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a b s t r a c t

Tributyltin (TBT) is a potent toxic chemical deliberately introduced to marine environments for
combating biofoulings in marine structures. Several methods have been developed and used for TBT
analysis in marine ecosystems. The main aim of this study was to evaluate the potential of the silicone
sheet passive sampler (SSPS) for organotin species tributyltin (TBT), dibutyltin (DBT) and monobutyltin
(MBT) from tropical waters. The study was conducted under laboratory based experiments and then
applied to field trials for natural tropical coastal waters. The sampler showed good recovery for TBT
(106%) compared to DBT (55%) and MBT (11%) under laboratory conditions. The maximum level of TBT
0.9 ng (Sn)/L was detected at the Zanzibar port using SSPS. The results of this study demonstrate that
SSPS is more effective and promising for TBT detection in the tropical water column in comparison to
its metabolites i.e DBT and MBT. This study suggests that the silicone sheet is a robust diagnostic tool
for monitoring for TBT in tropical aquatic systems.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tributyltin (TBT) is a worldwide known potent toxic chemi-
cal deliberately introduced to marine environments for control-
ling biofoulings on marine structures (Tanabe, 1999; Batt, 2006;
Antizar-Ladislao, 2008). TBT has a persistent, bioaccumulative and
endocrine desruptive behavior (Antizar-Ladislao, 2008). Conse-
quently, the International Maritime Organization (IMO) restricted
the use of TBT for marine environments. However, there are a
number of African countries including Tanzania that still have not
yet rectified the control of TBT for shipping activities (IMO, 2019).

Traditional methods such as bottle or grab sampling are still
in use for sampling of TBT and other toxic chemicals in marine
matrices (Folsvik et al., 2000; Francesc et al., 2008). Passive sam-
pling techniques are more promising in terms of data quality,
efficiency, reliability and reproducibility for organic contaminants
such as polycyclic aromatic hydrocarbons (PAHs) and polychlori-
nated biphenyls (PCBs) in comparison to the traditional sampling
techniques (Komarova et al., 2006; Estoppey et al., 2016).
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Passive sampling techniques are based on free flow of analyte
molecules from the sampled medium to receiving phase in a sam-
pling device (Vrana et al., 2005). The sampling process proceeds
using chemical potential differences, therefore the net flow of
analyte molecules from one medium to another continue until
the equilibrium point (O’Hara, 2009).

The passive sampling techniques have the ability to sample
large volumes of water, detection of very low concentration of
contaminants, low decomposition rate of analyte during transport
and storage, work with independent of a power source also
can be deployed in a wide range of environments (Kot-Wasik
et al., 2000; O’Hara, 2009; Madrid and Zayas, 2007). Furthermore,
the methods are cost effective, have good affinity for the target
chemicals and continuously accumulates pollutants for the entire
period of environmental matrix exposure (Vrana et al., 2007).

Silicone passive samplers have shown greater ability in detec-
tion of various organic contaminants compared to other samplers
such as semipermeable membrane and Chemcatcher, probably
due to polymer–water partition coefficient (Kpw) and low trans-
port resistance (Müller et al., 2001; Smedes and Booij, 2012; Booij
et al., 2015).

The quantification of TBT and its metabolites in natural waters
becomes very challenging due to very low concentrations (ng/L)
during recent decades. Most of the traditional methods require
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a large volume of water in order to detect traces of TBT. There
is a need therefore to improve and innovate a more effective
diagnostic in situ sampling and analytical tools for TBT detection.
The main objective of this study was to evaluate the potential
of a silicone sheet passive sampler for TBT and its daughter
compounds DBT and MBT sampling in tropical coastal waters.

2. Materials and methods

The study was conducted into two phases (i) laboratory based
experiment and (ii) field work.

2.1. Laboratory experiment

Laboratory experiments were focused on evaluation of the
potential of the silicone sheet as a passive sampler for organotin
(OTs). The artificial seawater (salinity 35%) from Sigma Aldrich,
Germany and deionized fresh water with pH adjusted to 8 were
used during the experiments.

2.2. Passive sampler preparation

The Silicone sheets (Translucent, Talc Free, AlteSilTM Labora-
tory Sheet, from Altec Products Ltd., Bude, United Kingdom) with
a thickness of 1.0 mm were selected as passive samplers. The
sheets were cut into strips of 50 mm × 50 mm to obtain a total
surface of 2500 mm2 and a mean weight of approximately 3.15 g
per strip.

2.3. Passive sampler treatment

For sufficient extraction and to avoid the interference during
the chemical analysis, the silicone sheets were pre-cleaned prior
to the deployment. The reason for the pre-cleaning process is
due to the presence of oligomers (short chain polymer) that are
usually present on the silicone sheets that interfere with the
chemical analysis (Smedes and Booij, 2012). The treatment of the
sheets was performed according to Smedes and Booij (2012), with
minor modifications. Briefly, the silicone sheets were pre-cleaned
by soxhlet extraction for 100 h using ethylacetate. Subsequently,
the sheets were air-dried then ethylacetate was removed from
the sheets by soaking in approximately 50 ml of methanol twice
for 8 h. The sheets were then wrapped into clean aluminium
foil and transferred to special glass bottles and stored for about
2 weeks before the deployment to the field experiments. Blank
samples of passive samplers followed the same procedures as of
the real samples.

2.4. Experimental design

Five liter water samples (artificial synthetic sea water and
deionized fresh water) were spiked with various concentrations
of organotin compounds TBT, DBT and MBT. The silicone sheets
were deployed in the spiked water 5L glass bottle pre-cleaned
both by combusted at 550 ◦C and then rinsed with methanol. The
system was equilibrated by continuously circulated water under
maintained temperature of 20 ◦C during the entire period of the
exposure experiment. The sheets were allowed to stay in the
bottle for 2 weeks so as to allow to reach equilibrium point in the
dark condition. The silicone sheets passive samplers were then
retrieved immediately after 2 weeks of experiment for further
chemical analysis.

Table 1
Characteristics of sampling area.
Sites GPS points Main activities

Zanzibar main Harbor (PS1) S06◦09.479′

E039◦11.502′

Cargo shipping area, and
passengers’ boats

Malindi Fisheries (PS2) S06◦09.008′

E039◦11.618
Fishing boats

Chapwani (PS3) S06◦07.9047′

E039◦11.855′

Tourism

Maruhubi (PS4) S06◦08.671′

E039◦11.856′

Ships and boats

Forodhani (PS 5) S06◦09.503′

E039◦11.447′

Excursion boats

Tumekuja (PS 6, 7) S06◦09.945′

E039◦11.242′

Ships and boats

Fungu pange (PS 8,9) S06◦11.136′

E039◦09.806′

Tourism

The locations of the stations are clearly presented in the map of Zanzibar Island
(Fig. 1).

2.5. Field work

Study area
This study was conducted in Zanzibar Archipelago in particular

Zanzibar main harbor and surrounding shipping active areas.
The main characteristics of the sampled areas are presented in
Table 1.

2.6. Sample collection: Deployment and recovery after deployment

The samples were collected through the deployment of the
silicone sheet passive samplers in coastal areas (Fig. 1). One
passive sampler per site was prepared by attaching each of them
to fish hooks on a long cord with weight and floats. Generally,
the silicone sheets were fixed in such a way that they could
move freely (Smedes et al., 2007). Typically, the sampling depth
(deployment depth) was 2 meters below the surface and to the
coastal area where the local water depth was less than 3 m, half
the water depth was chosen to ensure that the silicone sheet
does not touch the bottom at any time even during the low tides.
At each station the silicone sheet passive sampler was deployed
for fifteen (15) days to accumulate the OTs. The silicone passive
samplers were collected immediately after the sampling period
and then well covered with clean aluminium foil. The silicone
sheets were then transferred to pre-clean closed glass bottles
and transported to the laboratory under ∼4 ◦C in a cooler box
(Monteyne et al., 2013). All important information including the
deployment station, starting and ending deployment date were
properly recorded. The samples were stored in a deep freezer
(−40 ◦C) before chemical analysis.

2.7. Sample extraction and organotin analyses

Internal standard tripropyltin (TPrT) of concentration 26 ng
was first added to the silicone samples followed by 1 day equi-
libration and then 2 sequential extractions with 50 ml methanol
added 1M acidic tropolone. The combined methanol extraction
volume was reduced by evaporation to ∼5 ml and then fol-
lowed by neutralization to pH ∼4.8 with 10 ml acetate buffer,
in situ derivatization with (0.5 ml 10% NaEt4B in methanol) three
times and extraction with 10 ml pentane. A drop of NaOH was
added to remove remaining active borates, and the combined
pentane extract was then dried using anhydrous Na2SO4. Finally,
the extract was cleaned up using a silica-filter column to remove
remaining silicone residues and then reduced to 100 µl by gen-
tle evaporation. The final pentane was then analyzed with Gas
Chromatograph with a Pulsed Flame Photometric Detector (GC-
PFPD). Quantification of OTs was performed using the internal
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Fig. 1. Distribution and location of study sites.

standard as calibrant and by using a certified external organotin

mixture of ethylated organotin standards for determination of

retention times and response factors for each of compounds that

included Tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT),

Triphenyltin (TPhT), Diphenyltin (DPhT), monophenyltin (MPhT)

and the internal standard Tripropyltin (TPrT). A parallel analysis

of the internationally Certified Reference Material for butyltin

biota materials (BCR477) showed highly satisfying recoveries for

TBT (95%), DBT (91%) and MBT (114%).

3. Results and discussion

3.1. Control and laboratory experiment

The laboratory experiment started by spiking artificial seawa-
ter and fresh waters (no silicone sheets) with various concentra-
tions of organotin i.e. 1.02 ng (Sn)/ml, 1.06 ng (Sn)/ml and 1.17 ng
(Sn)/ml for TBT, DBT and MBT, respectively. The experimental
duration was two weeks and carried out in the dark to avoid
any degradation reactions for OTs. The concentrations of OTs
measured after 2 weeks were 0.98 ng (Sn)/ml for TBT, 1.00 ng
(Sn)/ml for DBT and 0.98 ng (Sn)/ml for MBT as shown in the
shown in Fig. 2.
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Fig. 2. Control experiment for organotins.

3.1.1. Tribultyltin detection (TBT)
The results showed high concentrations of TBT were detected

in the passive sampler for both synthetic sea water and fresh
waters. The recoveries (concentrations measured in sampler and
in water sample) of TBT from the silicone sheet passive samplers
were 0.99 ng (Sn)/ml (101%) and 1.09 ng (Sn)/ml (111%) for
seawater and fresh waters, respectively. The average recovery of
TBT was 106%. The findings showed that the silicone sheet passive
sampler is very effective for detection of TBT contaminants from
aquatic environments. Laughlin et al. (1986) reported TBT binds
strongly with suspended material in the water and has a low
solubility in water which makes the silicone passive sampler a
particularly attractive option for detection (Fig. 3).

The concentrations of TBT remaining in water samples follow-
ing use of the silicon sampler were almost below the detection
limits, which clearly demonstrates the effectiveness of the silicon
sheet passive sampler for TBT absorption from both seawaters
and freshwaters (Fig. 4).

3.1.2. Dibutyltin detection (DBT)
The results showed that the concentrations of DBT absorbed

in the passive sampler when deployed in 1.06 ng (Sn)/ml spiked
OT were relatively lower compared to the TBT absorption. Passive
samplers absorbed about 0.29 ng (Sn)/ml (27%) from sea water at
and 0.87 ng (Sn)/ml (82%) for fresh water. Therefore, the average
recovery of DBT from waters was 55%.

The concentrations of DBT detected in the waters after the two
week of experiment were 0.02 ng (Sn)/ml for seawater and 0.01
ng (Sn)/ml for fresh water (Fig. 4). The findings indicated that the
absorption capacity of silicone passive sampler is less compared
to TBT (Fig. 3).

3.1.3. Monobutyltin detection (MBT)
The concentrations of MBT detected from the passive sam-

pler were 0.08 ng (Sn)/ml which is 7% (seawater) and 0.18 ng
(Sn)/ml equivalent to 15% (freshwater) of 1.17 ng (Sn)/ml orig-
inally spiked OT to both sea water and fresh waters. The average
recovery of MBT from water was 11%. The result was much lower
compared to both TBT and DBT recoveries.

The concentrations of MBT detected in the water samples were
0.58 ng (Sn)/ml for seawater and 0.14 ng (Sn)/ml for fresh water.

Table 2
Levels of organotin compounds from coastal water columns (ng Sn/L).
Sample ID TBT DBT MBT

PS1 (Malindi habor) 0.9 <0.5 <0.5
PS2 (Malindi fisheries) <0.5 <0.5 <0.5
PS3 (Chapwani) <0.5 <0.5 <0.5
PS4 (Maruhubi) <0.5 <0.5 <0.5
PS5 (Forodhani) 0.7 0.5 <0.5
PS6 (Tumekuja A) <0.5 <0.5 <0.5
PS7 (Tumekuja B) <0.5 <0.5 <0.5
PS8 (Fungupange A) <0.5 <0.5 <0.5
PS9 (Fungupange B) <0.5 <0.5 <0.5
Blank PS <0.5 <0.5 <0.5

The locations of typical peaks of organotin species (standards and selected
sample) are presented in the GC-PFPD chromatogram in Fig. 5.

These concentrations remained higher in waters compared to the
levels in the passive samplers.

The findings demonstrate that the affinity of MBT to the sil-
icon sampler is much less and consequently the sampler is less
efficient in the detection of MBT components from sea and fresh
water columns (Fig. 3).

3.2. Levels of TBT in the field tropical coastal waters

3.2.1. Organotin concentration in sea water in a natural field envi-
ronment

The silicone sheet passive samplers were deployed in seven
stations (Table 1). The TBT results are presented in Table 2. The
detected concentrations of OTs ranged from 0.7 ng (Sn)/L–0.9 ng
(Sn)/L. The maximum detected level of TBT was 0.9 ng (Sn)/g/L at
PS1 (harbor station), while the minimum detected level was 0.7
ng (Sn)/L found at PS 5 (Forodhani station). DBT level detected
at Forodhani was 0.5 ng (Sn)/L. MBT was not detected in any of
the sampling stations. OT levels from the remaining stations were
under the detection limits (<0.5 ng (Sn)/L.

Relatively higher level TBT was detected at the harbor (PS1)
compared to PS5 (Forodhani) which are actively involving ship-
ping activities in Zanzibar. The stations are very active in hosting
big commercial international lines, passenger, fishing, and tourist
boats. Therefore the TBT contamination is mainly associated with
leaching of this contaminant from the vessels. Repairing and
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Fig. 3. OT measured in passive sampler after 2 weeks.

Fig. 4. OT measured in waters after two weeks.

painting of boats are taking place in the general proximity con-
tributing to the contamination. TBT detection in water is reported
from the usage of new TBT in marine environment due to remo-
bilization from sediments deposited in the past or from leaching
from old ship hulls painted years ago (Lagerström et al., 2017;
Sheikh et al., 2007). The application of TBT on ship hulls is a well
known source of the TBT in seawater (Eklund et al., 2008). It is
important to note that the levels of TBT recorded in this study are
much lower compared to that reported a decade ago in sediments
from the Zanzibar port (Sheikh et al., 2007).

The results of this study are similar to those reported by
Folsvik et al. (2000) where semipermeable membranes were used
for organotin monitoring in the Oslofjord Harbor in Norway. Both
TBT and DBT were detected, while no MBT was found in any of
the analyzed samples from Oslofjord Harbor. Our results strongly
demonstrate that solid phase extraction methods including sil-
icone sheets are less efficient for metabolites organotin species
(DBT and MBT).

Silicone sheets have been previously used for other types of
contaminants such as polycyclic Aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), organochloride pesticides
(OCPs) and trace metals, such as mercury elsewhere (Larsen
et al., 2009; Marina et al., 2016). In comparison with other solid
phase extraction methods, for example SPMD and Chemcatcher
(Table 3), our study suggests that silicone passive samplers are
efficient and sensitive tool for monitoring of TBT in coastal and
fresh water environments.

4. Conclusion

This paper evaluates the potential of the silicone passive sam-
pler for organotin and its application as a TBT sampling device
on natural tropical waters. The results demonstrate and conclude
that the silicone sheets proved to be robust diagnostic sampling
tools for TBT monitoring in tropical coastal environments and
fresh waters including rivers and lakes. The samplers are not
effective for TBT daughter compounds (i.e. MBT and DBT) for
water matrices.
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Fig. 5. GC-PFPD chromatogram of mixture of ethylated OT standards, ∼80 ng (Sn)/ml (above) and sample from Malindi station (below) with 26 ng TPrT as internal
standard.

Table 3
TBT levels in passive samplers from different regions.
TBT concentrations Sampling device and sampled area References

32–220 ngSn/mL SPMD, Oslofjord Harbor (Norway) Francesc et al. (2008)
0.4–10 ng/L SPMD, Seawater Oslofjord (Norway) Folsvik et al. (2000)
< 1 ngSn/mL SPMD, Pacific ocean Gokosyr et al. (2009)
8.3 Sn ng/L Chemcatcher, Alicante Harbor (Spain) Aguilar-Martíneza et al. (2008)
<0.5–0.9 Sn ng/L Silicone sheet (Zanzibar) This study
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