The final process was the evolution of NH4* or NO3 ™~ ions,
and CO; gas. The ease of ion formation followed the order
NH; > NOs3 ™.

The rates of photooxidation of the nitrogen atom and
carbon atoms followed the order OP > PP > MP, which
was consistent with the presence of a N=N fragment and the
richer frontier electron density on the surface-adjacent side
of the N atom position in the chemical structure.

5. Conclusion

In the photocatalytic degradation of nitrogen-containing
cyclic compounds, the N=N moiety was converted into
N, gas, and the N-C moiety was degraded into NH4™"
ions and/or NO3~ ions (NH4T > NO37). The calcula-
tion of frontier electron density and point charge suggests
the site of initial adsorption on the TiO, surface and the
site of initial photooxidation by attacking *OH radicals.
The complicated photooxidation followed the order MP >
OP > PP. The photodegradation mechanisms were de-
duced by comparison of the experimental data with the MO
calculations.
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