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Abstract

The influence of oxalate and methanol on the photodegradation behaviour of salicylate under bias was studied measuring
the time evolution of the photocurrent and the concentration in solution;Isaturated electrolytes, the presence of the
second component produces an enhancement of salicylate degradation, but the degradation of the added photolyte decrease
In the presence of ©or other electron acceptors salicylate photodegradation is faster, and the positive effect of a sacrificial
photolyte is minimised.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction nologies use a suspension of semiconductor particles,
typically TiO, Degussa P-25, and the separation of
Photocatalysis is a recognised advanced oxidation the solid once mineralisation of contaminants requires
technique (AOT) that is presently used in medium additive processes. Supported semiconductors are the
scale installations under solar illumination for water trivial solution to the separation problem. However,
decontaminatiori1,2]. The heterogeneous photocat- photocatalysis with films has some disadvantages in
alytic detoxification process uses light to photoex- comparison to powders. First, the area exposed to the
cite a semiconductor catalyst, typically TiGQcheap, liquid phase is reduced in 2—3 orders of magnitude.
non-toxic and abundant). When TiQs illuminated Second, the diffusion boundary conditions change
with light of <400 nm, an electron is promoted from from binary collisions to that of a particle against a
the valence band to the conduction band of the semi- wall, and the rate of diffusion may become the limiting
conducting oxide to give an electron/hole pair. The step. Consequently, the greater efficiency for the gen-
valence band potential is positive enough to gen- eration of surface radicals decreases even further from
erate oxidising species, either free holes or bound the typical values (0.040 forOH®) due to enhanced
hydroxyl radicals £ OH®, E° = 2.8V), which attack bulk and surface recombination of electron—hole pairs
oxidisable contaminants. The progressive breakage of[3]. The latter can be minimised when the semicon-
molecules yields as final mineral products £®,0 ductor is deposited onto a conducting substrate and
and dilute inorganic acids. The best developed tech- operates under biagl-6]. In contrast to slurry re-
actors in which the reaction rate is limited by the
"+ Corresponding author. Fax:541-576-3341. rate of electron transfer to electron acceptors photo-
E-mail address: sarabil@dqji.fcen.uba.ar (S.A. Bilmes). catalysis under bias is not limited by this process as
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electrons are pumped away through the external cir-
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ously characterisefl7]; it is composed by ca. 10 nm

cuit. Although considerable improvements have been anatase crystals embedded in an amorphous matrix

achieved in the last years in the synthesis of Jé@d
other semiconductors for photocataly$is-9] lead-

giving grains of 300+ 50 nm diameter with r.m.s.
roughness of 2 0.5nm. The electronic structure ex-

ing to a specific surface area increase up to a factor hibits exponential band tails as well as a narrow band
of 1000, nanometer sized pores in these materials close to the conduction band assigned to defects.

limit the diffusion of reactants to the catalyst. For this

reason, the enhancement of the mineralisation rate is

well below the increase in the surface area. Another 2. Experimental section

problem commonly found with supported catalysts is

the slow desorption of intermediates and by-products 2.1. Materials

that block the surface and inhibits the catalysis.

The general mechanism for the oxidation of car-
boxylic acids is the discharge of the carboxylate ion
followed by decarboxylation of the intermediate rad-
ical (Kolbe reaction). The radicals formed can then
undergo coupling or disproportionation reacti¢bg].
Salicylate photodegradation is a model reaction for
the oxidation of aromatic carboxylates found in wa-
ter waste streamd 1-13] This reaction requires the
transfer of 28 electrons for complete mineralisation.

However, under bias the surface becomes covered

by partially oxidised intermediates and/or by insu-
lating polymers probably formed by reaction be-

All reagents were analytical grade and used without
further purification. Solutions were made up using dis-
tilled water further purified with a Milli-Q system. The
base electrolyte was a 0.1 mol dfNaClQ, aqueous
solution, made by neutralising carbonate free NaOH
with perchloric acid solution until pH 3. Solutions of
the organic targets were prepared by dissolving appro-
priate amounts of the reagents in the base electrolyte
and adjusting to pH 3.

2.2. Experimental set-up

tween chemisorbed radicals and adjacent adsorbates All the experiments were carried out in a 3.2%m

[13,15]
In this work we explore the possibility of enhance-

electrochemical cell provided with a quartz window
and connected to a potentiostat with automatic data

ment of salicylate degradation by addition of a second acquisition. A saturated calomel electrode was used

molecule that hinders the formation of long lived

adsorbed intermediates and by-products. This “sac-

rificial photolyte” may react with the chemisorbed

radicals or may produce a disruption in the connec-

as reference and a 2 énPt mesh as a counter elec-
trode. The working electrode was a conductive glass
(ITO, Delta Technologies) coated with a 400 nm thick
TiO» layer, prepared as in Refl6]. Briefly, a dial-

tion between adsorbed monomers, thus allowing the ysed sol prepared from hydrolysis in aqueous media of
renewal of surface sites. On this basis, the photodegra-Ti—n-butoxide was deposited by spin coating, and the
dation of salicylate—oxalate and salicylate—methanol whole assembly was fired at 400 for 3 h in air. The

binary mixtures onto Ti@ films prepared by sol-gel
route under bias was studied inp dnd & saturated

surface area exposed to the electrolyte was 0.625 cm
The UV source was a 150W XBO Osram Xe

electrolytes. These films are active photocatalysts for lamp fitted in a high-collection-efficiency housing,

the oxidation of methanol, oxalate and salycilate in
photoelectrochemical cel[§2,13,16] The conditions

equipped with a 325 nm cutoff filter in order to prevent
homogeneous photochemistry (absorption maxima:

leading to highest enhancement are derived from 296 nm for salycilate; lower than 250 nm for oxalate
the simultaneous determination of remnant organic and methanol). A CuS{solution placed between

target concentration in solution and the photocur-

the lamp output and the cell acts as IR filter for min-

rent measured during the photodegradation process.imising heating. The incident spectrum was therefore
The photocatalyst used in this work has been previ- a continuum with cutoff edges at 325 and 700 nm.

1 The measured oxidation potential of salycilate ranges from 1.2
to 1.3V (vs. NHE)[14].

The photon flux incident on the electrode was below
0.5ueinsteins! to minimise bulk recombination of
electron—hole pairs.
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2.3. Experimental procedure Table 1
Results for degradation of oxalate, methanol and salicylate single

.. . component solutions after 60 min irradiation of a Fifdm biased
Repetitive potential cycles between0.67 and at O%\F z

0.60V were run in the dark until a reproducible
voltammogram was obtained. The potential was then

Organic Co (M) Q(C) Ny Nh % deg

held at 0.60V and the electrode illuminated after a 2%

_delay of. 30s. Rhotocurrent was reporded during t_he NZOXa”C 102 275  144x 105 198 45
illumination period. Unless otherwise stated, the ir- 102 0445 203x 10°° 227 63
radiation time was 60 min. Once the irradiation was  Methanol 0.16 181 51 10° 037 10
stopped, a potential sweep from 0.604®.67V in Salicylic  10°  0.267 ~0° - ~0
the dark was run to detect the reduction of fairly sta- 104 0170 48x10° 368 15
ble oxidised species formed on the electrode surface 0,

by action of light. In what follows thesEE profiles Oxalic ~ 102 134 112x10° 124 35

3 6
are called dark voltammograms. 1o 0508 2.02x1077 261 63
Salicyli® 103 0271 3.60x 107 7.8 12

The reprodL_lcibiIity in the photoresponse of the_film 10-4 0355 141x 107 261 47
was checked in the base electrolyte saturated with N
with the same procedure, but with 90s irradiation. In ~ *Co: initial concentration (moldm?); Q: total charge (C);
these blank experiments, a steady state photocurremﬂd: degraded moles of organic targe: number of holes per

. . . egraded moleculén, = Q/nqF); % deg: percent of organic
of 120-15QuA is obtained in 20-30s. Then, the base target degraded (% deg ng100CoV).
electrolyte was replaced by the organic containing SO- b salicylate degradation below our detection limit.
lution saturated with nitrogen or oxygen. In the case  ©lllumination time: 40 min.
of methanol containing solutions, losses by evapora-
tion were minimised by purging the solution before
the addition of methanol. The affinity of salicylate for TiQ@ is high, and di-

The concentration of each organic target (salicylic "ect hole transfer triggers photodegradation. For this
acid, oxalic acid or methanol) was measured before molecule, in absence of oxidants or homogeneous re-
and after irradiation. Methanol was determined by actions, complete mineralisation to g@wvolves the
Head-Space gas chromatography (Shimadzu GC 17A transfer of 28 holesn?, = 28). However, by irradia-

Fid Detector) using 1-butanol as internal standard. tion of a TiO; film polarised at 0.6 V in 10* M sali-
Salicylic acid concentration was determined measur- Cylate containing electrolyte under,Nthe number of
ing the absorbance at 296 nm (Hewlett Packard HP holes transferred per degraded salycilate molecyle,
8453 Diode Array). Oxalate concentration was de- is higher that 28 (our analytical limitations preclude
termined by ionic chromatography (Dionex DX-100, the determination ofy, for Csa = 10~3M). These
Column AS4A). In order to correlate the photolyte high values are assigned to the participation of photo-
concentration decrease with the conversion to,CO generated holes in parallel processes, such as cleavage
totally organic carbon (TOC) was determined in of water or photocorrosion.
some duplicate experiments using a D5000 Shimadzu Fig. 1 shows that complete mineralisation of de-
TOC. Percent of degradation of each photolyte refers graded salycilate is not achieved as there is a con-
to (remnant/initial) mole ratio, whereas percent of siderable cathodic charge in the voltammogram run
mineralisation refers to (remnant/initial) carbon mole after irradiation that is due to the presence of par-
ratio, as measured by TOC. tially oxidised intermediates and/or by-products on
the surface[12,13] Thus, an even more important
fraction of photogenerated holes participates in paral-
3. Results and discussion lel process. The accumulation of intermediates and/or
by-products formed in anaerobic atmosphere is more

Results obtained for the photocatalytic degradation evident for the most concentrate salycilate solution
of each organic target in a single component solution (Fig. 19. Under Q the coverage by these undesirable
are compiled inTable 1 species is lowerKig. 109, putting on evidence their
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Fig. 1. First cycle of voltammograms run before (---) and af-
ter (—) 60min irradiation of salycilate solutions in presence of
TiO, film electrode biased at 0.6V, second and subsequent cycles
after irradiation are nearly coincident with that recorded before
irradiation.

oxidation by Q. Moreover, dioxygen, and probably
other oxidants, participates in homogeneous oxidation
steps as deduced from the low values of concentration
of remnant salicylate ana, obtained in Q saturated
electrolytes (seeTable 1. Thus, photodegradation
of salycilate under @ reduces the requirement of
holes (i.e. photons) and the mineralisation pathway
is favoured against the formation of chemisorbed
intermediates or by-products.

Oxalate exhibits high affinity for the surface, and
photodegradation is also initiated by direct hole
transfer[13,18]. For this organic targety, is close
to the value expected for complete mineralisation
(ngy = 2) for Cox = 0.01 M, but exceedsg, for
the lower initial concentration. Fafox = 0.001 M

M.E. Calvo et al./Catalysis Today 76 (2002) 133-139

the surface coverage is below saturatid®] thus,
parallel process consuming holes occur at the free
sites probably via—OH® radicals. Partially oxidised
intermediates or by-products are not detected in the
dark voltammogram run after illumination. The other
tested component, methanol, has low affinity for the
surface. Photodegradation of methanol is initiated by a
bimolecular reaction between surface trapped holes as
—OH°* and methanol molecules in the vicinity of the
surface[12]. The low value ofn, found for methanol
(nfe = 4) is probably due to the high concentration of
methanol.

Results obtained for salycilate photoelectrodegrada-
tion under N, biasing at 0.6 V, in binary mixtures are
compiled inFig. 2 For the sake of comparison data
from single component solutions are also plotted. The
most important features of these experiments are:

1. For Csa = 10~*M, addition of 102M oxalate
produces a large increase in the degradation of
salicylate.

. For Csa = 102M, the decrease in the miner-
alisation yield whenCoy increases from 10 to
10-2 M suggests the occurrence of opposite effects:
at low concentrations, oxalate produces an increase
in the salicylate photodegradation rate, whereas at
high concentration competition for surface sites is
responsible for the low salicylate mineralisation
yield.
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Fig. 2. Amount of degraded salycilate (expressed as % of ini-
tial concentration) in solutions with different initial composition.
Number in parentheses above each bar correspondsiox 10.
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Fig. 3. Amount of degraded oxalate and methanol (expressed . -—

as % of initial concentration) in solutions with different initial o 3 T2
composition. Number in parentheses above each bar correspond to .smgk. Co;,(:m M Coleo M
NdmeoH OF ndox x 107. Degradation of single component systems component
also shown for comparison.
Fig. 4. Amount of degraded salycilate (expressed as % of initial

. . concentration) in oxalate containing solutions under O
3. Addition of methanol produces a modest increase ) g e

in the photodegradation of T8M salicylate so- o ] ]
lution. For Csa = 10-3M, the enhancement by rather surprising result may imply that the reaction
addition of methanol is comparable to that found Petween adsorbed salicylate ar@®H® is more effi-

of methanol, other factors should be taken into already postulated that depending on the coverage,
account, such as homogeneous catalysis, or ansalicylate gives rise to different intermediate species,
increase of salicylate (or its degradation intermedi- SOome of which, strongly chemisorbed, are able to

ates) solubility in concentrated methanol solutions. inject electrons into the conduction bafic®].
In O, saturated electrolytes the degradation of sal-

Fig. 3 shows that the presence of salycilate pro- jcylate in a single component solution is higher than
duces a decrease in the degradation of second com+p N, and the presence of a second component lead
ponent. These results reinforce the idea that the g different trends as shown Fig. 4. The presence of
competitive adsorption limits the possibility to capture  gxa|ate leads to a modest increase of salicylate pho-
the photogenerated holes; however, salicylate degra-iggegradation foCsa = 10-4M, but has an inhibit-
dation is enhanced by the competing photolyte, even jng effect forCsp = 10-3 M.
though mineralisation is not fully achieved. Residual A mass balance of the consumed holes shows that
TOC in the irradiated solution fafsa = 10°Mand  the increase in the number of holes used in the en-
Cox = 10"?Mis 7.43x 10-°mol C (i.e. 14% miner-  panced salicylate photodegradation is lower than the
alisation), lower than the values for salicylate degra- gecrease in the number used in oxalate or methanol
dation (710 x 10-°molC, corresponding to 18%  photodegradation. For example, from values naf
degradation); thus, 4% from the initial carbon con- taken fromFigs. 2 and 3the increase ofigsa in the
tent (3.3umol C) is accounted for partially oxidised g, — 10-4M when oxalate is present ifox =
intermediates in the liquid phase. The quenching of 10-2 M would require 28x (0.9-048) x 107 =
methanol degradation by salicylate is more important 12, 10-7 mol of holes for complete mineralisatidn,
than that of oxalate, indicating that salicylate competes \yhereas from the decrease mfox the disponibility
efficiently for —OH®. Methanol photodegradation for
Csa = 107*M is lower than for both methanol sin- 2 This value may be somewhat higher considering= 36.8
gle component electrolyte andsa = 10~3 M. This found for the single component solutiofiaple 1.
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of holes would increase to 2 (144-103 x 10_.7 - Fig. 6. Voltammograms run after 60 min irradiation at 0.6V of

84 x 10‘7 mo!. In _fact, th_e charge measured in gach Oxalaté_salycnate solutions. (—sa = 103, Cox = OM: (_'__)

experiment with binary mixtures is mostly determined ¢, — 103, cox = 103 M; (---) Csa = 1073, Cox = 102 M.

by the photodegradation of oxalate or methanol, as (a) Under N; (b) under Q.

shown inFig. 5 Data inFig. 5 exhibit considerable

scatter due to the participation of other hole consum-

ing processes (i.e. water oxidation, photocorrosion, as T he role of the sacrificial photolyte can be explained

well as changes in the oxidation mechanism leading with the model of multiple surface sites with differ-

to different contributions of electron injection into ent reactivity[13]. Within this picture, adsorbed in-

the TiO, conduction band). Nevertheless, the slope of termediates or by-products accumulate on sites that

linear regression gives average Va|ue3|9f= 0.4 for contribute little to the overall rate, whereas sites that

methanol andi, = 1.7 for oxalate in agreement with do not accept intermediates or by-products remain ac-

values obtained for the respective single component tive. However, poisoning may extend to the latter sites,

solutions inTable 1 especially if condensation reactions between radicals
\Voltammograms recorded after irradiation of the bi- lead to the growth of polymers on the surf4té].

nary mixtures are depicted iRig. 6. Salicylate par-

tially oxidised intermediates are completely removed

for Cox = 1072M or methanol containing solutions 4. Conclusions

(not shown in the figure), but still persist falox =

103 M. Even if the coverage of partially oxidised in- The addition of a “sacrificial photolyte” produces

termediates is similar in single component salicylate an enhancement in the photodegradation of sali-

and in mixtures, the time required to reach this cover- cylate, especially in N saturated electrolytes. The

age may be longer in the presence of oxalate. In other most important effect of the second component is

words, oxalate slows down surface poisoning. On the the inhibition of steps leading to the accumulation of

other side, under & a small amount of adsorbed inter- chemisorbed species that poison the most reactive sites

mediates is detected in the dark voltammogram run af- of the surface. Under Nthe maximum enhancement

ter irradiation forCsa = 10~3 M. These chemisorbed  of salicylate degradation is found when the concen-

species are removed in the presence of oxalate, as seeftration of both photolytes is below that corresponding

in Fig. 6h to saturation coverage. At high coverages competitive
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