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Abstract

The photocatalytic degradation of four organic sulfide compounds containing different functionalities; methyl phenyl sulfide (MPS), methyl
benzimidazoyl sulfide (MBS), propyl benzimidazoyl sulfide (PBS) and 3-propenyl benzimidazoyl sulfide (3-PBS) as environmental pollutants
using TiG, photocatalyst suspension under UV-light irradiation in aqueous and organic (ethanol, methanol, acetonifrfdagd@@GExane)
solvents was studied. The effect of important operational parameters such as solvent, catalyst loading, oxygen flow, irradiation time, pH,
and comparison of photocatalytic activity with different commercial ZnO and, Titile and anatase) catalysts were also studied. The
photodegradation rate was determined for each experiment and the following trend viZrUEile) > ZnO > TiQ, (anatase) was observed,
suggesting that ZnO absorbs a large fraction of the UV-light and absorbs more light quanta théanttase). The effectiveness of large
particles in this reaction is understandable from the properties of pétticles, which indicate that band bending is necessary to oxidize
sulfide compounds. To develop the band bending in particles, their size and donor density are important. Usually, rutile powders have larger
particle sizes than the anatase powders, because they are produced at higher temperature, and thus are advantageous for band bending. Resit
show that the photocatalytic degradation is well progressed in the aqueous solution and in the presence of oxygen. Optimum value of TiO
(rutile) photocatalyst was obtained 30 mg per 20 ml of solution. The best UV-light irradiation time for MPS was 100 min and for the other
sulfide compounds was 3 h. Further studies showed that the optimum values of solution pH were observed 8 and 6 for MPS and for the others,
respectively. The complete mineralization was confirmed by total organic carbon (TOC) analysis and estimation of the formation of inorganic
ions such as Nif, CO, and SQ%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction humidity[4]. On the other hand, reduced organic sulfur com-
pounds are mostly released in anaerobic biological activities.
Reduced sulfur compounds such as sulfides, disulfidesSewage and industrial wastewater treatment plants and fer-
and mercaptans are the by-products of industrial processesnentation treatment of animal feces in livestock industry are
and are known as waste, natural waters and the earth’s atmoexamples of places where pronounced anthropogenic gener-
sphere pollutantfl—3]. The spontaneous oxidation of these ation of these compounds can be obser#ed’]. Since the
sulfides leads to formation of tropospheric S@Which is smells of these organic sulfides are often unpleasant for hu-
eventually converted into #3504, one of the main compo-  man life their odor treatment is important. Currently applied
nents in acidic rains through the reaction with atmosphere methods of odor removal are biofiltration, bioscrubbing, ac-
tivated carbon adsorption, wet chemical scrubbing, thermal
mpondmg author. Tel.: +98 311 7932401 o_xidation, _wat_er hydro_lysi_s by aqueous alkalis, perhydroly-
fax: +98 311 6680066/7396. ’ sis apd oxidative chlorinatio@—12]. Each of these methods
E-mail addresseshabibi@sci.ui.ac.ir, habibi@chem.ui.ac.ir has its own advantages, but all of them have one common
(M.H. Habibi). disadvantage such as large volumes of degassing solutions
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or toxic gaseous derivatives, which require further treatment 2. Experiments

[13]. A new and highly promising universal method for the

destruction of various airborne and dissolved organics is pho-2.1. Materials

tocatalytic oxidatior{14]. Among metal oxides used as the

photocatalyst for environmental clean up, titanium dioxide  The analytical grade anatase and rutile Jgowders with

(TiOy) is one of the most promising materials because of its the BET surface area of 48 and 22 g1, respectively were

stability and nontoxicity15—20] When TiQ is irradiated by obtained from Aldrich. ZnO, methyl phenyl sulfide (MPS)

UV photons with energy higher than its band gap (ca. 3.2 eV and all solvents (ethanol, methanol, acetonitrile, £&Idn-

for anatase), electron—hole pairs are generated. These chargeexane) were prepared from Merck and used without further

carriers can migrate to the semiconductor surface to initiate purification. Methyl benzimidazoyl sulfide (MBS), poropyl

redox reactions with adsorbents. However, the mechanism ofbenzimidazoyl sulfide (PBS) and 3-propeny benzimidazoyl

photoxidation on the Ti@surface is still under discussion sulfide (3-PBS) were synthesized and purified according to

[21-28] It is proposed that the surface hydroxyl groups re- the previous reporti87]. The molecular chemical structure

act with the holes to form the surface-bound OH radicals, of these sulfides is shown fBcheme 1The pH of solution

which then oxidize the surface adsorbents. Support for this was adjusted using diluted aqueous buffers that were prepared

mechanism comes from the chemical identification of the by the following compounds: KEPOs, NapHP Oy, NaOAC,

hydroxylated oxidation intermediates, EPR detection of the HOAC, NgB40O7, HCland NaOH. In all experiments doubly

surface OH radical in aqueous Ti®ols, the scavenging OH  distilled water was used.

radicals, and the kinetic isotope eff§20-32] Several re-

searchers also reported that the surface-bound OH radical®.2. Experiments equipment

are key species for oxidation reaction because the diffusion

of surface-bound OH radicals from the BiGurface into the Agueous solutions of sulfide compounds were irradiated

bulk solution is minima[32,33] in a Pyrex tubular reactor. A magnetic stirrer was placed un-
Recently, we have reported heterogeneous photocatalyticder the reactor. A 400 W high-pressure mercury lamp was

mineralization of some thiols on the Degussa P25,TiO used as the UV-light source. Oxygen was introduced to the

[34,35]and some cyclic saturated amines on the ZnO photo- solution from a gas cylinder at a flow rate of 5 ml/min through

catalyst[36]. It is well known that the photocatalyst nature a needle valve. The Pyrex reactor was uniformly illuminated

and solvent plays crucial roles in the reaction course. But and its temperature kept constant af 25by a water jacket

to the best of our knowledge from literature, less attention and thermostat. The set up of the photocatalytic degrada-

has been paid to the comparison of photocatalytic activity tion experiments is shown iRig. 1 The concentration of

of different commercial ZnO and TiX(rutile and anatase) organic sulfides was monitored by periodic sampling during

catalysts for degradation of organic sulfide compounds underthe course of experiments using a double beam Shimadzu 160

UV-light in the aqueous and organic solvents. Therefore, in UV—vis spectrophotometer. The pH measurements were done

the present work we have investigated the effect of important using a Metrohm 620 pH meter. A Hettich EBA 85 centrifuge

operational parameters (including solvent, type of catalyst, was used to separate photocatalyst from sample solution. The

amount of catalyst, illumination time of UV-light, pH and total organic carbon (TOC) was measured using a Beckman

presence of molecular oxygen) on the photocatalytic degrada-915A total organic carbon analyzer.

tion of methyl phenyl sulfide (MPS), methyl benzimidazoy!

sulfide (MBS), poropyl benzimidazoyl sulfide (PBS) and 3- 2.3. Photoirradiation and analysis procedure

propeny benzimidazoyl sulfide (3-PBS) as amodel molecules

of organic pollutant to optimization the process for practical In each experiment 20 ml of MPS (50 ppm), MBS, PBS

applications. or 3-PBS (25 ppm) solutions was used. Reasons for choos-
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Scheme 1. Molecular structure of selected organic sulfides.
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Fig. 1. Photocatalytic degradation set up: (a) oxygen cylinder; (b) power supply; (c) 400 W high-pressure Hg lamp; (d) photoreactor with aldragum foi
reflector for a full irradiation of catalyst; (e) fan; (f) magnetic stirrer; (g) 2| Pyrex beaker; (h) photocatalytic degradation cell; (i) watestidignake model
f-122.

ing these concentrations are less solubility in water and 3. Results and discussion
long degradation time for MBS, PBS and 3-PBS with re-
spect to MPS. All procedures for the sample preparation  According to Gilbert and Mercief38], the main fac-
were preformed with shielding from the UV-light. The tors affecting degradability of organic compounds are (i)
photocatalyst powders were suspended in the test solu-reagent solubility, (ii) solution polarity, (iii) reactivity or
tions. Then, the solutions were irradiated with and with- acido-basicity of solvent, and (iv) competitive chemisorption
out continuous bubbling of oxygen under vigorous stir- of substrates, products and solvent on the surface of catalyst.
ring. After a significant irradiation time which depended Therefore, the physico-chemical properties of organic sul-
on the nature of sulfide compounds, 3i@r ZnO photo- fides must directly affect their photocatalytic degradability.
catalysts were completely removed by centrifugation, and We will discuss the parameters on which mentioned factors
solution was filtered through a Millipore filter (pore size depend in this section.
0.22um) for the following UV absorption measurements.
The concentration changes of sulfide compounds were fol-3.1. Effect of photocatalyst type on the degradation of
lowed by monitoring their absorption peaksiatax=252, MPS and MBS
282, 282.8 and 283 nm for MPS, MBS, PBS and 3-PBS,
respectively. The effect of photocatalyst type on the photocatalytic
The initial solution of each organic sulfide was used degradation of MPS and MBS aqueous solutions was inves-
as a standard. The $& concentration as one of the tigated. Resultsig. 2) show that the order of photocatalytic
photodegradation products in agueous solution was deter-activity is as follows: TiQ (rutile) >ZnO > TiQ, (anatase).
mined by adding 9.5ml of solution containing 0-10mmol As a result, to obtain efficient photocatalytic degradation,
of sulfate to 0.5ml of developer solution which con- many structural parameters of photocatalyst such as particle
tains NaCl 75g; ethanol 100 ml; concentrated HCl 30ml; size, crystalline quality, morphology, specific surface area,
glycerol 50ml and distilled water 300ml. To this mix- surface state, appropriate phase structure, texture and
ture BaCh 0.05g was added and the solution was stirred electronic properties, etc. are important. A lack of one of
thoroughly for 1 min. The stabilized turbidity of Bag0  these conditions leads to the sharp reduction of activity of
suspension in the developer solution was measured atphotocatalyst.
540 nm. The reason for greater activity of ZnO compared with
The ammonia concentration in aqueous solution was alsoTiO, (anatase) is due to the absorption of more light quanta
determined spectrophotometrically &hax=410nm in the by ZnO than TiQ (anatase). Since the band gap of ZnO
presence of Nessler's reagent. The formation of, @@s is 3.17 eV, the quantum efficiency of ZnO powder is sig-
detected as BaC4ls) that separated in the aqueous solution nificantly larger than the Ti@Degussa P25 (70% anatase
that saturated with Ba(OH)n which the gases exiting from  and 30% rutile) and hence higher efficiencies have been
the reactor bubbled. reported for ZnO[39]. The greatest advantage of ZnO is
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-‘-7_,_,_,_7_7_7_7_7_7_ Table 1
100 - Photocatalytic degradation percent of MPS and MBS in several solvents:
TiO3 (rutile) 30 mg; irradiation time 1.5 and 3 h for MPS and MBS, respec-
5 tively; 5 ml/min flux of O;; room temperature
s 75 - - .
5 Solvent Polarity = MPS degradation MBS degradation
(]
§a 50 Water 9 85 80
° Acetonitrile 6.2 13 9
S Methanol 6.6 7 5
% 25 Ethanol 5.2 2 4
= Carbon tetrachloride 1.6 0 0
MPS n-Hexane 0.06 0 0

Sulfides

Rutile MBS

ZnO
Photocatalyst

Anatase

holes. Since, the reaction ability 80OH is high enough to
attack any organic molecules, it has been assigned as a key
species in the mineralization mechanism of many hazardous
chemical compounds. Therefore, discrepancy between the
percent of photocatalytic degradation of sulfide compounds
may be due to the ability of their direct hole capturing and/or
photocatalytic degradation mechanisj#hs].

Fig. 2. Percent of photocatalytic degradation of MPS and MBS in the pres-
ence of three photocatalysts under UV-irradiation time 1.5 and 3 h for MPS
and MBS, respectively and flux of05 ml/min; room temperature.

that it absorbs a large fraction of the solar spectrum than

TiO3. TiOo+hv— € +hy (1)
The high activity trend for Ti@ (rutile) compared with

TiO, (anatase) can be explained based on this fact that anataséve ™ — At 1)

par_ncles have small sizes and h!gh active ;urface area .thate, £ 0, Oy @)

their large surface area is especially effective for capturing

low concentration chemicals. In addition, the large band gap 0,*~ + 0,°*~ + 2HT — H»0, + O» 3)

of anatase has been considered to be related to its high ac-

tivity. However, in photodegradation of sulfide compounds, O2*” +hw' — O (4)

we have foupd that rutile particles W|t_h large particle sizes 00* +hy ™ — Oy @)

are more active than the anatase particles. The effectiveness

of large particles in this reaction is understandable from the OH™ + 4,,* — *OH (5)

properties of TiQ particles, which indicate that band bend-

ing is necessary to oxidize sulfide compounds. To develop‘OH + *OH — H20; (6)

the band bending in particles, their size and donor density e +hyt — recombination @)

are important. For example, if the donor density is about
3x 107 cm™3, a space charge layer of 100 nm is necessary  The yields of degradation depend on the solvent polarity;
to develop a potential drop of 0.3 eV. Usually, rutile powders the quickest sulfide degradation is in the aqueous medium
have larger particle sizes than the anatase powders becausand the slowest im-hexane. A possible explanation is that
they are produced at higher temperatures, and thus are advarincrease of solvent polarity increases active oxygen species
tageous for band bendifg0]. It should be stressed thatinthe on the surface of Ti@which raise the percentage of the pho-
next experiments, we used the BiQ@utile) as photocatalyst  todegradation.
unless elsewhere stated.
3.3. Effect of photocatalyst amount on the degradation
3.2. Effect of solvent on the degradation of MPS and of MPS, MBS, PBS and 3-PBS
MBS
The effect of catalyst Ti@ amount on photocatalytic

Table 1shows the photocatalytic degradation of MPS and degradation of sulfide compounds is presentedriop 3.
MBS in various solvents. As shown in this table, the solvent Degradation efficiency of the whole compounds were in-
plays a crucial role on reaction course. From our findings creased by increasing the photocatalyst amount, then reached
among these solvents, water was the best media for photocatthe highest value of catalyst amount and finally remain at con-
alytic degradation of these sulfide compounds. In general, itis stant value (i.e. becomes independent of the catalyst concen-
well known that the TiQ photocatalytic reactions in aqueous tration). It is interesting to note that this phenomenon has
solution proceed mainly by the contributions of active oxy- been observed previously in other photocatalytic reaction

gen species, such 89H, O,*~ and HO,. These species
are formed by Eqs(1)~(7), where € represents photoin-

over TiO, [35,36,42,43] This can be rationalized in terms
of availability of active sites on Ti@surface and the light

duced conduction band electrons. The photoinduced valencepenetration of photoactivating light into the suspension. The

band holes are trapped at the surface of:fi@ming trapped

availability of active sites increases with the suspension of
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Fig. 3. Sulfide concentration (ppm) vs. amount of Ti@utile) for runs
carried out by using the Pyrex photoreactr(20 ml); 400 W high-pressure
Hg lamp; flux of @ =5 mi/min. (a) MPS; initial pH = 8.0, illumination time
90s. (b) MBS, (c) PBS, (d) 3-PBS; initial pH =6, illumination time 3 h.

catalyst loading, but the light penetration and hence the pho-
toactivated volume of the suspension shrinks. Moreover, the

decrease in the percentage of degradation at higher catalys
loading may be due to deactivation of activated molecules "

by collision with ground state molecules. Shielding by TiO
may also take place E@):

TiOo* + TiO2 — TiO5" + TiO> (8)

49

ation and sedimentation of the Ti@articles were reported.
In such condition, part of the catalyst surface probably be-
came unavailable for photon absorption and dye adsorption,
thus bringing little stimulation to the catalytic reaction. The
crucial concentration depends on the geometry, the work-
ing conditions of the photoreactor and the type of UV-lamp
(power, wavelength).

The optimum amount of TiQhas to be added in order
to avoid unnecessary excess catalyst and also to ensure to-
tal absorption of light photons for efficient photomineral-
ization. This optimum loading of photocatalyst is found to
be dependent on the initial solute concentration. The most
effective degradation of the whole sulfide compounds were
about 30 mg of TiQ. As it can be seen frofaig. 3, the initial
slopes of linear portion of individual curves are different and
this slope decreasing for four sulfide compounds may be due
to their physico-chemical properties.

3.4. Effect of illumination time on the degradation of
MPS, MBS, PBS and 3-PBS

The reaction profile irFig. 4 represents the dependence
of changes in sulfide compound concentrations on irradia-
tion time in aqueous solutions. The slow kinetic of sulfide
compounds degradation after certain time is due to: (a) the
gifficulty in converting the N- and S-atoms of these com-
pounds into oxidized nitrogen and sulfur compounds respec-
tively, (b) the slow reaction of short chain aliphatics wWi®H
radicals and (c) the short life-time of photocatalyst because
of active sites deactivation by strong by-products deposition
(carbon, etc.). Discrepancy between the photocatalytic degra-
dation behaviors of four sulfide compounds may be due to

where TiQ" is the TiQ with active species adsorbed on its degradation mechanisms and to different products which can

surface and Tig¥ the deactivated form of Ti© Agglomer-

30

be produced during degradation process. As shov#ign4,

25

20

Concentration of MBS (ppm)

—=— MBS
—o—PBS
—0—3-PBS
—e— MPS

Concentration of sulfide (ppm)

20 40 60 80

Time (min)

100 120 140

Time(h)

Fig. 4. Organic sulfide concentration (ppm) vs. irradiation time for runs carried out by using the Pyrex photox&a2tn{l); 400 W high-pressure Hg lamp;
catalyst amount 30 mg; flux of =5 ml/min. (a) MPS; initial pH =8.0, (b) MBS, (c) PBS, (d) 3-PBS; initial pH=6.
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three sulfide compounds MBS, PBS and 3-PBS after 3 h coveradsorption of sulfide molecules onto the Ji€urfaces, as an

the full surface of photocatalyst, whereas the degradation ofimportant step for the photocatalytic degradation.

MPS after 100 minisindependent on the UV-lightirradiation. The pointof zero charge (pzc) ofthe Ti®egussa P25) is

It seems that the products of former cases were strongly ad-at pH = 6.845]. Thus, the TiQ surface is positively charged
sorbed on the Ti@surface and blocked it more quickly than in acidic media (pH <6.8), whereas it is negatively charged
the products of MPS degradation. Additional experiments under alkaline conditions (pH > 6.8). Second, hydroxyl rad-
were conducted to verify that the observed mineralization icals can be formed by the reaction between hydroxide ions
was an intrinsically photocatalytic process as follows: aque- and positive holes. The positive holes are considered as the
ous sample of each organic sulfide was first irradiated with major oxidation species at low pH whereas hydroxyl radi-
UV-light without adding TiQ, and in the second experiment, cals are considered as the predominant species at neutral or
it was stirred with TiQ in the absence of UV-light. In both  high pH level§46—-49] It was stated that in alkaline solution

cases, degradation percent was negligible. *OH is easier to be generated by oxidizing more hydroxide
ions available on Ti@surface, thus the efficiency of the pro-

3.5. Effect of solution pH on the degradation of MPS, cess is logically enhanced. Although it should be noted that

MBS, PBS and 3-PBS in alkaline solution there is a Coulombic repulsion between

the negatively charged surface of photocatalyst and the hy-
Results of photocatalytic degradation experiments of four droxide anions which could prevent the formation®*GiH

sulfide compounds at pH range from 4 to 11 are illustrated and thus decrease the photoxidatigd]. Third, the TiQ
in Fig. 5. As seen, the photodegradation percent of three sul- particles tend to agglomerate under acidic condition and the
fide compounds MBS, PBS and 3-PBS in neutral solution surface area available for sulfide compounds adsorption and
(pH = 6) is higher than that of the acidic or basic pH whereas photon absorption would be reduci®]. An additional ex-
for MPS, the alkaline aqueous solution (pH =8-9) is favor- planation for the pH effects can be related to changes in the
able. It seems that, the pH of solution could affect either the specification of the sulfide compounds; that is protonation or
surface properties of the photocatalyst or the chemical form of deprotonation of the sulfides which can change its adsorption
the substrates, intermediates or products. The interpretationcharacteristics and redox activity.
of pH effects on the efficiency of photocatalytic degradation ~ Three sulfide compounds of MBS, PBS and 3-PBS pos-
of sulfide compounds is a very difficult task because of its sess protonation or deprotonation inlower and higher solution
multiple roles. First, it is related to the ionization state of the pH onthe N and NH groups and therefore as we expected via
surface according to the following reactiodd]: protonation of N atom, they get a positive net charge in lower
i . ) . pH which causes lower photocatalytic degradation yield and
TIOH + H" & TIOH (©) in this manner via deprotonation through NH groups they
TIOH + OH™ < TiO~ +H,0 (10) get a negative net charge in higher pH which in turn causes

lower photocatalytic degradation yield due to Coulombic re-
as well as to that of reactant sulfides and products such aspulsion. In consequence, the best solution pH was expected
acids and amines. The pH changes can thus influence theo be neutral pH.

The pH of solution was adjusted using inorganic salts such

25 as: KHbPOy, NapHP Oy, NaOAc, HOAc, NaB4O7, HCl and

e WFS NaOH. Anions such as P&, H,PO,~, B4O,2~, CI—, and

—=— MBS OAc™, generally decrease the photodegradation rates of sul-
- iz‘fﬂs fides by electrostatic attraction and inhibited the activity of

the photocatalyst (Tig) by trapping i and®*OH under both
acidic and basic conditiorj49,50]

b 3.6. Effect of oxygen on the degradation of MPS, MBS,
PBS and 3-PBS

101 Experiments with a controlled flux of oxygen in aque-

ous solution were monitored. As the results are presented

in Fig. 6, it can be seen that organic sulfides degradation in-

5 . . ‘ . ‘ . . . creases in the presence of oxygen with flux of 5 ml/min. Also,
3 4 5 6 7 8 8 10 M 12 no degradation was obtained when titanium dioxide/organic

PH sulfide solutions were sprigged with;Nnstead of Q for
) ) i ) o 20 min before and during UV-lightirradiation. In other words,

Fig. 5. Orgamc sulfide concentration (ppm) vs. initial pH for runs carried the oxygen is necessary for photocatalytic degradation of

out by using the Pyrex photoreactas%£ 20 ml); 400 W high-pressure Hg : . AN )

lamp: catalyst amount 30 mg; flux of 5 mi/min,Q(a) MPS; illumination these sulfides. It is well known that limitation in photocat-

time 90's, (b) MBS, (c) PBS, (d) 3-PBS; illumination time 3 h. alytic degradation efficiency is attributed to the recombina-

Concentration of sulfide (ppm)
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100 of these sulfides, in each experiment carbon dioxide, ammo-
0 Oxygen flow nia and sulfate ions were detected as mineralization products.

80, W Nowtriel s phers Additional experiments were also conducted to verify that the
< observed mineralization was an intrinsically photocatalytic
b= process as follows: agueous sample of each organic sulfide
E ™ was first irradiated with UV-light without adding TiCand
_§’ in the second experiment it was stirred with 3ifD the ab-
5 40 sence of UV-light. In both cases, the degradation percent was
2 negligible.
> 20,

; 4. Conclusion

MPS MBS PEBS  3-PBS
Sulfide The present work has shown that the mentioned organic

sulfides can be degraded using a photocatalytic process. The
Fig. 6. Photocatalytic degradation percent of MPS and MBS under normal obtained results have specified the effect of some operational
gtmqspherg and under flux of 5ml/minpCGeatalyst TiQ (rutile), 30 mg; parameters on the process efficiency leading to the degrada-
iradiation time 1.5 and 3h for MPS, MBS, PBS and 3-PBS, respectively.  tjqn of organic sulfides. Mineralization of organic sulfides us-
ing photocatalytic method showed high efficiency. The photo-
tion of photogenerated hole—electron pairs. Oxygen adsorbedcatalytic activity of TiG (rutile) was much better than ZnO or
on the surface of titanium dioxide prevents the recombination TiO2 (anatase). The effect of catalyst loading on photodegra-
process as electrons scavenger. Then the photodegradation relation of organic sulfides was determined. The degradation
action efficiency is a function of adsorption sites occupied by efficiency increased with primary increase in catalyst amount
oxygen, and oxygen adsorption becomes a limiting factor at up to 30 mg TiQ (rutile) as the optimum loading, but further
very low dissolved oxygen concentratiffi]. increase has no significantimprovement. Results obtained for
different pH, showed that the process will proceed in natural
3.7. Supplementary experiments for support the solution much better than in acidic or basic med@um. In sum-
progression of photocatalytic degradation of MPS, MBS, ~ Mary, the proposed heterogeneous photocatalytic degradation
PBS and 3-PBS of organic sulfides which are important industrial wastewater
pollutants, can be applied as practical methods for environ-

The mineralization of MPS, MBS, PBS and 3-PBS sul- mental decontamination.
fide compounds has been followed using the total organic
carbon (TOC) determination in aqueous solution and results
are listed inTable 2 It is worth noting that the photocat- Acknowledgment
alytic degradation yields were calculated using both TOC
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