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The degradation of tributyltin chloride (TBT)
photoinduced by iron(III) was investigated.
Upon irradiation at lexcitation >300 nm a photo-
redox process was observed, yielding iron(II)
and .OH radicals. The disappearance of TBT
was proved to involve only an attack by .OH
radicals: the quantum yield of TBT disappear-
ance was determined. A wavelength effect was
observed; the shorter the excitation wavelength,
the higher the rate of TBT disappearance. Most
of the photoproducts were identified and the
mechanism of degradation was elucidated. The
main route to degradation is a stepwise de-
butylation of TBT to di- and mono-butyltin with
final formation of inorganic tin. The complete
mineralization of TBT was achieved with long
irradiation times, leading to innocuous inorganic
tin. Copyright # 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Organotin compounds have been produced since
the late 1930s and world consumption in 1989 was
estimated to be 35� 106 tons.1 Among these
compounds, tributyltin (TBT) has been used
extensively: it is employed in antifouling paints
on ships, boats and docks, although its use, in this
domain, has been prohibited or restricted in several
countries.2 However, TBT also acts as a fungicide,
bactericide, insecticide and preservative for wood,

textiles, paper, leather and electrical equipment.
Butyltin compounds such as dibutyltin (DBT) and
monobutyltin (MBT) are also used as stabilizers for
PVC and other plastics.

Although inorganic tin compounds are basically
harmless, some organotin compounds are very
toxic to both animal and vegetable life. Thus very
low levels of TBT are lethal or cause reduced
growth and reproduction of commercial shellfish.3

These effects are particularly important for juvenile
life forms of other organisms.4,5 TBT is among the
most toxic compounds to aquatic ecosystems
known so far.6

Environmental fates of these organotin com-
pounds in sludge,7 sediments,8 micro-organisms
and aquatic and marine environments have been
studied extensively.9–12 In summary, the abiotic
process is generally considered as being less
important than biotic action, although physico-
chemical degradation occurs. Despite abiotic and
biotic degradation, tributyltin has been shown to
exist at toxic levels in the aquatic environment.

Among the different abiotic degradation pro-
cesses, solar irradiation is one of the main factors
responsible for TBT degradation in the environ-
ment. Energetically, only the ultraviolet (UV)
wavelengths (295–320 nm) are likely to cause
direct photolysis of tributyltin. Numerous investi-
gations have confirmed photolytic degradation of
butyltin compounds.13–16 All these authors indi-
cated that degradation occurs by a stepwise
debutylation mechanism to less toxic compounds.
However, this process has its limitations as the
maximum absorption wavelength of butyltin com-
pounds is within the region 190–250 nm. Conse-
quently, TBT species are degraded very slowly by
natural sunlight (half-life>89 days).13 Moreover,
Duhamelet al.15 indicated that, after three months
under irradiation by sunlight, the degradation of
TBT reached a stable value (roughly 50% of
degradation). Because of the very slow degradation,
Navio et al.17 studied the degradation of butyltin
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compoundsby the photocatalyticaction of TiO2
underUV illumination in aqueoussolution.How-
ever, they concluded that butyltins offer high
resistanceto photodegradationby eitherphotolytic
or TiO2-photoassistedprocesses.The apparent
observedquantum yields of TiO2-photoassisted
processeswere about 10ÿ7, and lower than that
observedfor thephotolytic process.

Degradationof severalwater pollutantsphoto-
induced by iron(III) were studied in our labora-
tory.18–21 In all cases,we concluded that the
degradation photoinduced by iron(III) was an
interestingprocessfor theeliminationof pollutants
in aqueoussolution.

In the work reportedhere,we investigatedthe
degradationof butyltin compoundsphotoinduced
by iron(III) in aqueoussolution under different
experimentalconditions. We studied the photo-
degradationprocessof TBT with a kinetic and
analytical approach.Most of the photoproducts
wereidentifiedandamechanismof degradationhas
beenproposed.

MATERIALS AND METHODS

Reagents and solutions

Tributyltin chloride (TBT; 96%), dibutyltin
dichloride (DBT; 96%), monobutyltin trichloride
(MBT; 96%) and tin(IV) chloride pentahydrate
(>98%) were purchasedfrom Aldrich. Tin(II)
chloride dihydrate(98%) was a Prolaboproduct.
Organotin concentration is given as parts per
million (ppm)of tin. Therangeinvestigatedin this
work was 0–2ppm, which correspondsto 0–
1.7� 10ÿ5 mol lÿ1 asorganotinderivative.These
solutionswereobtainedby diluting stocksolutions
of organotinspreparedin acetonitrile(Carlo Erba
reagent,HPLC grade) at 1000mg tin per litre
(1000ppm). Methanol,scavengerof .OH radicals,
is prohibitedin this work.

Ferricperchloratenonahydrate[Fe(ClO4)3
.9H2O

>97%] andbariumhydroxideoctahydrate(�98%)
wereFlukaproducts;theywerekeptin adesiccator.
The iron(III) solutions for these studies were
preparedby diluting stock solutions (2.0� 10ÿ3

mol lÿ1 as Fe(ClO4)3
.9H2O) to the appropriate

iron(III) concentration. Sodium tetraethylborate
(NaBEt4;� 98%) was a StremChemicalproduct;
it waskept at 6 °C andunderargon.The solutions
were preparedby dissolving 20mg NaBEt4 in
1 cm3 of deionizedwater. 8-Hydroxyquinoline-5-

sulphonicacidmonohydrate(HQSA;98%)and5,5-
dimethyl-1-pyrrolineN-oxide (DMPO; 97%) were
purchasedfrom Aldrich. Iso-octaneand isopropa-
nol wereMerck products(HPLC grade).

All solutions were prepared with deionized
ultrapure water (r = 18.2M
 cm). When neces-
sary,thesolutionsweredegassedby bubblingwith
argonfor 45min at roomtemperature.ThepH was
measuredwith anOrionpH meterto� 0.02pH unit
[pH = 3.0 for a solution with a concentrationin
iron(III) equal to 3� 10ÿ4 M]. The ionic strength
wasnot controlled.

Apparatus

In order to measurequantumyields, monochro-
matic irradiation at 296, 313 and 365nm was
carried out with a high-pressuremercury lamp
(Osram HBO 200W) equipped with a grating
monochromator(Bausch and Lomb). The beam
wasparallelandthereactorwasacylindricalquartz
cell of 1 cm path length. The light intensity was
measured by ferrioxalate actinometry:22

I0,365nm� 4.0� 1015, I0,313nm� 2.0� 1015 and
I0,296nm� 9.8� 1014 photonssÿ1 cmÿ2.

The apparatusfor irradiation at lexc.= 365nm
was an elliptical stainlesssteel cylinder. A high-
pressuremercurylamp(PhilipsHPW type125W),
whereemissionat 365nm wasselectedby aninner
filter, was locatedat a focal axis of the elliptical
cylinder. The reactor,a water-jacketedPyrextube
(diameter2.8cm), was centredat the other focal
axis. The reactionmedium was well stirred. The
unit delivered an intensity Ia� 3.45� 1015

photonssÿ1 cmÿ3, overa largevolume(60ml).
Solar irradiation was carried out in a Pyrex

cylindrical reactorduringsummertime in Clermont-
Ferrand(latitude46°N, 400m abovesealevel).

UV–visible spectrawere recordedon a Cary 3
double-beamspectrophotometer.ESRspectrawere
obtainedusinga Bruker ER-200Dspectrometerat
9.30GHz with a modulationfield of 100KHz. A
xenon mercury Hanovia lamp was used for
irradiation in the ESR spectrometer cavity
(l� 305nm).

Gas-chromatographicanalysis was performed
using a Delsi GC DI 700 equippedwith a flame
ionization detector (GC–FID). A DB-1 capillary
column(dimethylpolysiloxanephase,J&W Scien-
tific, Folson, CA, USA), dimensions 30m�
0.25mm i.d. with a film thicknessof 0.25mm,
wasused.Nitrogencarriergaswasusedwith aflow
rateof 1 ml minÿ1. Samples(2ml) wereintroduced
ontothecolumnin thesplitlessinjectionmodewith
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a splitlesstime of 1 min. The injector temperature
was290°C andtheFID temperaturewas280°C.

Gas chromatography–massspectrometry(GC–
MS) analysis was performed using a Hewlett-
Packard model 5985 gas chromatograph/mass
spectrometersystem. An Optima 5 (Macherey–
Nagel) capillary column, dimensions 25m�
0.25mm i.d. with a film thicknessof 0.25mm,
wasused.Theinjectortemperaturewas250°C and
the samplewas injected in the splitlessinjection
mode for 1 min. StandardEI (70eV) conditions
wereusedwith a sourcetemperatureof 250°C, the
massrangebeingfrom 20 to 500m/zunits.Helium
wasusedasa carriergas.

In all gas-chromatography analysis,theGCoven
temperaturewasmaintainedat 70°C for 1 min and
increasedat 20°C minÿ1 to a maximumof 270°C
whereit washeld for 5 min.

Analysis

Organotincompoundswere analysedafter ethyla-
tion/extraction in the conditions described by
Carlier-Pinasseauet al.23 Sodiumtetraethylborate
was usedas an alkylation reagent.Ethylation and
extraction of organotin compounds could be
performed in water in a one-stepprocedure.A
165� 10cm3 Pyrexflask with a narrowneckwas
usedfor this operation:50cm3 of waterand200ml
of sodiumtetraethylborateat 2% were introduced
and the pH was then adjustedto 4.5 using an
appropriatequantity of sodiumacetateand acetic
acid buffer. Isooctane(0.5cm3) was added and
vigorousswirling wasobtainedby magneticstirring
(1250rpm for 40min). The swirling was stopped
andtheorganicphasewastransferredinto avial for
injection into the gas chromatograph.In these
conditions,it waspossibleto identify inorganictin
by GC–MSanalysisbut not to quantify it.

Repeatedinjections (four) were carried out to
investigatethe reproducibility of the peakareain
GC–FID. External calibration was performedfor
MBT, DBT andTBT in waterusingconcentrations
of 0–2ppm Sn (Fig. 1). Regressioncoefficients
(respectively0.9969,0.9975and 0.9999)demon-
strated a good linearity of calibration in the
concentrationdomain. These calibration curves
werealsousedto estimateroughly the concentra-
tion of the oxidizedderivativesof TBT, DBT and
MBT.

The methodof measuringthe monomericcon-
centrationof iron(III) wasmodifiedfrom Kuenzi’s
procedure.24 8-Hydroxyquinoline-5-sulphonicacid
(HQSA, l cm3, 0.05M) andaceticacid buffer (pH

4.6) were pouredin a 10cm3 volumetric flask, to
which 8 cm3 of samplewere addedand rapidly
mixed.Within 30sof mixing, theabsorbanceof the
tris (8-hydroxyquinoline-5-sulfonate)(HQS) com-
plex with iron(III), Fe(HQS)3, was measuredat
= 572nm. The samemixture with 8 cm3 of water
was usedas a blank. HQSA reactedmuch more
rapidly with monomericiron(III) speciesthanwith
either iron(III) dimer or iron(III) oligomers.The
complex Fe(HQS)3 absorbedin a spectralregion
(572nm) where neither the iron(III) dimer nor
iron(III) polymer/precipitate absorb. Two e572
values for Fe(HQS)3 have been reported:
572= 5180l molÿ1 cmÿ1 by Kuenzi,24 and
572= 4970l molÿ1 cmÿ1 by Faust and Hoigné.25

An averagedvalueof 5075l molÿ1 cmÿ1 wasused
in this work.

Iron(II) concentrationwas determinedby com-
plexometry with o-phenanthroline,using e510=
1.118� 104 l molÿ1 cmÿ1 for the iron(II)–phenan-
throline complex.22

The carbondioxide (CO2) producedwas deter-
minedasBaCO3. It wassweptoutof thereactorby
a flow of oxygen (relieved from CO2 tracesby
bubbling into concentratedBa(OH)2 solution)and
trappedin two consecutive0.012mol lÿ1 Ba(OH)2
solutions.Thesolutionswerecollected,BaCO3 was
allowed to precipitateand the excessof Ba(OH)2
was titrated with a 0.010mol lÿ1 HCl solution.A
blank experimentwas performedunder the same
conditionsbut without TBT.

RESULTS

All organotinconcentrationsare expressedas tin

Figure 1 Calibration curvesof tin derivativesby GC–FID
after derivatization:&, TBT; ~, DBT; ., MBT.
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(mg lÿ1 or ppm). The initial concentration of
iron(III) in the solution was generally 3� 10ÿ4

mol lÿ1.

Characterization of iron(III) and TBT
in aqueous solution

Tributyltin chloride(TBT) is only slightly soluble
in water, with a maximum solubility of approx.
10ppm. The TBT concentrationof the initial
solutions used in this work was 2 ppm. At
pH = 5.9� 0.1, the natural pH of a 2 ppm TBT
solution,therewasnodegradationof TBT whenthe
solutionwaskept in thedarkat roomtemperature.
TBT is stablein aqueoussolution.TheUV–visible
spectrumof TBT presentsa very weakabsorption
between280 (e = 2.72l molÿ1 cmÿ1) and 360nm
(e = 0.06l molÿ1 cmÿ1).13

The hydrolysis of iron(III) in dilute aqueous
solution is a complex phenomenonthat can be
describedby the equilibria representedby Eqns
[1]–[4].25 For simplicity, coordinatedwater mole-
culesarenot includedin thechemicalformulae;for
example,Fe(OH)2� refersto Fe(OH)(H2O)5

2�.

Fe3� � H2O� Fe(OH)2� � H� �1�
Fe3� � 2H2O� Fe(OH)�2 � 2H� �2�
Fe3� � 3H2O� Fe(OH)3� 3H� �3�

2Fe3� � 2H2O� Fe2(OH)4�2 � 2H� �4�
In order to interpret accuratelythe absorption

spectrum and photochemical behaviour, it is
essential to know the hydrolytic speciation of
iron(III). Under our experimental conditions
([Fe(III)] = 3� 10ÿ4 mol lÿ1 and pH = 3.10�
0.10), Fe(OH)2� is the predominantmonomeric
iron(III) hydroxy complex.25 However, the con-
centrationof monomericspeciesrapidly decreased
after the dissolutionof ferric perchloratein water.
This disappearancewas attributedto the possible
formation of soluble oligomeric speciesor agre-
gatesfollowed by the precipitationof amorphous
Fe(OH)3.

26 Underourexperimentalconditions,this
precipitationhasneverbeenobserved.It appeared
that thepercentageof Fe(OH)2�, i.e. ([Fe(OH)2�]/
[total iron(III)]) � 100, the most photoreactive
species,25 strongly dependedon the age of the
ferric solution(beforeandafterdilution) andonthe
startingconcentration.By the HQSA method(see
Analysis section) we were able to measurethe
concentrationof Fe(OH)2� in solution.Fe(OH)2�

generallycomprised40%of our startingsolutions.
The TBT–iron(III) mixture in aqueoussolution

wasthermallystablefor a few weeks(in thedarkat
room temperature)in termsof TBT concentration.
TheresultingUV–visible spectrumwasthesumof
the UV spectraof TBT andiron(III): therewasno
evidence of complexation in the ground state.
Underour experimentalconditions,thedecreaseof
Fe(OH)2� concentrationwas not affectedby the
presenceof TBT (Fig. 2). TBT doesnot interferein
the evolution of iron(III) species.This result is in
agreementwith the fact that no complexation
betweeniron(III) andTBT wasfound.

Photochemical behaviour

Iron(III) aquocomplexesare known to undergoa
photochemicalprocessthroughaninternalelectron
transfergiving riseto .OH radicalsandiron(II) (Eqn
[5])28

Fe3� ÿ!h� Fe2� � .
OH� H� �5�

H2O

The quantum yields of iron(II) and of .OH
radicalswere measuredby different authorsas a
function of the irradiation wavelength.25,27,28The
increasein quantumyield alwaysobservedwhen
theexcitationwavelengthdecreasedis attributedto
the kinetic energyrequiredfor the ejectionof .OH
radicalsfrom thesolventcage.27

Upon irradiation at 365nm, the light was only
absorbedby iron(III) species;TBT doesnot absorb
significantlyat l> 290nm. The formationof .OH
radicals,upon irradiation (l� 305nm) was con-
firmed by ESR spectroscopy.For spin-trapping

Figure 2 Percentageof iron(III) monomeric species in
aqueoussolution:&, with TBT (2 ppm);*, without TBT.
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experiments, 5,5-dimethyl-1-pyrroline-1-oxide
(DMPO) (1 mgcmÿ3), was addedto the iron(III)
and TBT solution. Upon irradiation, a 1:2:2:1
quartet (a = 14.6 G) was observed,characteristic
of thestableadductwith .OH radicals(Fig. 3). The
existenceof a quartetinsteadof a triplet of doublet
was due to the identical value of the coupling
constantsaN and aH. In the presenceof 1% of
isopropanol(usedasa scavengerof .OH radicals)
nosignalwasdetectedin ESRspectroscopyandthe

degradationof TBT wastotally inhibited(cf. later).
Thesetwo resultsshow that TBT degradationis
only due to the .OH radicals produced upon
irradiationof iron(III) aqueoussolution.

Upon irradiation at l = 365nm of a TBT–
iron(III) mixture with 40% of monomericspecies
Fe(OH)2�, the concentrationof TBT decreased
continuously(Fig. 4). The disappearanceof TBT
appearedto follow first-orderkinetics,agoodlinear
relationship being obtained when plotting ln
([TBT]0/[TBT]) = f (irradiation time), kobs.=
0.039minÿ1. Simultaneously,we observed the
formationof iron(II), monitoredby complexometry
with o-phenanthroline(Fig. 5). The concentration
of iron(II) increasedquickly, thenreachedaplateau
for longer irradiation times. This plateaucan be
assignedto theestablishmentof a steadystatewith
the re-oxidationof iron(II) species.The quantum
yield of iron(II) formation andof TBT disappear-
ance (fTBT) was evaluated as 7.5� 10ÿ3 and
1.6� 10ÿ3 respectively.

We measuredthe quantumyields of TBT dis-
appearanceby GC–FID at different wavelengths.
The resultaresummarizedin Table1.

The quantumyields of TBT disappearanceare
stronglydependenton wavelength.This resulthas

Figure 3 Spin-trappingexperimentswith DMPO(1 mgcmÿ3

in solution) by ESR spectroscopyupon irradiation (l�
305nm): [Fe(III)] 0 = 3� 10ÿ4 mol lÿ1; [TBT]0 = 2 ppm.

Figure 4 Decreasein TBT concentrationuponirradiationat
365nm: [Fe(III)] 0 = 3� 10ÿ4 mol lÿ1 (with 40% monomeric
species); [TBT]0 = 2 ppm. The insert shows the first-order
disappearanceof TBT (correlationcoefficient>0.99).

Figure 5 Formationof iron(II) as a function of irradiation
time at 365nm: [Fe(III)] 0 = 3� 10ÿ4 mol lÿ1 (with 40%
monomericspecies);[TBT]0 = 2 ppm.

Table 1 Quantumyield of TBT disappearanceasafunctionof
irradiationwavelength

l (nm) 365 334 313 296
fTBT 1.6� 10ÿ3 7.0� 10ÿ3 1.0� 10ÿ2 1.85� 10ÿ2
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to be related to the increasingefficiency of .OH
radical formation when the wavelengthdecreases.
We checkedthat direct photolysis of TBT was
negligibleat all thesewavelengths.

Thelifetime of TBT whenit undergoestheattack
by .OH radicals arising from the excitation of
aqueousiron(III) solution was estimatedas de-
scribedby ECETOC.29 It is basedon the experi-
mentally determined quantum yield of TBT
disappearance,theabsorptionspectrumof iron(III)
andthe solarirradiationintensities,30 andthe half-
lifetime �1=2 is definedby Eqn [6]:

�1=2 � ln 2

2300
R�2

�1

���� � I0��� � "��� � d�
�6�

where�1=2 = half-lifetime (s);
f = quantum yield of TBT degradation(mol-

eculesper photon) at wavelengthl in the range
1–l2;

I0 = intensity of sunlight at wavelength l
(Einsteincmÿ2 sÿ1 nmÿ1);
e = molar extinction coefficient of iron(III)

speciesat wavelengthl (l molÿ1 cmÿ1); 2300=
factor taking into accountthe conversionof litres
into cm3 and of decadic units into Napierian
logarithms.

The half-lifetimes were estimatedto be in the
range2–3h in Juneand15–16h in Januaryunder
local conditions. Even though the formula was
establishedfor compoundsundergoing a direct
photolysis, it provides satisfactory results (see
below).

Analysis of Photoproducts

For the analysisand identification of the photo-
products we irradiated three types of solution
(Fe� TBT, Fe� DBT and Fe�MBT) with a
3� 10ÿ4 mol lÿ1 iron(III) and a 2 ppm (i.e.
1.68� 10ÿ5 mol lÿ1) organotin concentration.
The analysisby GC–FID,after derivatizationwith
NaBEt4, showedthat severalphotoproductswere
formed during the degradationof TBT photoin-
duced by iron(III). The concentrationsof TBT,
DBT and MBT were determinedfrom calibration
curvesobtainedwith authenticsamples.DBT and
MBT were the major photoproductsin the early
stagesof the reaction.

The TBT, DBT and MBT concentrations,as a
function of irradiationtime, arereportedin Fig. 6.
DBT and MBT concentrationsgo through a
maximum, and completely disappearfor longer

irradiations.A continouslyincreasingdeficit in the
massbalanceappearswith irradiation time (Table
2) whenonly theseproductsareconsidered.

Otherphotoproductswereidentifiedby GC–MS
analysis. Inorganic tin, identified as SnEt4, was
presentin the irradiatedsolution.Severaloxidized
organotinderivatives,ketonesand alcohols,were
alsoidentifiedat muchlower concentrations.In the
early stagesof the reaction,the ratio betweenthe
formation of DBT and of TBT ketonesremained
roughlyconstantandequalto 8:1.Theformationof
DBT was strongly favouredrelative to the oxida-
tion of the butyl chain (cf. scissions in the
mechanism). Two ketones (M� 14) and two
alcohols(M� 16) werethe resultsof the degrada-
tion of TBT. Undertheseconditionsthe formation
of alcoholswasa minor routeof TBT transforma-
tion. It is worth noting that all the photoproducts
appearedasa family correspondingto theattackon
TBT, DBT andMBT by a similar process:we also
observedthe formation of two ketonesand two

Figure 6 Evolutionof TBT, DBT andMBT concentrationsas
a function of irradiation time at 365nm: [Fe(III)] 0 = 3� 10ÿ4

mol lÿ1 (with 40% monomericspecies);[TBT]0 = 2 ppm; &,
TBT; ~, DBT; *, MBT.

Table 2 TBT, DBT and MBT concentrationsand mass
balance in terms of butyltin compoundsas a function of
irradiationtime

Irradiationtime (min)
0 5 10 15 30 60 90

TBT (ppm) 1.90 1.45 1.27 1.07 0.67 0.16 0.06
DBT (ppm) 0.10 0.38 0.48 0.55 0.40 0.26 0.08
MBT (ppm) 0 0.10 0.12 0.12 0.26 0.26 0.17
Massbalance(ppm) 2.00 1.93 1.87 1.74 1.33 0.68 0.21
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alcoholsduringtheoxidationof DBT andMBT. A
minor family, the parent peak of which corre-
spondedto the mass of the starting organotin
derivative,wasnot identified.

For irradiationtimesof 24h, the degradationof
TBT and all the photoproducts were almost
completelyachieved.At the endof irradiation,we
only detectedthe presenceof inorganictin in the
solution.

For long irradiationtimes(>40h) we obtaineda
97%yield of CO2, consideringthat total oxidation
of TBT shouldleadto 12mol CO2 permol TBT.

Effect of oxygen

Oxygen exerted no significant influence on the
quantumyield of TBT disappearance:the rate of
degradationof TBT decreasedvery slightly in the

absenceof oxygen. In contrast, the absenceof
oxygenaffectedtheformationof thephotoproducts
very strongly: the rate of ketone formation was
divided by seven whereasthat of alcohols was
multiplied by a factorof five.

Irradiation under solar light and
projection to environment

A mixture of TBT (2 ppm)andiron(III) [3� 10ÿ4

mol lÿ1, with 40% monomeric Fe(OH)2�] was
exposedto solar light during a sunnyday in July
1996. After 2 h, about 50% of the TBT had
disappearedandthephotoproductswereanalogous
in nature to those observedupon excitation at
365nm. This value is in goodagreementwith the
estimate of the half-lifetime obtained from the
ECETOCformula.29 However,undersolarirradia-

Scheme1 Proposedmechanismfor iron(III)-photoinduceddegradationof TBT.
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tion and for the samepercentageconversionof
TBT, the concentrationsof the photoproducts
detectedin the solution decreasedby 90%. After
8 h of irradiation,nomoreorganotinwasdetectable
by GC–FID.Thedegradationof TBT andtheother
organotinswascomplete.

MECHANISM AND DISCUSSION

Iron(III) speciesare the only absorbingspecies
when a mixture of TBT and iron(III) in aqueous
solution is irradiatedat 365nm. Iron(III) aqueous
speciesare known to undergo a redox reaction
giving riseto iron(II) and.OH radicals,accordingto
Eqn[5]. Amongthe iron(III) speciespresentin the
solution, Fe(OH)2�, the monomericform present
under our experimentalconditions, is the most
photoreactiveone.25 In termsof TBT degradation,
the mechanismonly involves attackby .OH radi-
cals,asevidencedby the total inhibition observed
when1% isopropanolis addedto thesolution.The
rateof TBT degradationis stronglyaffectedby the
excitationwavelength:it increaseswhenexcitation
is reducedfrom 365 to 296nm.

Thenatureof thephotoproducts,particularlythe
major ones(DBT, MBT, Sn),showsthat attackof
.OH radicals occurs mainly by abstractionof a
hydrogenatomfrom thecarbonof a butyl groupin
the a-position to tin. However, the attack of the
electrophilic .OH radicals is disfavouredby the
positive chargeon the stannoniumform, so the
attack on the carbon in the a-position may be
explainedby partialhydrolysisleadingto themore
favorablestannolform (Eqn [7]):

The presenceof two different alcohols and
ketonesshowsthat attackof .OH radicalscanalso
takeplaceon thecarbonin theb-positionto tin. In
addition,theattackof .OH radicalsonthecarbonin
theb-positiongeneratesthe correspondingketone,
known to be in equilibrium with an ‘Sn–O’
derivative(Eqn [8]).31,32

Sn–Oderivativesof TBT, DBT andMBT were

detectedby GC–MS with the presenceof the
characteristicpeak(Sn–OH)� at m/z= 137.

From the above results and observations,the
mechanismin Scheme1 can be put forward. By
oxidation of the primary radical R. by oxygen,a
peroxy radical RO2

. is formed. Peroxy radicals
undergo a head-to-headtermination reaction to
form unstableintermediatetetroxidesROOOOR.33

Thedecompositionof tetroxidesto give molecular
oxygen and two alkoxy radicals is a well-known
reaction.Theb-scissionof thealkoxyradicalsis the
typical decompositionpathway reported in the
literature.34

. The scissionof the Sn–Cbondgives rise to the
cation radical (Bu)2-Sn.� and by reactionwith
iron(III) leadsto the formationof dibutyltin.

. Thescissionof theC–Hbondleadsdirectly to the
formationof theketonederivative.

A similar mechanismmaybedescribedfor DBT
andMBT.

In aeratedsolutionR. mainly reactswith oxygen.
The formation of alcohol accordingto Eqn [9] is
only of importancein the absenceof oxygen(the
formationof alcoholsis increasedby afactorof five
undertheseconditions).

R
:� Fe3� ÿ!H2O ROH� Fe2� � H� �9�

For long irradiationtimes,we observedthe total
disappearanceof TBT and the phototoproducts.
Tributyltin wassuccessivelydebutylatedto di- and
monobutyltin,with thefinal formationof inorganic
tin. A completemineralizationof TBT was thus
obtained(Scheme2). It is worth noting that this

Scheme2 Total debutylationof TBT.
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chainof reactionsleadsto a step-by-stepreduction
of the toxicity downto totally innocuousinorganic
tin.

CONCLUSION

Thepresentwork illustratestheefficiencyof photo-
chemical TBT degradationwhen the processis
photoinduced by iron(III). The photolysis of
Fe(OH)2� produces.OH radicals.The degradation
of TBT undertheseconditionsis only dueto attack
by these .OH radicals. The primary step of the
decompositionof TBT involveshydrogenabstrac-
tion from thecarbonatomsin thepositionsa andb
to the tin atom, giving rise to different organotin
derivatives.The main route of degradationis a
stepwisedebutylationof TBT. For long irradiation
times,weobservedthetotalmineralizationof TBT.
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