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Abstract

The simultaneous photocatalytic degradation of organic compounds and reduction of silver ions in titanium dioxide suspensions at pH
3.0-3.5 has been studied. The organic compounds of interest were sucrose and salicylic acid.

The presence of silver ions in TiGuspensions was found to enhance the photooxidation of high loadings(8@)0of sucrose.

However, for low sucrose loadings (1@ C), pure TiQ particles performed as well as modified piQarticles. An optimum silver

ion loading of 2.0 at.% Ag was observed for the mineralisation of 2Q0§C sucrose. At this silver ion loading, the mineralisation of
2000ug C sucrose was enhanced by a factor of approximately 4.0 (based on 90% overall oxidation rates). In contrast, the addition of silver
ions to TiQ, suspensions did not have any significant effect on the photocatalytic mineralisation of salicylic acid to carbon dioxide, for both
low and high loadings of salicylic acid in the suspension. It was also observed that puneartles performed as well as silver-modified

TiO particles for the degradation of 200@ C salicylic acid.

The higher activity of silver ion-modified titanium dioxide suspensions for sucrose mineralisation is predominantly due to the presence
of small silver particles on the titania surface, rather than due to the trapping of electrons during the reduction of silver ions. Approximately
50% of the initial mass of silver ions added to FiGuspensions were reduced to metallic silver deposits in the presence of sucrose and
salicylic acid mineralisation at the 2.0 at.% Atpading.

Nanosize silver deposits on Ti@articles act as sites of electron accumulation where the reduction of adsorbed species such as oxygen
occur. The enhanced reduction of oxygen through better electron—hole separation inAudftiCles compared to pure Ti(particles
increases the rate of sucrose mineralisation. Therefore, it is proposed that the rate-limiting step in the sucrose photooxidation reaction is the
transfer of electrons to dissolved oxygen molecules, whereas in the case of salicylic acid degradation and mineralisation, the rate-limiting
step is the attack of salicylic acid molecules and its degradation intermediate products by holes and hydroxyl radicals. Hence silver deposits
on TiO, particles are not beneficial for the photocatalytic degradation and mineralisation of salicylic acid but are advantageous for the
mineralisation of sucrose. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction successfully performed [2], as well as the reduction of metal
ions such as Ag [3-8], Pt [3,8-10], Pd* [11,12], Al
The use of heterogeneous photocatalysis for the [13,14], and N#* [15]. These metal ions have reduction
non-selective destruction of organic and inorganic waste potentials that are more positive than the conduction band
materials has been widely demonstrated in numerous lab-edges of common semiconductors. Metal cations whose
oratory studies. Organic compounds such as chlorinatedpotentials do not permit their reduction can be oxidised and
alkanes and alkenes, polychlorinated phenols, aromatics,deposited on the semiconductor as insoluble oxides [16].
aldehydes, organic acids and amines can be oxidised to When semiconductor particles (e.g. titanium dioxide,
carbon dioxide, water and mineral acids using near-UV or TiO2) are illuminated with light of energy equal to or
solar illuminated TiQ particles [1]. The photocatalytic re- greater than the bandgap energy, electrons are excited from
duction of disulphides to the corresponding thiols has beenthe valence band to the conduction band, forming positively
charged holes in the valence band. Photogenerated elec-
* Corresponding author. Tel:+61-2-93854361; fax:-61-2-93855966.  trons and holes participate in redox reactions with adsorbed
E-mail addressr.amal@unsw.edu.au (R. Amal). species on the semiconductor surface such as hydroxyl
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ions, water molecules, dissolved oxygen molecules, organicthis work are similar to that previously described by Abdul-
species and metal ions. Alternatively holes and electronslah et al., 1990 [20]. The reactor consists of two glass coils
may recombine making them unavailable to participate in of similar height mounted vertically on a metal board. The
useful redox reactions. coils were constructed using borosilicate tubing (5.0 mm in-
Both oxidation and reduction processes occur on the sur-side diameter, 6.0 mm outside diameter). A blacklight fluo-
face of the same semiconductor particle, often only sepa-rescent lamp (NEC, 15W, maximum emissior&50 nm,
rated by a distance of a few angstroms [17]. The efficiency emission range 300-400 nm) mounted on a domestic lamp
of photocatalytic reactions is limited by the high degree of holder, was fitted through the centre of each coil. The glass
electron—hole recombination inherent in photocatalytic pro- coils are connected to a gas-liquid separator, a conductivity
cesses and by the limited absorption capability of photocat- cell (K = 0.1cm™1) and a peristaltic pump (Masterf@x
alysts. Quick Load, Cole Parmer Instrument, Extech Equipment)
Various attempts have been made to reduce electron—holesy means of Viton flexible tubing. The gas—liquid separator
recombination in photocatalytic processes and to extend theand the conductivity cell are also made of borosilicate glass.
absorption range of Ti@particles into the visible range. The TiO slurry (20ml) and organic solution are intro-
These include dye sensitisation (surface derivatisation), in- duced into the system at the loading port of the gas-liquid
corporation of metal ions into the crystalline titanium diox- separator. The mineralisation of sucrose and salicylic acid
ide lattice, surface modification of photocatalysts by noble were followed by measuring the amount of carbon dioxide
metal deposits [3,18] and surface chelation [19]. generated as a function of time. The g&©, + air)—liquid
In this study, pure and surface-modified titanium dioxide mixture is circulated through the loop by the pump. Rapid
particles were used for the photocatalytic oxidation of su- intermingling of the gas and liquid phases in the spiral en-
crose and salicylic acid. The objective of this study was to sures that carbon dioxide equilibration is quickly established
improve the activity of TiQ using surface modification and  [21]. Separation of the gas and liquid phases occurs in the
to compare the activity of the photocatalyst before and af- gas—liquid separator. The gas phase passes through the con-
ter surface modification with metallic silver deposits for the ductivity cell before returning to the reaction mixture. The
degradation and mineralisation of organics. Titania and sil- conductivity cell consists of a probe dipped in 10 ml of
ver/titania particles were also characterised using a numbermilliQ water, having a gas inlet at the bottom and an air out-
of techniques (BET, TEM). Some explanations have been |et at the top. Air leaving the outlet is returned back to the
made to understand the mechanism by which surface mod-circulating suspension. The conductivity was measured with
ification affects catalyst activity. an Alpha 800 conductivity meter. As increasing amounts of
organic carbon are mineralised, the amount of carbon diox-
ide generated increases, resulting in increasing conductiv-
ity readings. The conductivity readings increase and reach
. a constant value when all the organic carbon is completely
2.1. Chemicals oxidised to CQ. Readings were taken every 10s.
Conductivity readings were converted to the mass of
The titanium dioxide (TiQ) sample used in all exper-  carhon generated (as carbon dioxide) by means of a cali-
iments was Degussa P25 (Degussa). Suspensions of TiO pration curve. The calibration curve was constructed using
(0.2wt.%) were adjusted to pH 3.0 or 3.5 prior to reaction us- the following method. Known masses of carbon (as su-
ing 0.5 M perchloric acid (HCIg). Perchloric acid (70 wt.%, crose) (25, 50, 100, 250y C, etc.) were oxidised and the
analytical grade) was obtained from Aldrich Chemical. Mod- conductivity reading corresponding to the complete min-
ified TiO, suspensions were prepared by adding the requirederalisation of each carbon mass to £®as recorded. A
quantities of silver(l) nitrate (AgN§) to the suspension such  calibration curve was obtained by plotting In(conductivity)
that the desired Ag/Ti atom ratio was obtained. Silver ni- yersus In(mass of carbon). The linearised expression derived
trate (99.9999wt.%, analytical grade) was purchased from from the calibration curve was of the form: carbqug) =
Aldrich Chemical. The activities of bare and modified phO' exp[{|n(conductivity_ LF)— intercep}/sk)pe], where is the
tocatalysts were compared based on the photocatalytic 0X-conductivity (in wS/cm) and LF the linearising factor. The
idation of sucrose and salicylic acid in water. Sucrose was yalues obtained for the mass of carbon as,@@nerated
supplied by Fisons Scientific Equipment and salicylic acid \ere normalised to account for differences in the amount of
(+99% pure) was purchased from Aldrich Chemical. MilliQ  ambient carbon dioxide dissolved in water from day to day.

2. Experimental

water purified by a Millipore unit (Milli-Q PLUS) was used The desired amounts of sucrose or salicylic acid solu-

in the preparation of all suspensions and solutions. tion and silver nitrate (in the case of modification of the
TiO2 slurry with metal ions) were injected into the sus-

2.2. Photocatalytic Activity Studies pension. The mixture was circulated through the reactor

for 5-15min prior to illumination to allow adsorption of
Photocatalytic reactions were performed in a slurry-type organic molecules and silver ions onto the photocatalyst
batch reactor. The apparatus and analysis procedure used isurface. The simultaneous photooxidation of organic and
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photoreduction of silver ions were performed in the pres- pension were placed on a carbon-coated copper grid and
ence of air. Each experimental run was duplicated to ensureanalysed under a Philips CM200 field emission gun mi-

the reproducibility of the results. croscope equipped with an EDAX energy dispersive X-ray
spectroscopy system (EDS detector). X-ray mapping of the

2.3. Analysis techniques samples was also conducted.

2.3.1. Inductively coupled plasma-atomic emission 2.4.2. Brunauer—Emmett—Teller surface area

spectroscopy measurements (BET) o o
Inductively coupled plasma-atomic emission spec- _1he surface area of titanium dioxide samples before and

troscopy (ICP-AES) was used to determine the mass of sil- after modification Wi'th silver deposits was meagured by _ni—
ver deposited on the Tiparticles. An accurately weighed ~f0gen gas adsorption on the ASAP 2000 Micromeritics
sample of the modified photocatalyst was digested in 5ml Philsorb and Porosimeter.

of concentrated (1:1) HN§on a hot plate. The digested

sample was filtered (Whatman Filter 542) into a 50 ml vol-

umetric flask and diluted to the mark with deionised water. 3. Results and discussion

The sample was analysed on a Perkin Elmer Optima 3000

ICP-AES instrument. Digestion and analysis of a purezTiO 3.1, Characterisation studies of pure TiQarticles and
sample was also conducted as a blank run. silver-modified Ti@ particles

2.3.2. UV-visible absorbance spectrophotometry 31.1. TEM

Absorbance  spectrophotometry (Varian  CARY 1E  Tgm enabled identification of the location, distribution
UV-visible spectrophotometer) was used to measure the,ng size of the silver deposits on the titania surface. Fig. 1(a)
concentration of salicylic acid in solution. Salicylic acid has 5,4 (b) are TEM micrographs of modified Ti(articles
maximum absorbance of UV-visible light at a wavelength 20 0 at.96 Ag- loading). The size of the titania crystallites
of 294nm. The instrument was calibrated using standards,y 55 unchanged as a result of surface modification by silver
prepared_m the range OfZOO_ppm. A Imear_ callbratlon CUIVE particles. Silver deposits were located on the surface of the
was obtained for salicylic acid concentrations in the range ingividual TiO; crystallites. The distribution and size of the

0-100 ppm. silver deposits differed as the Agon loading was varied.
At the 2.0 at.% Ag loading, silver particles were approxi-
2.4. Characterisation methods mately 5.0 nmin size while at the 20.0 at.%Alpading, Ag
deposits of approximately 2.0 nm in size were observed [22].
2.4.1. Transmission electron microscopy (TEM) Agglomerates of metallic silver up to 125.0 nm in size were

TEM was used to investigate the size and distribution of also observed on Tigparticles at the 20.0 at.% Agoading
the silver deposits on the titania surface on various modi- (Fig. 1(a) and (b)). Herrmann et al. [6] have reported that ag-
fied samples. A small amount of dry powder was dispersed glomerates of silver up to 400 nm in size were present at high
in ethanol by ultrasonic agitation. Two droplets of the sus- silver loadings (38.0 wt.%) in addition to small Ag particles.

Fig. 1. TEM micrographs of 20.0at.% (a and b) Ag-modified Degussa P25 particles after use for the mineralisatiopngo€ K)@rose.
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200nm

Ti map

Fig. 2. X-ray maps of 20.0 at.% Ag-modified Degussa P25 particles after use for the mineralisationuaf @ Gicrose.

Silver particles were not deposited on all BiParticles 3.2. Photooxidation of sucrose using bare and silver

present in the suspension at the 2.0 at.% Agpding. How- ion-modified titanium dioxide suspensions

ever, at the 20.0 at.% Agloading, silver particles covered

the entire surface of all TiPparticles, giving the surface When photocatalyst (e.g. Ti particles are illuminated
and edges of the particles a rough appearance [22]. with light of energy equal to or greater than the bandgap

X-ray maps of modified particles (at the 20.0at.%"Ag  energy, valence band electrons are excited into the conduc-
loading) are shown in Fig. 2. The maps show where the silver tion band, leaving vacant sites or holes in the valence band.
particles are located and the extent of Ti&lirface coverage  Conduction band electrons and valence band holes migrate
by Ag nanoparticles. The presence of silver agglomeratesto the surface of the catalyst where they take part in a series
on the TiQ particles is shown clearly. The “Ag map” shows of redox reactions, described by the following equations:
the location of Ag particles while the “Ti map” shows the

location of the TiQ particles. 1. Electron-hole pair generation
3.1.2. BET surface area analysis TiozhviEgecb— +hp" (1)

The surface area of titanium dioxide particles before and
after surface modification with silver deposits was deter- 2. Possible traps for holes
mined using nitrogen gas adsorption. The surface areas ob-

. ; S (a) Surface-adsorbed hydroxyl ions
tained are shown in Table 1. There was no significant change

in the surface area after metallisation of Fifarticles. hvo© + OHads — OHads® (2)
Table 1

BET surface areas of pure and silver-modified Figarticles

Photocatalyst BET surface area (ig)
P25 before reaction 56.6

P25 after 200Q.g C sucrose photooxidation 56.1

2.0at.% Ag /P25 after 200Q.g C sucrose photooxidation 55.4

20.0at.% Ag /P25 after 200@Lg C sucrose photooxidation 51.3
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Fig. 3. Oxidation of 25, 100, 250, and 4p@ C sucrose using pure Degussa P25 suspensions at pH 3.5.

(b) Surface-adsorbed water molecules

as S, Cl, and P, which may interfere with the photooxida-

tion rate [20,23]. The initial pH of the suspensions was ad-

+ . +
hyp™ + H2Oz4s— OHags® +H (3) justed to pH 3.5. Figs. 3 and 4 show the rate of change in
o™ + HoOads — %02 LHt @) carbon dioxide ger_lera_lted (in term_s of parb_on (_C)) with re-
spect to changes in time versus illumination time for the
(c) Electron donor (D) species oxidation of various amounts of carbon (as sucros€ydu
. N versus time). As increasing amounts of carbon are oxidised
hvp* + Dads— Dads (5) (250mg C (12.5ppm C), 4509 C (22.5ppm C), 20004g C
. (100.0 ppm C)), the shape of the oxidation profiles change
3. Possible traps for electrons indicating a sudden increase in the rate of carbon dioxide
(a) Surface traps (shallow traps) generation towards the latter part of the reaction. Changes in
_ . i the pH of the suspension were not observed after irradiation.
&b+ TIIV)OH — Ti(lIHOH ®) Fig. 5 illustrates the oxidation of 20Qdy C sucrose at
(b) Lattice traps (deep traps) pH 3.5 using_silver-modified Ti® particlgs. The silver
ion (Ag") loadings added to the suspension were 0.5, 1.0,
ep + Ti(V) — Tidll) (7 2.0, 3.0, 5.0, 10.0 and 20.0 at.%. Silver-modified particles
. exhibited activities that were significantly higher than that
(c) Electron acceptor (A) species of bare TiQ particles at all A loadings. An optimum
- ~ . . . ; 0 .
b + Aads— Aads 8) S|Ive.r ion loading e.X|sts at 2.Qat./o. At the optimumAg
loading in suspension, the oxidation of 2Q0§C sucrose
4. Recombination was enhanced by a factor of approximately 4.0 (based on
3 N ] 90% overall oxidation rates). The 2009 C sucrose Ox-
&b + hyp™ — TiO2 + energy (9  idation profiles of silver-modified Ti@ particles do not

feature a peak in the oxidation rate towards the end of the

In bare TiQ suspensions, the electron donating species reaction as in the case of bare piParticles. Rather, there
are water molecules, hydroxyl ions and sucrose molecules.is a region of constant oxidation rate, indicating saturation
The electron accepting species is oxygen for experimentsof the modified TiQ surface with physisorbed sucrose
conducted in the presence of air. In modified Ti€uspen-
sions, an additional electron accepting species is introduced the shape of the oxidation profile when using Ag-modified

namely silver(l) ions.

molecules. To determine whether there was a change in

TiO, photocatalysts for even higher sucrose loadings, a

The photooxidation of sucrose in water was performed 2.0 at.% Ag-modified TiQ; suspension was used for the
using bare TiQ particles under acidic conditions. Sucrose oxidation of 10,00Q.g C sucrose. There was no noticeable
(C12H22011) was chosen as a model compound for this change in the shape of the oxidation curv€/(t versus
study as it is a simple compound without heteroatoms suchillumination time).
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Fig. 4. Oxidation of 200@.g C sucrose using pure Degussa P25 particles at pH 3.5.

Titanium dioxide particles in suspension changed colour duced Ag) was near the theoretical value of 1.0. The pH
during irradiation in the presence of silver ions and sucrose. decrease is due to the oxidation of water by holes (Eq. (4))
At the 2.0at.% Ag loading, the particles changed from [4,25,26]. The generated oxygen can be consumed during
white to light brown. At the 20.0at.% Afg loading, the the photooxidation reaction. The mass of silver ions reduced
colour changed from white to yellow. The presence of metal- to metallic silver as a percentage of the initial mass of sil-
lic silver deposits on the titania particles was confirmed by ver ions added to the suspension in the presence of organic

X-ray diffraction (XRD) analysis of the particles [22]. mineralisation were 46.1 and 64.8%, for the 2.0 at.% Ag
The pH of the modified suspensions decreased during theand 20.0 at.% Ag loadings, respectively. Silver ions can
photooxidation of sucrose, for all sucrose andAlgpad- also be reduced (onto the walls of the photoreactor) in the

ings used. A similar pH decrease was observed during theabsence of photocatalyst particles but under near-UV illu-
photoreduction of silver ions onto titania in the absence of mination, with and without organic molecules present in

sucrose oxidation. Hence, the decrease in pH is attributedthe system.

to silver ion reduction. The final pH of 2.0 at.% Agand The enhanced activity of titanium dioxide particles for

20.0 at.% Ag -modified suspensions after illumination were sucrose mineralisation as a result of silver ion addition to the
3.2 and 2.5, respectively. TiO2 suspension can be attributed to two factors. Firstly, the

llisz et al. [24] observed that in the absence of phenol, reduction of silver ions to metallic silver consumes electrons.
the reduction of Ag was accompanied by a decrease in This enhances the separation of electrons and holes and re-

pH and the observed (moles of formed }Amoles of re- duces recombination [28]. Secondly, the metal deposits on
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Fig. 5. Oxidation of 200Q.g C sucrose using silver ion-modified Degussa P25 suspensions at pH 3.5.



V. Vamathevan et al./Journal of Photochemistry and Photobiology A: Chemistry 148 (2002) 233-245 239

the titania surface are reported to be responsible for thethe peroxyl radical. The generation of hydroxyl radicals is
improved activity of TiQ particles and films [5,7,28]. important for the oxidation of organic molecules.
To distinguish whether the enhancement in sucrose min-

eralisation rate was due to the reduction of silver ions to sil- O2es+ €eb + Oz (11)
ver metal, or due to presence of metallic silver particles on 0,*~ + HT < HO,* (12)
the TiQ, surface, a 2.0 at.% Agmodified TiQ suspension
was used in three consecutive reactions for the oxidation of HO2* + HO2* — H20, + O2 (13)
20009 C sucrose, without the addition of new Aghl(dto o . _
the suspension for the second and third oxidation runs [22]. O2"" +HO" = HOz™ + 02 (14)
The three oxidation profiles obtained were similar and in- HO,™ + HT — H,0» (15)
dicated that the enhanced activity of the modified particles
was predominantly due to the presence of deposited specie$2® + H202 — *OH + OH™ + O (16)
on the TiQ surface. A small decrease in catalyst activity _ .
between the first and second oxidation runs (as indicatedH202 e = "0, (47
by the respective oxidation curves) showed that the bene-O,~ + *H,0, — *OH+ OH™ + O, (18)
ficial effect of reduced electron—hole recombination due to
electron-trapping by Ag ions also contributes to the en- H202 +2€” +2HT — 2H,0 (19)
hanced activity to a small extent. 4 +

The improved activity of metallised Degussa P25 parti- H202+ 20" — H7 + O, (20)
cles is due to better charge separation and therefore, les$H,0, + hv — 2°OH (22)

recombination. Electronic interactions occur between metal ) o ] . )
deposits on the titania surface and the Fiparticles. If Another consideration is that the superoxide radical, which

the work function of the metal is higher than that of tita- itself has a relatively low oxidising capability, may combine

nia (work function of Ag= 4.73eV), then electrons are With organoperoxy radicals (ROQto generate an unsta-
removed from TiQ particles in the vicinity of each metal ble tetroxide (ROOOOH) which decomposes to the reaction

particle. This results in the formation of Schottky barriers Products [24]:
at each metal-semiconductor contact region and results inHO,* + ROC® - ROOOOH—— products (22)
charge separation [16].

The rate-limiting step in photocatalytic oxidations is be- Alternatively, dissolved oxygen can also react with organic
lieved to be the transfer of electrons from the Ti€urface  radicals formed during illumination of the suspension to
to oxygen molecules. Hence, negative charging of photocat-forming organoperoxy radicals, which are degraded further
alyst particles results as hole transfer to adsorbed organicd0 carbon dioxide and water [24].
orto Wa_ter occurs atgfaste_r_ rate than the two-electron trans-ge + 0,  ROC® —— products (23)
fer to dioxygen. In air-equilibrated systems, as a result of
the improved separation of electrons and holes, metal de-The enhanced activity of silver-modified samples cannot be
posits on the TiQ surface enhance photocatalytic reactions attributed to changes in the surface area of the samples. Ac-
by accelerating the transfer of electrons to dissolved oxy- cording to BET surface area measurements (Table 1), the
gen molecules. Oxygen is a good electron acceptor and itssurface area is hardly changed before and after surface mod-
reduction is favourable in acidic media. ification, even at the highest silver loading used (20.0 at.%

The rate of e transfer to adsorbedlepends on the den-  Ag™).
sity of shallow (0.1-0.3 eV) surface and near-surface elec- An optimum silver ion loading of 2.0at.% Agwas
tron traps. Those Ti@catalysts with high densities of shal- found to exist for the photooxidation of 20p@ C sucrose.
low traps are likely to be the most effective in photocatalytic For all silver ion loadings used, Ag/Tiperformed signifi-
oxidation reactions since electrons are immobilised in sur- cantly better than bare TigO Above the optimum silver ion
face traps before being transferred tp @olecules. There-  loading, the activity of Ag/TiQ particles decreased. There
fore the incorporation of group VIII metal Qeduction cat- are several reasons for the existence of an optimum metal
alysts or noble metals on the photocatalyst surface shouldloading. For metal loadings above the optimum, a decrease
increase the rate ofetransfer to @ and thereby raise the in the electron density of Ti@occurs due to electron at-
quantum vyield [28]. The transfer of electrons to metal de- traction by the much more numerous metal particles formed
posits, results in the deposits becoming negatively charged.with higher metal ion loadings. However, the resulting
(10) complicated field configuration has a detrimental effect on

charge separation, lowering the activity of the modified pho-
The superoxide radical is formed as a result of oxygen re- tocatalyst [16]. Also, excessive coverage of the photosen-
duction by photogenerated electrons. The following equa- sitive surface by silver deposits for particles prepared with
tions (Eqgs. (11)—(21)) describe the formation of hydroxyl Ag™ loadings greater than 2.0 at.% decreases the amount
radicals via the generation of hydrogen peroxide®) and of light reaching the Ti@ surface [1,29]. This reduces the

Ag+e < e (Ag)
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number of electron-hole pairs generated and lowers theactivity of these particles compared to 2.0 at.%"Agodified

rate of organic oxidation. It is also possible that above the TiO, particles.

optimum loading, silver particles can also act as recombi- Herrmann et al. [6] have proposed a mechanism describ-

nation centres [5]. Negatively charged silver sites begin to ing the deposition and growth of silver particles on the

attract positively charged holes, thereby becoming recom- titania surface. Silver ions are initially adsorbed on the sur-

bination centres. There is also the increased probability for face of TiQ, particles. Electrons reduce adsorbed"Agns

the capture of holes by the large number of silver particles to silver metal atoms. The formation of small crystallites

at high metal loadings, which decreases the probability of of silver can occur either by the agglomeration of silver

holes reacting with adsorbed species at the,T#rface atoms or by a cathodic-like successive reduction process.

[5]. This is related to the particle size of silver deposits. The The agglomeration of silver atoms is described by

particle size of the silver deposits is an important parameter 0

influencing the photocatalytic activity of Ag/Tigparticles. mAG" = Ay (24)

Smaller deposits can trap holes faster than large deposits. The successive reduction sequence is represented by
Fig. 1 shows TEM plates of the Ag/T¥X20.0 at.% Ad) Eq. (25).

particles prepared in this work. At the 2.0 at.% Alpading,

silver deposits were estimated to be approximately 5.0 nm Ag® +Agt — (Ag)t +e — Ag, + AgT — (Agy) T

in size_. At the ZO.Q at.% Ay loading, the size of the silver +e — Ags — - — Ag,, (25)

deposits were estimated to be 2.0 nm [22]. However, larger

Ag deposits, and in some cases larger than the individual The basis for the above sequence is that since metal crys-

TiO, particles themselves (up to 125.0 nm in size) were also tallites are enriched in photoproduced electrons, they can

present. Therefore, as more and more silver ions are reducedgonstitute sites for the cathodic-like reduction of cations,

the silver deposits grow with increasing Adoadings. The  which would progressively increase the size of the metal

large silver deposits are clearly seen in the TEM maps deposit [6].

of Fig. 2. The Ag agglomerates produced at the 20.0at.% To determine the dependence of modified photocatalyst

Ag™ loading could shield the Ti@surface, hindering light  catalyst activity on substrate concentration, the photooxida-

absorption and electron—hole pair generation. More Ag par- tion of 100ug C (5.0 ppm C) sucrose (used to represent a

ticles were present on the TiGsurface at this high metal low carbon loading) was performed using pure Fiénd

loading than at the 2.0at.% Agloading. At the 2.0at.%  silver-modified TiQ suspensions prepared at the 0.5, 2.0

Agt loading, silver particles were only observed on some and 20.0 at.% Ag loadings. The results obtained are shown

titania particles. However, at the 20.0at.% "Adpading, in Fig. 6.

almost all TiQ particles were covered with small Ag parti- The addition of silver ions into the suspension was of no

cles [22]. The increased probability of hole capture by the effect. Although silver deposits were formed on the FiO

larger number of silver deposits on 20.0 at.%Agodified surface for all the Ag loadings used there was no evident

TiO,, particles decreases the probability of adsorbed organicenhancement in the oxidation rate. The ratios of the instan-

molecules capturing holes. This could explain the lower taneous maximum oxidation rates of 0.5, 2.0 and 20.0 at.%
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Fig. 6. Oxidation of 10Qug C sucrose using pure Degussa P25 and silver-modified Degussa P25 suspensions to determine the effect of organic loading
on photocatalyst activity.
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AgT-modified TiQ catalysts to pure Ti@ were 1.06:1,
1.13:1 and 1.05:1, respectively, illustrating the almost iden-
tical behaviour of modified and bare catalysts. However,
other experiments showed that modified 7i€uspensions
performed better than pure TiGuspensions for the oxida-
tion of 250 and 45Q.g C sucrose, even at the 0.5 at.%"Ag
loading (not shown).
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3.3. Photooxidation of salicylic acid using bare and
silver ion-modified titanium dioxide suspensions

The mineralisation and degradation of salicylic acid was
conducted under an air-equilibrated environment using TiO
particles with and without silver metal surface modification.
Salicylic acid absorbs UV-visible light best at a wavelength

As mentioned earlier, the presence of silver deposits re- of 294 nm. The addition of salicylic acid to Ti&uspensions
duce electron—hole recombination thereby increasing theturns the colloid to yellow, indicating the formation of a
concentration of oxidising agents available for organic titanium(lV)—salicylate charge transfer complex [31]. This
degradation and mineralisation. The rate of organic oxida- was clearly visible for additions of high amounts of salicylic
tion is dependent on the concentration of organic moleculesacid (200Qvg C).
and oxidising agents in the suspension. The rate equation The degradation and mineralisation of salicylic acid was
describing the disappearance of the organic (C) can bemonitored by quantifying the amount of salicylic acid re-

written as maining in solution and by measuring the amount of carbon
dioxide generated after illumination for a certain period
_d_C = kreactio R[C] (26) of time, respectively. The initial pH of the suspensions
dr o reacte was adjusted to a value between 3.0 and 3.5. During the

photooxidation of salicylic acid (100 and 20Q@ C) in
where R] is the concentration of the oxidising agent€][  the presence of silver ions (2.0 at.% Adoading), TiQ
the concentration of the organic substrate &rdciionthe particles changed from white to light brown.
rate constant [30]. For low organic loadings, the concentra- The mineralisation profiles of 20QQy C salicylic acid ob-
tion of oxidising agents in titanium dioxide suspensions is tained for TiQ and Ag/TiQ (2.0 at.% Ag) particles were
in excess of the organic concentration. Thus any increaseidentical (Fig. 7). Modification of Ti@ particles with silver
in [R] by silver-modification of the particles will not signif-  deposits does not enhance the mineralisation of 2@00
icantly affect the reaction rate. On the other hand, at high salicylic acid, which is in contrast to the results obtained for
organic loadings, the concentration of organic is in excess the mineralisation of 200g C sucrose. A similar result was
of the concentration of oxidising agents available. Increasesobtained for the mineralisation of 1@ C salicylic acid.
in the concentration of oxidising agents by surface modifi- The photooxidation reaction of 20Q@ C salicylic acid was
cation of titania particles is beneficial in this case. Hence the performed in another experiment where silver ions were de-
enhancement in the rate of reaction for high sucrose loadingsposited onto the titania surface before adding salicylic acid
is evident. Thus an appreciable concentration of substrateinto the suspension. Again, the oxidation profiles for the
molecules should be available in the modified suspension topure TiQ and Ag/TiQ; systems were identical to the plot
take full advantage of the added possibility of hole capture obtained when adding silver ions and salicylic acid into the
[27]. suspension simultaneously. This confirmed that the presence
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Fig. 7. Photooxidation of 2000g C salicylic acid using pure and 2.0 at.% Agnodified Degussa P25 suspensions at pH 3.0.
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of silver deposits on the Ti©surface were not able to en-
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able differences. Firstly, Figs. 3, 4 and 8 show that the shape

hance the mineralisation of salicylic acid. The contrasting of the oxidation profiles change as sucrose and salicylic acid
results obtained for sucrose and salicylic acid mineralisation loadings greater than 1@ C are oxidised. The rate pro-

illustrate that the role of silver-modified TiOparticles in

files for high sucrose loadings (2009 C) can be divided

photocatalytic reactions is dependent on the type of organicinto two sections. In the first section, the instantaneous ox-

compound involved in the reaction.

idation rate rises very slowly. In the second section, or the

The pH of the pure Degussa P25 suspensions was undatter part of the reaction, the instantaneous rate of oxidation

changed after the mineralisation of 109 C salicylic acid
(initial pH 3.5) but increased after the mineralisation of
2000u.g C salicylic acid from 3.0 to 3.6. In the presence of

rises rapidly before gradually decreasing to zero, at which
point, the reaction has been completed.
However, for the Ag/TiQ system, the instantaneous

silver ions, a reduction in the suspension pH from 3.5 to 3.2 oxidation rate profiles obtained for the degradation of

was observed after the photooxidation of 1QC salicylic
acid. This reduction in pH is attributed to the oxidation of
water by holes to M ions and oxygen which occurs during
the reduction of Ag to Ag®. A decrease in the suspension
pH was not observed after the mineralisation of 200@
salicylic acid since any decrease in pH due to"Agduc-

2000pg C sucrose are similar in shape to the profiles ob-
tained when using pure TiOparticles for the photooxida-
tion of sucrose loadings of 1Q@ C or less. This was also
observed when a 2.0at.% Agnodified TiQ suspension
was used for the mineralisation of 10,00C sucrose.
Similarly for 2000ug C salicylic acid, the instantaneous

tion would have been masked by the increase in pH due oxidation rate rises with increasing illumination time until

to the mineralisation of 20009 C salicylic acid (initial pH
3.0, final pH 3.3).

reaching a maximum value and then rapidly decreasing to
zero, at which time the reaction is complete. Changes in

The amount of silver deposited during the simultaneous the shape of the oxidation profile are seen for increasing
reduction of silver ions and oxidation of salicylic acid was loadings of salicylic acid. The time at which the maximum
qguantified by ICP-AES to be 48.8% (mass basis) at the instantaneous oxidation rate occurs shifts towards the latter
2.0at.% Ag loading. The amount of silver deposited dur- part of the reaction as the carbon loading is increased. The
ing salicylic acid mineralisation was approximately the same exception in the case of salicylic acid is that the oxida-
as the amount deposited when using sucrose as the organition profiles obtained when using Ag/TiGand pure TiQ
compound (2.0 at.% Ay loading). particles are similar for both low and high salicylic acid

The oxidation profiles of salicylic acid in Fig. 8 are plots loadings. Also, the shape of the oxidation profiles obtained
of the instantaneous oxidation rate versus illumination time for sucrose and salicylic acid are different for high carbon
for various salicylic acid loadings. The magnitude of the loadings but similar for low carbon loadings.
maximum instantaneous oxidation rate increases with in- The changes in the shapes of the oxidation profiles for
creasing salicylic acid concentration. Similar observations sucrose and salicylic acid oxidation may be related to the
were made for the photooxidation of various sucrose load- formation of intermediate products during the reaction. The
ings. Comparison of the instantaneous oxidation rate of car-intermediate products of sucrose and glucose oxidation have
bon versus time plots for sucrose and salicylic acid in the been identified in other studies. The methods of oxidation
100-200Qug range of carbon loadings shows some notice- used in these studies were not photocatalytic, but rather,
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Fig. 8. Oxidation of 100, 500 and 209@ C salicylic acid using pure Degussa P25 particles (pH 3.0-3.5).
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techniques such as electrocatalytic oxidation, electrochem-TiO, system as more and more intermediates are degraded
ical incineration, and wet oxidation were used. The main to simpler intermediates, which can be directly oxidised to
intermediate products of sucrose electrocatalytic oxidation the final product, C@. This last step of the reaction occurs
have been identified as glucose, fructose, 2-keto-gluconicrapidly, which is reflected by the steep increase in the instan-
acid and glucuronic acid [32]. Other oxidation products of taneous oxidation rate towards the latter part of the reaction.
sucrose and glucose include a variety of carboxylic acids The differences in the shape of the oxidation profiles for
such as formic acid, glyceric acid, oxalic acid, lactic acid and high loadings of sucrose and salicylic acid are possibly due
acetic acid [33]. It has also been reported that glucose and itsto the different nature of the intermediates formed, which
oxidised derivatives are tightly bound to the surface of pla- require varying degrees of oxidation before mineralisation
tinised TiG, particles where they are eventually oxidised to to carbon dioxide.
CO, by the photo-Kolbe decarboxylation reaction [34]. The  Although the mineralisation of salicylic acid was not en-
intermediate products of salicylic acid degradation, which hanced when using Ag/Tiparticles as the photocatalyst, a
require further oxidation to decompose to £@ave been series of experiments were conducted in which the photocat-
identified as catechol and a mixture of dihydroxybenzoic alytic degradation of salicylic acid was monitored instead.
acids (DHBASs). Catechol is formed by a photo-Kolbe type The purpose of these experiments was to determine whether
decarboxylation reaction and DHBAs by hydroxyl radical the presence of silver deposits on the titania surface would
addition [35]. The prompt evolution of GQduring salicylic enhance the degradation of salicylic acid even though the rate
acid mineralisation indicates that other unstable intermedi- of salicylic acid mineralisation was unaffected. Fig. 9 shows
ates are formed which are rapidly mineralised too(85]. changes in the concentration of salicylic acid molecules re-
With increasing loadings of sucrose and salicylic acid, maining in the suspension (SA), intermediate products re-
the concentration of intermediates produced during the re- maining in the suspensiarintermediates products adsorbed
action also increases. These intermediates require oxidativeon the photocatalyst salicylic acid molecules adsorbed on
attack to degrade to simpler intermediates, which can bethe photocatalystl + I’ + SA") and carbon dioxide (C&)
easily mineralised to C& In modified titanium dioxide sus-  generated as a function of illumination time. The data in
pensions, due to the lower extent of electron—hole recom- Fig. 9 was obtained using the following method. The amount
bination, a higher amount of oxidising agents are available of salicylic acid remaining in solution was determined by
for organic degradation and mineralisation, compared to un- UV-visible absorbance measurements, the amount of car-
modified suspensions. For increasingly higher sucrose load-bon dioxide generated by conductivity measurements and
ings, greater accumulation of intermediates occurs on the (I +1’+ SA’) was obtained by subtractif@A+ CO,) from
TiO, surface than on the Ag/Ti®surface. This is because the initial amount of salicylic acid added to the suspension
less oxidising agents are available in the puresTé@stem, (2000p.g C in 20 ml).
and hence the rate of intermediate degradation and miner- |Initially (illumination time = 0min) the mass of sali-
alisation to CQ is slower than the rate of intermediate ac- cylic acid measured in the suspension was much less than
cumulation. The oxidation rate rises gradually in the pure 2000ng C. This was because approximately 65% of the

2000
o 1500 -
B
2
=
2
5 1000
Q
St
=
=
= 500 -
0 T -
0 2 4 6 8 10 12 14 16 18 20
INlumination time (min)
—&— SA(P25) —— (I+I'+SA")(P25) —a— CO2(P25)
—> ~SA(Ag/P25) =0 = (I+I'+SA")Ag/P25) =X -CO2(Ag/P25)

Fig. 9. Degradation of salicylic acid using pure and 2.0 at.% /Agodified Degussa P25 suspensions at pH 3.0.
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initial mass of salicylic acid added to the suspension had TiO, particles, prepared by the incipient wetness impreg-
been adsorbed onto the photocatalyst particles in the absencaation method decreased the activity of Fi@articles by a
and presence of silver ions (2.0 at.% Bg factor of 2.5 for the mineralisation of chlorobenzoic acid to
For both pure Degussa P25 suspensions and 2.0at.%CO; [38]. The decrease in activity is due to electron transfer
Ag*-modified Degussa P25 suspensions, the degradationfrom the support to the metal deposit, which was detrimen-
profiles were identical. This showed that in the case of tal to the oxygen ionosorption£O species of titania. The
salicylic acid, neither the degradation rate or the mineral- addition of AQNQG; to TiO, suspensions resulted in an in-
isation rate is enhanced as a result of silver metallisation hibition of dichloroacetic acid (DCA) degradation [8]. The
of TiOy particles. Carbon dioxide was evolved as soon as inhibiting effect is thought to be caused by the formation of
the suspensions were illuminated, while the concentration H,O; in the system due to the generation of additional pro-
of salicylic acid decreased. The mass of intermediate prod-tons. Hydrogen peroxide can undergo reduction as well as
ucts remaining in the suspensianintermediates products oxidation (Egs. (19) and (20)). The oxidation 0$®b con-
adsorbed on the photocatalystsalicylic acid molecules  sumes oxidising species required by organics. Lindner et al.
adsorbed on the photocatalyst- I’ + SA) reached a max-  [8], also suggest that it is possible that Agons are oxi-
imum value of approximately 15Q0g C after illumination dised to Ag™, due to the high oxidation potential of holes

of the suspension for approximately 4 min. in TiO,. Platinisation of the photocatalyst or the addition
The photocatalytic degradation of salicylic acid has been of Cl/?t ions into the suspension was beneficial for DCA
reported in previous publications using pure 7i&@d mod- degradation whereas these modifications were of no effect

ified TiO, particles and films as the photocatalyst. Lee et al. for the degradation of 4-chlorophenol. Copper ions and es-
[7] reported that Ag/TiQ films exhibited enhanced activity  pecially platinum deposits can also act as catalysts for re-
for the decomposition of salicylic acid. Ag/Tidilms were ductive processes, such as the reduction of oxygen species
33% more active than pure TiOfilms. Suri et al. [36], by electrons. It is proposed that for DCA, the rate of oxy-
reported that platinised Aldrich and Degussa Ji€am- gen reduction is rate-limiting whereas for 4-chlorophenol
ples (1.0 and 0.5wt.% Pt loadings, respectively) showed degradation the rate-limiting step is the attack of organic
enhanced activities for degradation of salicylic acid. The ex- molecules by holes or hydroxyl radicals. Thus, the type of
periments were performed at an initial pH of 4, at which the organic compound used in the photocatalytic reaction deter-
maximum adsorption of salicylic acid molecules on 7iO mines the performance of the modified photocatalyst. Sim-
particles occurred. Prairie et al. [37], studied the photodegra-ilarly, in this study, it is proposed that the rate of sucrose
dation of salicylic acid during the simultaneous reduction mineralisation is enhanced in the presence of silver-modified
of a variety of metals ions. The addition of metal ions to the TiO, particles since the rate-limiting step in this reaction
system improved the rate of salicylic acid oxidation. In the is the transfer of electrons to dissolved oxygen molecules.
presence of @ fairly rapid degradation of salicylic acid was In the case of salicylic acid degradation and mineralisation,
observed. In the absence of,@he degradation of salicylic  the rate-limiting step is the reaction of holes and hydroxyl
acid occurred for Pt, Hg?t, Au3t and Agh ions. They radicals with salicylic acid molecules and its degradation in-
found that for the degradation of salicylic acid to occur in termediate products [8]. However, further experiments are
an O-free environment, the reduction of metal ions must required to verify these postulations and efforts in this di-
occur until all organic is consumed (Ag Hg?). It was rection are currently being undertaken.

concluded that the oxidation of salicylic acid was controlled

by the rate of reduction or by the rate at which electrons

are withdrawn from the conduction band of the photocat-

alyst. When reduction is slow, most electrons and holes 4. Conclusions

simply recombine.

Other publications have previously mentioned that sur- The photocatalytic oxidation of sucrose and salicylic acid
face modification of TiQ particles either decreases cata- to carbon dioxide and water was performed at pH 3.0-3.5
lyst activity or has no effect. Suri et al. [36], state that the using bare and silver-modified Ti(articles. An optimum
surface and physicochemical properties of thesT$@mple metal ion loading of 2.0 at.% Agwas observed at which the
used for modification with metal deposits affects the activity most efficient photocatalyst was generated. The presence of
of the resulting modified photocatalyst. An enhancement in nanosize metallic silver particles on the titania surface was
the rate of trichloroethylene destruction was observed whenfound to enhance the activity of Tiby a factor of 4.0 for
using platinised Aldrich Ti@, whereas a detrimental effect the mineralisation of sucrose but had negligible effect on the
occurred with platinised Degussa Ti@articles. This may  degradation and mineralisation of salicylic acid.
be related to interactions occurring between the metal de- Silver deposits on the Ti©surface behave as sites where
posit and TiQ particles. Chlorobenzoic acid was found to electrons accumulate. Better separation of electrons and
adsorb strongly to the surface of Degussa P25 Tidh the holes on the modified Ti@surface, allows more efficient
carboxylic group linked to the surface in interaction with channelling of the charge carriers into useful reduction and
the hydroxyl sites of titania. A deposit of 1.0wt.% Pt on oxidation reactions rather than recombination reactions.
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The performance of metallised Ti@articles is a function
of the type of organic compound used in the reaction. The
rate-limiting step in the mineralisation of sucrose is believed

to be the transfer of electrons to dissolved oxygen species.
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[13] M. Albert, Y.-M. Gao, D. Toft, K. Dwight, A. Wold, Mater. Res.
Bull. 27 (1992) 961.

[14] Y.-M. Gao, W. Lee, R. Trehan, R. Kershaw, K. Dwight, A. Wold,
Mater. Res. Bull. 26 (1991) 1247.

[15] W.-Y. Lin, K. Rajeshwar, J. Electrochem. Soc. 144 (1997) 2751.

Therefore, the enhanced mineralisation of sucrose is due to[16] p. pichat, in: M. Schiavello (Ed.), Photocatalysis and Environment:

the more efficient reduction of dissolved oxygen molecules
to superoxide radicals on the Ag/TiQurface. Superoxide
radicals are necessary for the formation of hydroxyl radicals
or for reaction with organic radicals, which may be involved
in the mineralisation of sucrose. In the case of salicylic acid
degradation and mineralisation, the rate-limiting step is pro-
posed to be the reaction of holes and hydroxyl radicals with
organic molecules.
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