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The transport dynamics of tributyltin (TBT)
between the surface microlayer and subsurface
water were studied in experimental systems
which simulated different surface sea states. A
dynamic model was derived from a diffusion
equation to describe the dynamics of the TBT
transport process. With this dynamic model
diffusion coefficients were determined, and the
effects of surface sea states and temperature on
the TBT transport process between the surface
microlayer and subsurface water were also
studied. Turbulence, breaking waves and ele-
vated temperature can accelerate this transport.
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INTRODUCTION

Tributyltin (TBT) compounds have been widely
used as industrial biocides, e.g. as wood preserva-
tives and antifouling paints. Tributyltin and its
degradation products, dibutyltin (DBT) and mono-
butyltin (MBT), have been detected in many
aquatic environments around the world.1 Due to
TBT’s high toxicity to aquatic organisms, there has
been a great deal of interest in the environmental
chemistry and toxicology of this compound. Higher
concentrations of tributyltin have been observed in
the surface microlayer of natural waters relative to
subsurface waters.2–5

The surface microlayer at the air–water interface
has special physical, chemical and biological
characteristics different from the subsurface water.6

Its thickness usually ranges from 60 to 200mm,
depending on the type of collector used.7–9 The
surface microlayer, as a special interface in the
environment, influences the geochemical cycling of
pollutants.8 It is of great environmental significance
to study the occurrence, transport and fate of
pollutants at the air–water interface. There has been
much work to demonstrate that contaminants and
microorganisms are accumulated in the surface
microlayer,10–12but little has been published on the
transport and fate of pollutants in the surface
microlayer.

The aim of the present paper was to investigate
the transport dynamics of TBT between the surface
microlayer and subsurface water under controlled
conditions. A dynamic model was established to
study quantitatively the effects of surface sea states
and temperature on the transport of TBT between
the surface microlayer and subsurface water.

EXPERIMENTAL

Chemicals

Tributyltin chloride (TBT) was obtained from
Aldrich Chemical Company Inc. (Milwaukee, WI,
USA). A standard TBT solution (103 mg Sn mlÿ1)
was prepared by dissolving appropriate amounts of
tributyltin chloride in ethanol.

Experimental systems and
simulated environmental conditions

To simulate different surface sea states, three
experimental systems were designed (see Fig. 1).

Each tank contained 40 l of seawater. ‘State a’
simulated the surface sea state without turbulence.
i.e. in ideal quiescent conditions. ‘State b’ simu-
lated the surface sea state without wind, and a
stainless steel stirrer was used to create turbulence
in the water column. To simulate the effect of
breaking waves caused by wind, above the water
surface the stirring bar in ‘state c’ was separated at
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equalintervalsby eight stainlesssteelrods(2 mm
o.d.)which wereimmersedin thewaterto a depth
of about2 cm throughthesurfacemicrolayer.Thus
the rotationof the stirrer resultedin a breakingof
thewatersurface.In bothstatesb andc, therotation
speed could be adjusted so as to control the
intensityof theturbulenceandthebreakingwaves.
Underdifferentsimulatedconditions(seeTable1),
sevenexperimentswereconductedin orderto study
theeffectsof surfaceseastatesandtemperatureon
thetransportdynamicsof TBT betweenthesurface
microlayerandsubsurfacewater.

Procedure

At thebeginningof eachexperiment,afterthestate,
temperatureandspeedof rotationhadbeensetup,
4.0ml of 103 mg Snmlÿ1 TBT solution in ethanol
wasrapidly anduniformly sprayedontothesurface
microlayer. Then the surface microlayer and
subsurfacewatersampleswerecollectedat various
times.Thesubsurfacewatersampleswerecollected

through a siphon half-way up the water column.
Thesurfacemicrolayerwassampledat a thickness
of about50–80mm with a glassplatesampler.8 To
reducetheerrorcausedby thedeclinein themassof
TBT, each sample should be small enough in
volume, if possible,to reach the detectionlimit.
Thesamplevolumesof thesurfacemicrolayerand
subsurfacewaterweredesignated(seeTable2).

Watersamplespreviouslyacidifiedto pH 1 were
extractedwith benzene.The extracts were then
reactedwith 1.0ml of n-pentylmagnesiumbromide
solution(1.0 mol lÿ1). Theexcessof n-pentylmag-
nesium bromide was destroyedby shaking with
5 ml of 0.5 mol lÿ1 H2SO4. The volume of the
extractswas reducedto 0.5ml with a streamof
nitrogengasat roomtemperature.A 5ml aliquotof
the samplewasinjectedinto the gaschromatogra-
phy–atomic absorption spectrometry (GC AA)
system for analysis. The GC AA system was
describedin a previouspublication.13 A 2 m glass
columnwith 3%OV-225onChromosorbwasused.
The temperaturesof the injection port, the column

Figure 1 Experimentalsystemssimulatingdifferent surfaceseastates.

Table 1 Experimentalconditions

Expt
no.

Simulation
Temperature

Speedof
rotation

n State Conditions (°C) (rpm)

1 a Ideal quiescence 15� 1 —
2 b Quiescence 15� 1 40� 5
3 c Breakingwaves 15� 1 40� 5
4 b Quiescence 15� 1 70� 5
5 c Breakingwaves 15� 1 70� 5
6 a Ideal quiescence 20� 1 —
7 a Ideal quiescence 25� 1 —

Table 2 The samplevolumesof the surfacemicrolayerand
subsurfacewater

Time
Samplevolume(ml)

(min) Surfacemicrolayer Subsurfacewater

5 10 100
10 10 100
30 20 100
60 20 100

120 50 100
180 50 100
240 50 100
300 50 100
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and the transfer line were 250, 160 and 300°C,
respectively.TheAA furnacegaseswerehydrogen
(118ml minÿ1) and air (56ml minÿ1) and the
temperatureof thequartzfurnacewas850°C. The
detection limit for TBT was 0.15ng and the
recoveryfor TBT in seawaterreachedover95%.

DESCRIPTION OF THE MODEL

The volatilization of TBT from distilled water is
negligibleovera periodof at leasttwo months.14 It
has previously beendemonstratedthat there was
negligibleadsorptionof TBT onthewall of thetank
andthestirrerover theexperimentalperiodof 4 h.
Thus there was only the TBT transportprocess
between the surface microlayer and subsurface
waterin theexperimentalsystems.Forthepurposes
of modelling,it is assumedthat theamount(M) of
TBT applied to the surface microlayer was
instantaneouslymixed uniformly throughout the
surface microlayer. Diffusion of TBT from the
surfacemicrolayerto thesubsurfacewatercouldbe
consideredas approximately the diffusion of a
planesourcein onedimension.15 That is to say,the
total amountof substance(M) diffusesin acylinder
whichhasinfinite lengthandunit cross-section.The
diffusion equationcanbeexpressedas15

@C
@t
� D

@2C
@x2

�1�
by applyingdimensionalanalysisto Eqn [1], Eqn
[2] is obtainedasa solution:

C � MB

A
�����
Dt
p exp

ÿx2

4Dt

� �
�2�

whereC = concentration(mg cmÿ3);
x = diffusionaldistance(cm);
t = diffusional time (s);

D = diffusion coefficient(cm2 sÿ1);
A = areaof thesurfacemicrolayer(cm2);
B = anarbitraryconstant.

Thetotal amountof diffusing substanceremains
constantandequalstheamountoriginally deposited
on thesurfacewaterplane(x = 0). Thus

M �
Z �1

0
ACdx �3�

By substitutingEqn[2] into Eqn[3], theconstant
B is obtained:

B� ���
�
p

C � M

A
��������
�Dt
p exp ÿ x2

4Dt

� �
�4�

andhenceEqn[4] is thesolutionof Eqn[1] which
describesdiffusion of an amountof substanceM
depositedat t = 0 on thesurfacemicrolayer(i.e. the
planex = 0).

Whenx = 0,

C � M

A
��������
�Dt
p �5�

Equation [5] is the model which describes
changesin the concentrationof TBT with time in
thesurfacemicrolayer.

Therearethreesourcesof errorin thismodel:(1)
thetankusedin theexperimenthasacertainheight,
sotheboundaryconditionsetup in this experiment
wasnot(0,�1); (2) themassof thesubstance(M)
did not remain constantwhen water was being
continuously sampled for analysis; and (3) the
surfacemicrolayer with a certain thickness(50–
80mm) wasnot the planex = 0. The errorscanbe
reducedby increasingtheheightof thetankusedin
the experiment,by decreasingthe amountof each
sampleandby samplingonly a small thicknessof
thesurfacemicrolayer.

RESULTS AND DISCUSSION

TBT concentrationsin thesurfacemicrolayersand
subsurfacewater undervariousexperimentalcon-
ditions areshownin Table3.

TBT concentrationsin the surfacemicrolayers
weregraduallyreduced,andat thesametime TBT
concentrationsin the subsurfacewater gradually
increased,until equilibriumwasreachedafterabout
4 h.

The diffusion coefficients(D) canbe calculated
on thebasisof regressionanalysis,by plottingTBT
concentrationin the surfacemicrolayeragainst1/p

t (see Eqn [5]). The regression model is
Y= a� bX. The slope (b) is obtained from the
regressionequation,and

D � M2

�A2b2
�6�

Resultsof regressionanalysesarelistedin Table
4. Theregressioncoefficients(0.946–0.988)clearly
demonstratedthat this model can describe the
experimental data very well. However, the y
interceptsarenotat theorigin (i.e.a ≠ 0), indicating
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that thereareerrorsin this modelaspointedout in
thesection‘Descriptionof themodel’.

In¯uence of turbulence in the
subsurface water on the TBT
transport process

Theeffectsof turbulencein thesubsurfacewateron
TBT transportbetweenthe surfacemicrolayerand
subsurfacewaterwereinvestigatedthroughexperi-
ments 1, 2 and 4, which were conductedunder
conditionsof similar temperatureand no waves.
Therewasonly moleculardiffusion in experiment
1, simulating ideal quiescentconditions. As the
rotation of the stirrer causedturbulence in the
subsurfacewater, therewas turbulentdiffusion as
well asmoleculardiffusion in experiments2 and4,
and the turbulence in experiment 4 was more
intensethanthatin experiment2.FromTable4, it is
clear that D4>D2>D1. D4 and D2 were greater
than D1 by aboutone order of magnitude,which
demonstratedthat the rate of the TBT transport
processbetweenthesurfacemicrolayerandsubsur-
face water rises with increasingturbulence,and
turbulent diffusion is significantly faster than
molecular diffusion. When turbulent diffusion
exists,moleculardiffusionbecomeslessimportant.

In¯uence of breaking waves on the
TBT transport process

Comparingexperiment2 with experiment3, and
experiment 4 with experiment 5 under similar
conditionsof temperatureandturbulence,it canbe
seenthat D3> D2 andD5> D4 (seeTable4). The
above results indicate that the rates of the TBT
transportprocessbetweenthe surfacemicrolayer
and subsurfacewater under simulated breaking
wavesarefasterthanwithout breakingwaves,i.e.
breaking waves have a promoting effect on the
transportprocessof TBT. Breakingwavesnot only
intensify the turbulenceof the surfacewater, but
also causevertical migration of the surfacewater
which can acceleratethe TBT transportprocess.
Therefore breaking waves have an additional
accelerativeeffect on the TBT transportprocess
between the surface microlayer and subsurface
water.

In¯uence of temperature on the TBT
transport process

Experiments1, 6 and7, simulatingideal quiescent
conditions,were conductedat different tempera-
tures.Therewasonly moleculardiffusion in these

Table 3 Concentrationsof TBT (mg Snmlÿ1) in thesurfacemicrolayerandsubsurfacewaterat varioustimes.

Experimentno. n

Time
1 2 3 4 5 6 7

(min) SMLa SSWb SML SSW SML SSW SML SSW SML SSW SML SML

5 4.001 0.004 1.185 0.059 0.912 0.061 0.916 0.020 0.875 0.030 2.104 1.214
10 1.529 — 1.081 — 0.672 — 0.613 — 0.348 — 0.777 0.973
30 1.268 0.006 0.728 0.048 0.424 0.069 0.147 0.019 0.123 0.034 0.372 0.378
60 0.839 0.006 0.283 0.077 0.292 0.063 0.111 0.032 0.093 0.061 0.168 0.115

120 0.307 0.007 0.080 0.066 0.149 0.055 0.076 0.048 0.041 0.050 0.035 0.036
180 0.172 0.028 0.079 0.082 0.072 0.049 0.090 0.066 0.068 0.065 0.038 0.043
240 0.117 0.056 0.087 0.081 0.057 0.045 0.074 0.065 0.078 0.063 0.037 0.032
300 — — 0.065 0.076 — — — — — — — —

a SML, surfacemicrolayer.b SSW,subsurfacewater.

Table 4 Regressionanddiffusion coefficients

Expt no.
n a (mg mlÿ1) b (min1

2 mg mlÿ1) Regressioncoefficientr
Diffusion coefficient
Dn (cm2 sÿ1)

1 ÿ0.509 9.034 0.957 3.90� 10ÿ4

2 ÿ0.106 3.252 0.960 3.01� 10ÿ3

3 ÿ0.047 2.226 0.990 6.42� 10ÿ3

4 ÿ0.137 2.288 0.979 6.08� 10ÿ3

5 ÿ0.137 1.987 0.946 8.14� 10ÿ3

6 ÿ0.433 5.026 0.959 1.26� 10ÿ3

7 ÿ0.234 3.391 0.988 2.77� 10ÿ3
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experiments.Theexperimentalresults(seeTable4)
show that diffusion coefficients increase with
temperature.

Enrichment of TBT in the surface
microlayer

From the changesin TBT concentrationwith time
(Table 3), we can estimate the equilibrium
concentrationof TBT in the surfacemicrolayer
and subsurfacewater.The ratios of TBT concen-
trations in the surfacemicrolayer to thosein the
subsurfacewater (see Table 5), illustrate TBT
enrichment,on which, turbulence and breaking
waves have no significant effect, in the surface
microlayer.

CONCLUSION

The dynamic model (Eqn [5]) that has been
establishedcan describe the changes in TBT
concentrationswith time in the surfacemicrolayer
when TBT is transportedfrom the surfacemicro-
layer to the subsurfacewater. Diffusion coeffi-
cients,which depict the rate of the TBT transport
processbetweenthesurfacemicrolayerandsubsur-
facewater,canbe determinedvia this model.The

influences of turbulence, breaking waves and
temperatureon theTBT transportprocessbetween
the surfacemicrolayerand subsurfacewater have
beenstudiedunder controlled conditions.Turbu-
lence,breakingwavesand increasingtemperature
canacceleratetherateof theTBT transportprocess.
Among these, breaking waves have the largest
effect on the rateof the transportprocess.Enrich-
ment of TBT in the surfacemicrolayer has been
demonstratedby theexperiments.
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Table 5 Concentrationof TBT andits concentrationfactorsin
the surfacemicrolayer

TBT concentration(mg lÿ1)

Expt no.
n

In surface
microlayer

In subsurface
water

Concentration
factor

1 117 56 2.1
2 82 77 1.1
3 65 47 1.4
4 80 60 1.3
5 73 64 1.1
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