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ABsTRAcr 

Organotin compounds are separated by capillary supercritical fluid chromatography (SFC) and a comparison of the detection 
by flame ionization (FID) and inductively coupled plasma mass spectrometry (ICP-MS) is presented. Resolution, detection limits, 
linear dynamic range and reproducibility are the parameters compared between SFC-FID and SFC-ICP-MS, for the detection of 
tri- and tetraorganotin compounds. The resolution obtained in the SFC-FID system is not always observed in SFC-ICP-MS. 
Degradation in resolution is due to fluctuations in transfer line temperature. Baseline resolution for the organotins considered is 
achieved in both systems by using a longer column. Detection limits (DLs) are calculated as 3u/S, where CT is the standard 
deviation of the blank signal and S is the slope of the calibration curve. Detection limits of 10.3, 12.5, 12.0 and 9.0 pg are 
obtained for tetrabutyltin, tributyltin chloride, triphenyltin chloride and tetraphenyltin, respectively, using SFC-FID. An 
improvement in detection limits of one order of magnitude is achieved by SFC-ICP-MS for the same organotins (0.26,0.80,0.57 
and 0.20 pg, respectively). The relative standard deviations using SFC-FID for five 50-nl injections, containing 0.5 ng Sn, ranged 
from 3.2 to 6.4%. Using SFC-ICP-MS, five replicate injections of 0.05 ng Sn give R.S.D.s from 1.3 to 3.4%. 

INTRODUCIION 

Supercritical fluid chromatography (SFC) 
spans the gap between liquid chromatography 
(HPLC) and gas chromatography (GC), making 
it possible to separate non-volatile, thermally 
labile and high-molecular-mass compounds in 
short analysis time [l-5]. This approach is due to 
the liquid-like property (density) and gas-like 
characteristics (viscosity and diffusion coeffi- 
cients) of the supercritical fluids. Another advan- 
tage of SFC is its compatibility with the existing 
detectors for HPLC and GC. Liquid-phase and 
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gas-phase detectors are suitable for SFC, since 
detection can be performed before or after the 
decompression zone of the mobile phase [l-7]. 
Ultraviolet-visible (UV-Vis) detection was first 
used in SFC and is still the most common 
detector for packed-column SFC [4-71. Fluores- 
cence, light scattering and chemiluminescence 
are among other optical detection methods used 
for SFC [1,5,7]. 

Performance of GC detectors coupled to SFC 
has been the topic of several publications [4,5,8- 
14]. Flame ionization detection (FID) is a uni- 
versal detector and is easy to interface to SFC 
[4,5,8-111. Selective detection systems used in 
GC, such as flame photometric (FPD) [8-111, 
electron-capture (ECD) [8-121 and thermionic 
ionization (TID) [8,13,14] have been evaluated 
for SFC. A variety of papers have been pub- 
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lished concerning the interface of SFC with 
detectors that provide structural information, 
such as Fourier transform infrared spectroscopy 
[5,6,15] and mass spectrometry [5,6,16-181. SFC 
with detection based on atomic emission has 
been used as an element-selective detector for 
organometallics and halogenated compounds 
[19-251. 

High-molecular-mass organotin compounds 
are good candidates for SFC, since they are not 
easily amenable to GC or HPLC separation. In 
general, organotin compounds are used as 
biocides and as antifouling agents in marine 
paints. These applications are the main source 
for the continuous release and accumulation of 
organotins in water, sediments and aquatic or- 
ganisms [26,27]. Studies demonstrate that tetra 
and triorganotin compounds are the most toxic, 
while a decrease in the number of organic 
substituents linked to the tin atom is related to 
lower toxicity. The chemical form of the organic 
group also determines toxicity, resulting in the 
need for speciation information [26,27]. 

Organotin compounds with butyl and phenyl 
substituents are the most frequently used and a 
variety of papers have been published concem- 
ing their determination [24-411. Speciation is 
obtained by GC, HPLC or SFC separation 
coupled to a universal or selective detector [24- 
42]. Most of the papers that describe the separa- 
tion of organotins by GC involve the preparation 
of volatile derivatives (hydrides or pentyl deriva- 
tives) prior to the injection into the GC system 
[27-371. Different techniques have been coupled 
to detect the chromatographic effluent, including 
ECD [28-291, FPD [30-341, FPD using quartz 
surface induced luminescence [35], atomic ab- 
sorption (AAS) [36], quartz furnace atomic 
absorption [37], direct current plasma (DCP) 
[34] and microwave induced plasma detection 
(MIP) [38]. Dual detection by FPD-DCP has 
also been suggested [34]. 

Detection of organotins after HPLC has 
been obtained by several techniques including 
graphite furnace-atomic absorption spectroscopy 
(GF-AAS) [39], flame-laser excited atomic fluo- 
rescence spectroscopy (LEAFS) [40], inductively 
coupled plasma atomic emission spectroscopy 
(ICP-AES) and inductively coupled plasma mass 

spectrometry (ICP-MS) [20,41,42]. The ap- 
plicability of SFC for. the speciation of tetra- and 
triorganotin compounds with ICP-MS detection 
has also been demonstrated [24,25]. In this 
study, capillary SFC with FID and ICP-MS 
detection is used for the speciation and detection 
of organotin compounds. Comparison of res- 
olution, detection limits, linear dynamic range 
and reproducibility for tributyltin chloride, tetra- 
butyltin, triphenyltin chloride and tetraphenyltin 
using SFC-FID and SFC-ICP-MS is presented. 

EXPERIMENTAL 

Instrumentation 
A description of the SFC-ICP-MS system 

used for the experiments was presented in a 
previous publication [24]. Fig. 1 illustrates the 
SFC-ICP-MS interface and detailed information 
was presented elsewhere [24]. Operating condi- 
tions for ICP-MS are: forward power: 1.35 kW, 
reflected power: <5 W, argon coolant flow: 15 
l/min; argon auxiliary flow: 1.5 l/mm and make- 
up gas flow: 0.65 l/min. Carbon dioxide, SFC- 
grade (Scott Specialty Gases, Plumsteadsville, 
PA, USA) was used as a mobile phase. An 
SB-Biphenyl30 capillary column (0.25 pm film 
thickness, 50 pm I.D., 375 pm O.D.) with 
different lengths of 2.5 and 4 m were purchased 
from Lee Scientific (Salt Lake City, UT, USA). 
Frit restrictors (50 pm I.D.) with a linear ve- 
locity of 1.5 cm/s were also obtained from Lee 
Scientific. Calibration of the time split injector 
indicates that a duration of 0.075 s injection time 
corresponds to 50 nl injection volume. 

A conventional flame ionization detector, ob- 
tained from Hewlett-Packard (Avondale, PA, 
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Fig. 1. SFC-ICP-MS interface. 
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USA) was installed in the gas chromatograph 
oven (Hewlett-Packard Model 5890). A jet tip 
(0.011 in. I.D.; 1 in. = 2.54 cm) that accommo- 
dates capillary columns was used for the detec- 
tor. No additional modifications were required to 
convert the GC system into the SFC mode. The 
flow of the gases used with FID were: hydrogen: 
45 ml/mm; air: 400 ml/min and nitrogen (detec- 
tor make-up gas): 32 ml/mm. The temperature 
of the FID system was 300°C. 

Reagents 
The organometallic compounds, tetrabutyltin 

(TBT, 97% purity), tetraphenyltin (TPT, un- 
known purity), tetraphenyllead (TPL, 98% puri- 
ty), tributyltin chloride (TrBT-Cl, 95% purity in 
metal basis) and triphenyltin chloride (TrPT-Cl, 
95% purity), were obtained from Alfa Products 
(Danvers, MA, USA). They were used without 
further purification. Stock solutions of 1000 ppm 
(w/w) Sn corrected to the purity of the com- 
pounds, were prepared in HPLC grade 
methylene chloride (Aldrich, Milwaukee, WI, 
USA). Fresh working solutions were prepared 
daily by serial dilution with methylene chloride. 

RESULTS AND DISCUSSION 

The comparison between FID and ICP-MS for 
the detection of organometallics after SFC, is 
based on three aspects. The first is the effect of 
the detector temperature (SFC-FID) or inter- 
face temperature (SFC-ICP-MS) in the signal 
response, for organotins with different molecular 
weight and volatility. The second aspect investi- 
gated is with certain chromatographic conditions 
(pressure program and temperature) there are 
any variations in the resolution as a function of 
the detector used. Finally, analytical figures of 
merit are compared using SFC-FID and SFC- 
ICP-MS in the speciation of organotins. 

A mixture of 50 ng of each TBT and TPT, 100 
ng of TrBT-Cl and 150 ng of TrPT-Cl is injected 
to obtain SFC-FID chromatograms. A lower 
concentration, consisting of a mixture of 5 ng 
each of TBT, TrBT-Cl, TrPT-Cl and TPT is used 
during SFC-ICP-MS experiments. 

Effect of interface temperature 
Fig. 2 shows the variation in % normalized 

peak area for several organotins, as a function of 
the interface temperature, using SFC coupled to 
FID and ICP-MS. This figure indicates only 
minor variations in the organotin peak areas for 
FID temperatures ranging from 215 to 350°C. 
Variations are within the R.S.D. (l.l-5.5%) 
calculated for several injections at a constant 
FID temperature. On the other hand, the re- 
sponse obtained with SFC-ICP-MS is highly 
dependent on interface temperature. Interface 
temperature affects not only peak area, but also 
retention time and peak shape, mostly for the 
less volatile organotins that are TrPT-Cl and 
TPT, as it has been demonstrated in a previous 
study [25]. Variations in the results obtained 
between SFC-FID and SFC-ICP-MS, are ex- 
plained by the different efficiency in which the 
heat is transferred to the restrictor tip. In the 
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Fig. 2. Variation in peak area for several organotins as a 
function of (a) SFC-FID detector temperature and (b) SFC- 
ICP-MS interface temperature. 
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case of the FID, the proximity of the restrictor to 
the heating block allows an efficient heat trans- 
fer. For ICP-MS detection, heat to the frit is 
supplied by a preheated gas (see Fig. 1) that 
continuously flows along the restrictor. The 
temperature of the interface is taken at point A 
of the preheated zone. Results indicate that 
there is some temperature difference between 
point A and the tip of the restrictor in the 
ICP-MS interface. Nevertheless, chromatograms 
obtained for an SFC-ICP-MS interface tempera- 
ture of 300°C are comparable to those obtained 
by SFC-FID [25]. 

Resolution as a function of chromatographic 
conditions 

A pressure program, usually required to re- 
solve a mixture, generally involves at least two 
steps. First, the pressure is maintained constant 
during enough time to allow solvent elution and 
second a pressure ramp is applied to resolve the 
components of the mixture. Fig. 3 indicates no 
significant variation in capacity factors for or- 
ganotins using SFC-FID, when the pressure (70 
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atm; 1 atm = 101325 Pa) is held constant for 1 
and 1.5 min. Capacity factors as well as res- 
olution are slightly increased by having a con- 
stant pressure of 70 atm for 2 min before the 
pressure ramp. Fig. 4 shows the chromatograms 
obtained at an oven temperature of 75°C for 
different hold times and for all of them baseline 
resolution is observed. An initial pressure of 70 
atm held for 1 min, followed by a variable 
pressure ramp, is used for the next SFC-FID 
experiments. 

An important difference between flame ioniza- 
tion and plasma detection is that the second 
detector is transparent to the solvent and to 
mobile phases that give response with FID 
[22,23,25] because ICP-MS is an element-selec- 
tive detector. ICP-MS has a m/z resolution of 
better than 1 u, so a single-ion scan mode can be 
selected to detect a certain mass. Fig. 5 presents 
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Fig. 3. Variation of capacity factor (k’) for organotins with 
different hold times in the pressure program. 
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Fig. 4. Effect of hold time at an initial pressure of 70 atm. 
Pressure ramp: 60 atmlmin; final pressure: 300 atm; oven 
temperature: 75°C. FID temperature: 300°C. Hold time: (a) 1 
min, (b) 1.5 min and (c) 2 min. Peaks: 1 = TBT; 2 = TrBT- 
Cl; 3 = TrPT-Cl; 4 = TPT. 
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Fig. 5. Effect of hold time at an initial pressure of 70 atm. 
Pressure ramp: 60 atm/min; final pressure: 300 atm; oven 
temperature: 75°C. ICP-MS interface temperature: 300°C. 
Hold time: (a) no hold time, (b) 1 min and (c) 2 min. Peaks: 
1 = TBT; 2 = TrBT-Cl; 3 = TrPT-Cl; 4 = TPI. 

the chromatograms obtained for a 5-ng injection 
using SFC-ICP-MS and having different hold 
times at an initial pressure of 70 atm. The ICP- 
MS feature of detecting compounds that coelute 
with the solvent is illustrated in Fig. 5a. How- 
ever, conditions are not always recommended 

where one of the compounds coelute with the 
solvent, since sensitivity and reproducibility are 
affected. Chromatograms presented in Fig. 5 
demonstrate that retention time, peak shape and 
relative peak height, especially for TBT and 
TrBT-Cl are affected by the length of the hold 
time. As with SFC-FID, for the next SFC-ICP- 
MS experiments, the pressure was started at 70 
atm and was held constant for 1 min before the 
pressure ramp was initiated. 

Table I shows the effect of pressure ramp in 
the resolution of organotin compounds using 
ICP-MS and FID, at a fixed temperature of 
50°C. The general trend observed is a decrease 
in resolution with the increase in pressure ramp. 
Comparing resolution between TBT and TrBT- 
Cl, better values are obtained with ICP-MS 
detection. As it was pointed out earlier, ICP-MS 
is transparent to the solvent and with FID, TBT 
and TrBT-Cl elute in the tail of the solvent peak, 
at a column temperature of 50°C (see Fig. 6). 
TrBT-Cl and TrPT-Cl are baseline resolved 
using both detectors, at pressure ramps between 
20 and 60 atm/min. Table I also shows that 
better resolution between TrPT-Cl and TPT is 
observed with FID. Loss in resolution in SFC- 
ICP-MS is due to peak broadening attributed to 
fluctuations in transfer line temperature. 

Variation in resolution for the same pressure 
program, as a function of the temperature is 
presented in Table II. Using FID, better res- 
olution is obtained at lOO”C, although baseline 
resolution is also observed at 75°C. Resolution 
between TBT and TrBT-Cl with ICP-MS detec- 
tion is slightly affected by variation in column 

TABLE I 

EFFECT OF THE PRESSURE RAMP IN THE RESOLUTION OF ORGANOTIN COMPOUNDS USING SFC COUPLED 
TO ICP-MS AND FID 

Pressure program: 70 atm held for 1 min; variable pressure ramp up to 320 atm. Column temperature: 50°C. 

Ramp 
(atmlmin) 

TBT and TrBT-CI 

ICP-MS FID 

TrBT-CI and TrPT-Cl 

ICP-MS FID 

TrPT-CI and TPT 

ICI’-MS FID 

20 1.105 1.428 3.702 7.330 0.908 2.ooa 
40 1.200 0.833 3.417 4.555 0.867 1.300 
60 0.933 0.571 3.200 4.133 0.692 1.125 
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Fig. 6. Effect of pressure ramps at an oven temperature of 
50°C: (a) 20 atm/min, (b) 40 atm/min and (c) 60 atmlmin. 
FID temperature: 300°C. Initial pressure: 70 atm held for 1 
min; tinal pressure: 350 atm. Peaks: 1 = TBT, 2 = TrBT-Cl; 
3 = TrPT-Cl; 4 = TPT. 

temperatures, however, better peak shape is 
obtained at 50°C. The same tendency is observed 
for the resolution between TrPT-Cl and TPT 
using SFC-ICP-MS. Another factor involved in 
peak broadening for ICP-MS detection is related 
to interface design and operation. The distance 
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Fig. 7. (a) SFC-FID using the following conditions: Oven 
temperature: 75°C; initial pressure 70 atm held for 1 min, 
pressure ramp: 60 atm/min, final pressure: 360 atm. (b) 
SFC-ICP-MS chromatogram using an oven temperature of 
50°C and the same pressure program described for (a). 
Peaks: 1 = TBT; 2 = TrBT-Cl; 3 = TrPT-Cl; 4 = TPT. 

between the tip of the restrictor and the detec- 
tion zone is longer in ICP-MS than in FID. The 
lower temperature at the tip of the restrictor for 
SFC-ICP-MS causes a slow release of the 
analyte and as a consequence, peak broadening 

TABLE II 

EFFECT OF TEMPERATURE IN THE RESOLUTION OF ORGANOTIN COMPOUNDS USING SFC INTERFACED TO 
ICP-MS AND FID 

Pressure program: 70 atm held for 1 min; ramp: 60 atm/min to 320 atm. 

Oven TBT and TrBT-Cl TrBT-Cl and TrPT-Cl TrPT-Cl and TPT 
temperature 

(“C) ICP-MS FID ICP-MS FID ICP-MS FID 

50 0.933 0.571 3.208 4.133 0.692 1.125 
75 1.067 1.002 2.355 5.250 0.540 1.455 

100 1.071 1.263 1.654 5.308 0.513 1.467 
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and decrease in resolution are observed. Fig. 7 
presents the best chromatograms obtained using 
a 2.5-m capillary column for the separation of 
organotins using SFC coupled to FID and ICP- 
MS. Variations in the temperatures of the oven, 
of the transfer line and of the restrictor tip affect 
mobile phase density and mobile phase velocity. 
As a consequence, there are changes in retention 
times and peak widths as well as in resolution 
comparing the two systems (SFC-FID and SFC- 
ICP-MS). A comparison of the chromatograms 
obtained using a longer column (4 m) is pre- 
sented in Fig. 8. Baseline resolution between 
TrPT-Cl and TPT is now possible for the SFC- 
ICP-MS system (see Fig. 8b). Also, the impurity 
detected in the standard solutions and labeled as 
X in Fig. 7b is resolved into two peaks when a 
4-m column is used. These impurities correspond 
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Fig. 8. Separation of organotins using a 4-m SB-Biphenyl-30 
column: (a) SFC-ICP-MS and (b) SFC-FID. Initial pressure: 
80 atm held for 2.5 min, followed by a pressure ramp of (a) 
150 atmlmin for ICP-MS and (b) 60 atmlmin for SFC-FID; 
final pressure: 400 atm held for 5 min. 

to compounds containing tin and they were not 
detected by SFC-FID, most likely because of the 
difference in sensitivity of the detectors. 

FID vs. ICP-MS: sensitivity and selectivity 
Analytical figures of merit for tri- and tetra- 

organotins using SFC-FID and ’ SFC-ICP-MS 
are presented in Table III. Five 50-nl injections 
containing 0.5 ng Sn gives a reproducibility range 
from 3.2 to 6.4% R.S.D. in the SFC-FID 
experiments. Using the same number of injec- 
tions, but samples containing 0.05 ng Sn, repro- 
ducibility varies from 1.3 to 3.4% R.S.D. with 
the SFC-ICP-MS system. Detection limits are 
calculated as three times the standard deviation 
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Fig. 9. Chromatograms for a mixture of tetraphenyltin 
(TPT) and tetraphenyllead (TPL). Column: SB-Biphenyl-30, 
4 m length. Oven temperature: 75°C. (a) SFC-FID. Condi- 
tions: initial pressure: 70 atm held for 2 min followed by a 
pressure ramp of 40 atmlmin up to 320 atm; detector 
temperature: 350°C. (b) SFC-ICP-MS. Conditions: initial 
pressure 80 atm held for 2 min followed by a pressure ramp 
of 150 atmlmin up to 400 atm (held for 4 min); interface 
temperature: 350°C. 
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TABLE III 

COMPARISON OF ANALYTICAL FIGURES OF MERIT FOR ORGANOTXN COMPOUNDS USING SFC-FID AND 
SFC-ICP-MS 

TBT TrBT-Cl TrPT-Cl 

Reproducibility (%) SFC-FID 4.64 4.92 6.43 
SFC-ICP-MS 1.29 1.52 1.67 

Absolute detection limit (pg), SFC-FID 10.3 12.5 12.0 
50-nl injection SFC-ICP-MS 0.26 0.80 0.57 

Linear rangeb SFC-FID 3 3 3 
SFC-ICP-MS 3 3 3 

Slope (log-log) SFC-FID 1.0006 0.9736 1.0130 
SFC-ICP-MS 0.9647 1.1749 1.0980 

RZ (correlation coefficient) SFC-FID 0.9990 0.9981 0.9969 
SFC-ICP-MS 0.9936 0.9960 0.9870 

’ Reproducibility in peak area; 5 and 0.5 ng injection for SFC-FID and SFC-ICP-MS, respectively. 
b Linear range between 0.5 and 50 ng for SFC-FID and between 0.05 and 5 ng using SFC-ICP-MS. 

TPT 

3.20 
3.42 

9.0 
0.20 

3 
3 

0.9816 
1.0310 

0.9991 
0.9803 

(a) of the blank signal divided by the slope of 
the calibration curve. Absolute detection limits 
(50 nl injection volume) for organotins with 
SFC-FID range from 9.0 to 12.5 pg. An im- 
provement of one order of magnitude in sen- 
sitivity is found for SFC-ICP-MS detection 
(absolute detection limits range from 0.2 to 0.8 
pg). Linearity over three orders of magnitude is 
presented for both SFC-FID and SFC-ICP-MS 
in the detection of organotins. 

Differences in mobile phase velocity, compar- 
ing SFC-FID and SFC-ICP-MS have some 
advantages. This is the case of the baseline 
resolution obtained using SFC-ICP-MS for the 
separation of TPT and TPL (see Fig. 9b). Differ- 
ent chromatographic conditions were evaluated 
in SFC-FID to resolve TPT and TPL, but no 
baseline resolution was possible and the best 
chromatogram is shown in Fig. 9a. Another 
relevant advantage of ICP-MS over FID is the 
element-selective capability of the former detec- 
tor. Non-baseline resolution and coelution of 
compounds with a different central atom can be 
resolved using the time-resolved acquisition soft- 
ware of the VG PlasmaQuad, that allows moni- 
toring several m/z positions by moving rapidly 
between them. Fig. 9b also demonstrates the 
ICP-MS capability to detect selected isotopes 

and the potential to obtain multielement chro- 
matograms. 

CONCLUSIONS 

Control of the temperature for the SFC-ICP- 
MS interface is vitally important, while varia- 
tions for the detector temperature for SFC-FID, 
in the same range of temperatures (215 to 
35O”C), do not affect the results. Fluctuations in 
the transfer line temperature for the SFC-ICP- 
MS system is the main source of peak broaden- 
ing. Better resolution among organotins is ob- 
tained in SFC-FID at a column temperature of 
75°C; while in SFC-ICP-MS the best results (but 
non-baseline resolution between TrPT-Cl and 
TPT) is obtained at 50°C. The use of a 4-m 
column improves separation, and baseline res- 
olution is obtained among tri- and tetra- 
organotins in both SFC-FID and SFC-ICP-MS. 
The major advantages of FID are low cost and 
ease of operation, while ICP-MS as a detector 
for SFC is more sensitive and selective than FID. 
In addition ICP-MS allows the use of modifiers. 
Application of the technique for the analysis of 
real samples, will yield more interferences by 
SFC-FID than by SFC-ICP-MS since FID is an 
universal detector and ICP-MS is an element- 
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selective detector. Thus a cleaner and more 
conclusive chromatogram will be obtained by 
using SFC-ICP-MS. 
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