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Abstract

The photoeiectrochemical degradation of amiro acids and derivatives such as glutamic acid, glutamire, glutaric acid. lysine. B-alanine, 8-

aminooctanoic acid and phenyl.lldmne has been ined on an i
pearance of the sut the ni

d TiO,/OTE particulate film eiectrode. The p

disap-

into NO; and NH; (as ammomum ions under our condmons) whereas the

carbonaceous residues are mnvcncd into CO,. Variations in photocusrent were observed during the temporal course of the photodegradative
process. The rates of conversion and the quantity of degmded pmduct\ depend on the external applied bias and appear to be closely related

to the molecul of the sub A photociec!

sed briefly on the basis of the experimental

observations. © 1997 Elsevier Science S.A.
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1. Introduction

IHuminated aqueous titania dispersions have proven rela-
tively effective in water purification. This notwithstanding.
however, a disadvantage of such dispersions in a practical
treatment process is the need to ultimately remove the TiO,
particulates by filtration, centrifugation, coagulation and/or
flocculation. Thus, any treatment process that avoids such
additional costly operations will prove economically benefi-
cial. The photodegradative oxidation of several classes of
nitrogen-contatning organics has already been the object of
several studies by us and others [1,2]. From a biological
aspect, the damage effected on an amino acid in homogeneous
aqueous media by gamma radiation was reported earlier by
Monig et al. {3].

A TiO, particulate thin film p several i g
photochemical and photoelectrochemical properties [4-11].
Irradiation of the OTE/titania assembly by radiation equal to
or greater than 3.2 eV (the bandgap for anatase titania) leads
ultimmely to formation of trapped electrons (e, ; e.g. as

Til%;) and trapped holes (h : e.g. as "OH,,,;) at the particle
surface (Egs. (1)-(3)):
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Application of an external bias to drive the photogenerated
electrons 1o the counter electrode compartment in a TiO./
OTE electrode, in which titania particles are fixed on a trans-
parent conductive oxide glass plate, minimizes electron/hole
recombination and promotes charge separation following
irradiation of the assembly [6.10]. Such TiO,/OTE elec-
trodes exhibit photocatalytic activities that are similar to
titania suspensions as observed in the photooxidative decom-
position of surfactants [11] and chlorophenols [ 12]. They
are thus preferred to suspension sy s from the dpoil
of removal of TiO; particles. This type of thin film electrode
also provides a convenient method for accelerating the pho-
tocatalyzed degradation of pollutants on application of an
external bias. Because of complications typically inherentin
a reaction system, the mechanism(s) of the photocatalyzed
mineralization of organic substances and the details of pho-
tocurrent g ion in a TiO, particulate film ek de sys-
tem have not received wide attention [ 13,14].
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Herein we examine the photooxidation of some amino
acids and refated derivatives on a TiO,/OTE film electrode.
The photodegradative process of amino acids possessing dif-
ferent molecular structures was monitored to provide further
insights into our understanding of the photocatalytic miner-
alization process and on photocurrent generation.

2. Experimental
2.1. Materials

The amino acids and carboxylic acids employed, B-alanine
(NH,CH,CH,COOH), 8-aminooctanoic acid (NH,(CH,)-
COOH), glutamic acid (HOOC(CH,),C*H(NH,)COOH),
L-glutamine (H,NOC(CH,).C*H(NH,)COOH), L-lysine
(H,N(CH,),C*H(NH,)COOH), L-phenyialanine (C.Hs-
CH,C*H(NH,)COOH) and gluiaric acid (HOOC-
(CH,)sCOOH), were aii supplied by Tokyo Kasei Co. Ltd.
and Ajinomoto Co. Ltd. They were used a received without
further treatment. Water was bidistilled in all cases.

2.2. Methods and procedures

TiO, particles (Deg P25, ) dispersed in an
agueous solution were loaded onto a 20 X 50 mm? fluorine-
doped SnO, glass plate (Asahi Glass Co. Ltd.; transparent
conductive oxide glass) and subsequently air-dried. The glass
plate was heated to 400 °C at | °C min™' in a furnace and
then sintered for 2 h at 400 °C to obtain a particulate film
electrode. The OTE coating was 2.1 um thick, whereas the
thickness of the TiO, thin film was 4.2 pm as measured by
electron microscopic techniques. The quantity of TiO, par-
ticles so loaded onto a 20 X 30 mm? area of the glass plate
was 5 mg. Each amino acid solution (0.1 mM, 50 ml) was
contained in a two-compartment Pyrex glass photoreactor
i11]. The anode electrode was the TiO./OTE glass plate,
and the counter electrode (the cathode) was a Pt plate
(20X 20 mm?); the reference electrode was an Ag/AgCl
electrode connected to the assembly via a salt bridge. Applied
voltages were delivered from a DC potentiostat; the UV illu-
mination was provided by a Toshiba mercury lamp ( wave-
lengths greater than 250 nm). The potentials at the TiO,
electrode were measured with an elecirometer. The photo-
current measurements were carried out using a potential step
method with a Nikko-keisoku NPGFZ-2501A potentio/
galvanostat.

2.3. Analyses

The temporal evolution of CO, was followed by gas chro-
matography with an Gokura Riken chromatograph (Model
802; TCD detection) using a Porapak Q column with heliurn
as the carrier gas. The concentration of ammonia (as NH;
ions under our conditions) was monitored with a JASCO ion
chromatograph equipped with a Y-521 cationic column and

with a CD-5 conductivity detector; the eluent was a nitric
acid solution (4 mM). The NO; ions were also monitored
by ion chromatography with an 1-524 anionic column using
a mixed solution of phthalic acid (2.5 mM) and tris-
(hydroxymethyl)aminomethane (2.3 mM) as the eluent
(adjusted to pH 4). The UV absorption spectra were deter-
mined on a JASCO UV-660 spectrophotometer.

The quantity of primary amine was assessed in borate buf-
fer solution (pH 9.18) using the fluorescence emlssmn inten-
sity at 480 nm upon of the fluc /
mixture at 390 nm. Only a primary amine can be detected
with the fi lied by Fluka); second-
ary or tertiary amines are not detectable by this method [15].

amine (

3. Results and discussion

The disappearance of the primary amine and CO, evolution
as a function of irradiation time for the photoelectrochemical
oxidation of B-al and 8-aminoc acid on the
TiO,/OTE electrode system at a constant bias of 0.5 V and
at no applied potential are depicted in Fig. 1(a)-(b), respec-
tively. As shown, the primary amine in the B-alanine structure
degrades fairly rapidly within 1.5 b of irradiation under these
conditions, in comparison to the case without any applied
bias. A similar situation is evicent in the case of the ami-
nooctanoic acid substrate. We inser selective ‘OH radical (Eq.
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Fig. {. Temporal behavior of the primary amine function and CO, evolution
in the photodegradation of (a) B-alanine and (b) 8-aminooctanoic acid
using an irradiated TiQ,/OTE system: ion, 0.1 mM.
(@) Disappearance of the -NH. function and ( A) CO, evolution at constant
applied potential of 0.5 V. (O) Disappearance of the ~NH, function and
{A) CO; evolution without applied bias.
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Fig. 2. Disappearance of the primary amine group and evolution of carbon
dioxide versus ilh time in the photod dation of (a) glutamic
acid, (b) glutamine and {c) lysine at a constant applied bias of 0.5 V on the
Ti0,/OTE de system: ion, 0.1 mM. Disapp of
~NH, for (®) glutamic acid, (W) glutamine and (&) lysine. Evolution of
carbon dioxide for (O) glutamic acid, (CJ) glutamine and (A) lysine.

(3)) attack on the amine moiety; this also explains the fact
that evolution of CO, for B-al is slightly supf d
under the applied bias relative to the conditions under which
no bias was applied. At the culmination of the amine disap-
pearance, evolution of carbon dioxide is relatively enhanced
again.

The photodegradation of gi
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Fig. 3. Fronticr density for (a) gi ic acid, (b)
(c) lysine, (d) gl idand (e) pheny i ing the mopa s molec-

ular modelling program.

trated in Fig. 3(a)-(e) for glutamic acid, glutamire, lysine,
glutaric acid and phenylalanine, respectively.
These mopac calculations show that the primary -NH,
nitrogen in glutamic acid has a greater lectron density
(0.3045; Fig. 3(a)) than the corresponding nitrogens in glu-
tamine (0.0555; Fig. 3(b)) and lysine (0.0839; Fig. 3(c));
note that for the latter structure the terminal NH, nitrogen has
a very low electron density (0.0050). The direct oxidation
by a trapped hole (‘OH radical), which scavenges the elec-

g g ic acid, gl and
lysine and the corresponding evolution of carbon dioxide for
all three substances are illustrated in Fig. 2(a)-(c), respec-
tively. The primary amine function in glutamic acid also
disappears fairly rapidly (less than 1.5 h), as seen for 8-
alanine, in comparison to the amine functions in glutamine
and lysine, aiso under the applied bias. The latter two amino
acids require more than 4 h of irradiation for complete deg-
radation. The greater rate and more facile photooxidation of

the primary amine functions are supported by the relatively

high el d ies on the nitrogen atoms of the -NH,
moiety, as shown by semi-empirical molecularorbital fronti

density calculations using the mopac software (a quantum
mechanical molecular modelling program) [16] and illus-

tron-rich moiety, is facilitated producing a cationic radical

intermediate with the positive charge localized at the carbon

bonded to the -NH, function (Eq. (4) for glutamic acid).
SOH

H
HOOC-Cm(NH3)-CH;CHy-NH, == HOOC-C**H{NH2)- CHyCHz-NHy + O

4
Frontier density calculations also reveal that the ionization
potentials for glutamic acid, glutamine and Iysine increase
in the order glutamic acid (3.22 eV) <glutamine (5.65
eV) <lysine (9.59 eV) to give the corresponding radical
cation species as in Eq. (4); these ionization potentials accord
with the rates at which the amine function is transformed
(Fig. 2). It is also worth noting that the slower rate of dis-
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Fig. 4. Temporal behavior of the loss of the primary amine function for (@)
glutamic acid and (H) glutamine. and CO; evolution for (O) glutamic acid,
(D) glutamine and (A) ghutaric acid, ail at a constant appticd bias of 05
V on an illuminated TiO,/OTE electrode.

appearance of the primary amine in glutamine may be the
result of competitive photooxidation with the amide moiety
where the nitrogen has a density of 0.3950 (compare with
0.0555 for the primary —-NH.; Fig. 3(b)). For lysine, the
adjacent primary amine to the a-carbon is more prone to
attack by ‘OH radicals and therefore more casily oxidized
than would be the terminal primary amine for which the
electron density is at least one order of magnitude smaller
(0.0839 versus 0.0050, respectively; Fig. 3(c)).

In Fig. 4 we take up the temporal behavior of the disap-
pearance of the primary amine function in glutamic acid and
glutamine again for comparison and also illustrate the evo-
lution of carbon dioxide for glutaric acid, glutamic acid and
glutamine. We note that the rate of CO, evolution is faster
for giutaric acid, followed by g ic acid and glutamine.
We expect carbon dioxide to evolve principally from attack
of the carboxylate carbon by the "OH radical to yield a radical
cation and HCO; , which under the usual acidic conditions
used evolves into CO,. The frontier electron density calcu-
lations of Figs. 3(a), 3(b) and 3(d) show that the density
for the aliphatic carboxylate carbons in glutaric acid is larger
(0.3505) than the corresponding carbons in giutamic acid
(0.3320 and 0.3120) and glutamine (0.3130 and 0.1205).
The electron density on the methylene carbons is at least an
order of magnitude smailer.

The formation of NH; and NO; ions from the photode-
gradation of g} ic acid and gl ine in an aqueous TiO,

pension system is ill d in Fig. 5 to demonstrate the
fate of nitrogen atoms in nitrogen-containing substances. We
note that the primary amine furctions of the amino acids are
uitimately photoconverted to give greater quantities of
NH;" ions than NO; ions after cleavage of the N-C bond.

A comparison of the photooxidative degradation of the
primary amine and the phenyl mmely. iogelher with the evo-
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Fig. 5. Temporal formation of NH" and NO; ions during the photodegra-
dation of glutamic acid and glutamine in an irradiated 7.0, (100 mg)
aqueous suspension. NH, : (M) glutamic acid and (@) glutemine. NO;:
(O) glutamic acid and (O) glutamine.
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Fig. 6. Temporal loss of the primary amine group (@) and phenyl moiety
(D) togeiher with evolution of CO, (A) in the photodegradation of phen-
ylalanine at a constant apptied bias of 0.5 V on the TiO,/OTE electrode
system.

spectral feature (about 40% after 4 h of irradiation) at 208
nm is slow, whereas significant cvolution of CO, takes place
during the first hour of irradiation (about 17% yield). This
is rather enigmatic since frontier density calculations indicate
that the greatest electron density resides on the phenyl
carbons.

The temporal variation of the UV spectral pattern for phen-
ylalanine is depicted in Fig. 7. Initially, the spectra show only
a feature at 208 nm. On irradiating the TiO,/OTE/phenyl-
alanine solution for 0.5 h, a spectral feature appears at 228
nm whose intensity increases at the expense of the 208 nm
feature until 2 h of irradiation. Further illumination leads to
a decrease of the 228 nm band, ascribed to absorption by a
hydroxylated phenyl intermediate, and which we take to be
caused by the break-up of the phenyl ring. Clearly. ring open-
ing of the phenyl moiety is a slower process than photocon-
version of the primary amine to ammonia.

Temporal variations in the photogenerated current take
place during the photodegradative process for glutamic acid,

lution of carbon dioxide in phenylal is depicted in
Fig. 6. Photoinduced conversion of the phenyl group was

d by its UV absorption band at 208 nm. Following
the disappearance of the primary amine, oxidation of the
phenyi group upon attack by the ‘OH radical and ultimate
ring opening occur on further isradiation. Loss of the phenyl

g ine and glutaric acid; they are portrayed in Fig. 8. The
photocurrent increases slightly with irradiation time during
the initial stages in the degradation of glutamic acid; subse-
quently, it decreases gradually with further illumination of
the Ti0,/OTE electrode system. In the case of glutamine, the
photocurrent decreases rapidly with irradiation whereas for
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Fig. 7. UV absorption spectral profile of the temporal events tking place during the p

phenylalanine the photocurrent first decreases and then after
3 h of illumination shows a slight increase. This delayed
increase in photocurrent is attributed to the photooxidation
of formic acid [12], a typical principal intermediate species
formed prior to CO, evolution as evidenced in the photode-
gradation of other organic compounds [ 12,13]. It was imper-
ative, therefore, that we also explore the effect that the
HCOOH intermediate may have on the photogenerated cur-
rent during the photooxidation of the amino acids reported in
this study by examining the photodegradation of formic acid.

During the initial period, a higher photocurrent was gen-
erated which decreased rapidly as formic acid degraded. In
another experiment we probed the effect of the presence of
formic acid on the photocurrent by adding HCOOH to the
photocatalyzed degradation of 2-phenoxyethano) that had
been taking place for about 2 h. The photocurrent increased
dramatically upon addition of HCOOH and subsequently
decreased with irradiation time. We infer that photooxidation
of formic acid leads to generation of a photocurrent through
the external circuit by a process described in reactions 5 and
6. Thus, subsequent to reactions ! and 3, the trapped hole
h} (i.e. surface-bound "OH radical) oxidizes formic acid to
produce the HCOO® radical (Eq. (5)) which can then inject
an electron back into the TiO, particies and is converted to
carbon dioxide (Eq. (6)).

0.4 T T T

Photocurrent (mA)

o 1 2 3 4
Irradiation time (h)

Fig. 8. Graph depicting the temporal ion of ph during the

photeoxidative decomposition of glwamic acid, glutamine and glutaric acid

(electrolyte, 0.1 M NaCl) at a constant applid bias of 0.5 V vs. Ag/AgClL

200 250 300

of p!

hy +HCOOH -»HCOO +H™ (5
HCOO + Ti0, - CC, + H* +TiC,(e; ) (6)

This is the so-called current-doubling phenomenon reported
by others [ 14], which evidently also takes place during the
phoiooxidation of formic acid.

Formic acid is formed in the degradation of glutamic acid
by "OH radical attack on the two carbonyl moieties during
the early stages of irradiation which causes the initial increase
in photocurrent. The delayed increase in the photocurrent
seen after 3 h of irradiation of the phenylal TiO,/OTE
system is attributed to the late production of formic acid from
the photooxidation of the phenyi group carbons.

4. Conclusions

Amino acids and carboxylic acids can easily be decom-
posed photoelectrochemically into NO;™ and NH;™ ions and
CO, on a TiO, particulate film electrode under an applied
bias. Formation of NH, is predominant over conversion of
the nitrogens in these substrates to NO; ions. Application of
a constant external bias enhances the photooxidative degra-
dation of the amino acids. In a competitive degradation proc-
ess between the primary amine and the phenyl moiety in
phenylalanine, photocieavage of the primary amine occurs
pref ially to ring opening of the phenyl group.
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