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Abstract

The applicability of inductively coupled plasma mass spectrometry (ICP-MS) as a detector for high-temperature liquid
chromatography with packed capillary columns has been studied. A laboratory-made micro concentric nebulizer was utilized
as a interface for the coupling of the two instruments. The repeatability of peak height and area at the investigated column
temperatures (75-150°C) was good, with relative standard deviation less than 1.5% (n=3). The limit of detection (LOD) for
tetraethyl- and tetramethyllead was found to be 5 pg as Pb (S/N=3), and for tetraethyltin 9 pg as Sn (S/N=3). The effect of
temperature ramping on the baseline was investigated, and no limitations regarding range or rate of temperature increase
upon the ICP-MS response were found for the mobile phases used. [0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

High-temperature liquid chromatography (HTLC)
with the use of relatively long packed capillary
columns and non-agueous mobile phases, is an
analytical separation technique originally developed
for the purpose of analyzing polymers, polymer
additives, resins in crude oil and other high-molecu-
lar-mass compounds [1]. Combining this technique's
high resolving power with inductively coupled plas-
ma mass spectrometry (ICP-MS) element specific
detection, is a promising combination for the de-
termination of organometallic compounds at low
concentrations.

Gas chromatography (GC) [2-5] and supercritical
fluid chromatography (SFC) [6,7] have been coupled
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with ICP-MS detection for the above mentioned
purpose by using laboratory-made interfaces. How-
ever, GC has major limitations regarding non-vola-
tile compounds, while SFC's drawback is the rather
expensive and complicated instrumental design
necessary for this technique.

High-performance liquid chromatography (HPLC)
coupled to ICP-MS has been used as a powerful tool
for the separation and speciation of organotin [8] and
metalloporphyrins [9] compounds. However, many
HPLC applications for organometallic compounds
demand the use of gradient elution, and a high
flow-rate combined with gradient elution has been
reported to result in unstable plasma conditions [10].
Biggs et al. therefore investigated ‘“thermal gradient
liquid chromatography’” coupled with ICP atomic
emission spectrometry (AES) [11], and concluded
that a temperature gradient had a potential for
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replacing a mobile phase gradient, which was ob-
served to have a negative influence on plasma
stability. Their experiments were conducted with 2
mm or 4.6 mm 1.D. columns coupled to a standard
spray chamber as nebulizer.

A few commercia nebulizers are available for the
coupling of conventional HPLC to ICP-MS, but they
are mainly constructed for dealing with the relatively
high mobile phase flow from conventional HPLC
columns. Unfortunately, their rather large internal
volume gives a significant contribution to band
broadening [12], which makes them unsuited for
capillary columns. Packed capillaries have dimen-
sions more favorable regarding temperature program-
ming, because of their faster response to temperature
changes than conventional columns. Packed capil-
laries reduces temperature gradients within the col-
umn, which is known to contribute to band broaden-
ing. The micro flow-rates of packed capillary col-
umns may be favorable because of the lowered
consumption of mobile phase, improved signa to
noise ratios and improved compatibility with some
detectors [13].

A micro concentric nebulizer has a potential for
diminishing band broadening effects, but little or no
documentation exists for the use of commercially
available micro concentric nebulizers at the low

Table 1
ICP-MS operating parameters

flow-rates (<10 wl/min) that are needed for packed
capillary columns. We have therefore used a labora-
tory-made micro concentric nebulizer designed for
micro-flow-rates [14], for the coupling of w-HTLC
to ICP-MS. The ICP-MS response to elevated iso-
thermal column temperatures and temperature pro-
gramming has been investigated.

The p-HTLC-ICP-MS instrumental coupling has
been studied with organotin and organolead refer-
ence compounds.

2. Experimental
2.1, HTLC-ICP-MS

The experimental set-up consisted of a Merck
LaChrom L-7100 pump (Merck, Darmstadt, Ger-
many), a Valco (Houston, TX, USA) Model Cl4W
manually operated injection valve with a 60-nl
internal loop volume, a Hewlett-Packard 5700A gas
chromatograph as column oven (Hewlett-Packard,
Cupertino, CA, USA), and a Perkin-Elmer Sciex
Elan 5000 ICP-MS (Norwak, CT, USA). The ICP-
MS instrument operating conditions and data acquisi-
tion parameters are given in Table 1. A mixture of
air (18 ml/min) and argon (800 ml/min) was used as

Plasma gas flow-rate:
Auxiliary:

Nebulizer:

Forward power:

Sampler (1.15 mm 1.D.)
Skimmer (0.89 mm 1.D.)
Injector liner (2.0 mm 1.D.)
Resol ution:

Transfer frequency:
Baseline time (ms):
Polarity:

Data acquisition parameters (HTLC—ICP-MS)
Replicate time (ms):

Dwell time (ms):

Scanning mode:

Sweeps/ reading:

Readings/ replicate:

Number of replicates:

Points/ spectral peak:
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nebulizer gas. The two gases were mixed ina1/4 in.
Swagelok tee (1 in.=2.54 cm). The flow-rate of air
was controlled with a Bronkhorst HI-TEC (Ruurlo,
The Netherlands) mass-flow meter. The capillary
column was connected to the injector by a fused-
silica capillary (approximately 25 cmx30 wm I.D.X
375 um O.D.). The fused-silica capillary transfer line
(65 cmx15 pm [.D.X375 um O.D.) from the
column, to the laboratory-made micro concentric
nebulizer also acted as a restrictor to prevent the
mobile phase from boiling [1]. A schematic drawing
of the nebulizer coupled as a interface between the
chromatographic system and the detector is shown in
Fig. 1.

2.2. Columns and mobile phases

The fused-silica capillary columns were packed
with 5 wm porous Hypersil ODS (Hypersil, Shan-
don, UK) or Kromasil C,, particles (Shandon South-
ern Products, Cheshire, UK), the 1.D. was 0.32 mm,
and they were 43.5 cm or 23 cm long. They were
packed according to the procedure described in Ref.
[14]. Mobile phases where either pure acetonitrile, or
a mixture of 85% methanol, 4% acetic acid, 1%
pyridine and 10% water.

2.3, Materials

The fused-silica capillaries were purchased from
Composite Metal Services (UK), unions and ferrules

from Valco (Schenkon, Switzerland). Carbon dioxide
(99.998%), oxygen (99.7%) and argon (99.999%)
were purchased from AGA (Oslo, Norway). HPLC
grade acetonitrile, water and methanol came from
Rathburn (Watherburn, UK). Acetic acid and
pyridine (both analytical-reagent grade) came from
Merck. Tetramethyllead (TML) and tetraethyllead
(TEL) were obtained from Associated Octel (Milton
Keynes, UK). Tetraethyltin (purity not available)
came from Alfa-Johnson Matthey (Germany), tri-
butyltin chloride (97%) from Fluka (Switzerland)
and triphenyltin chloride (95%) from Strem (Ger-
many).

3. Results and discussion

3.1. Elevated column temperature effect upon the
ICP-MS signal response

Imposing elevated temperature on the packed
capillary column, and thereby heating of the mobile
phase before the nebulization process, was assumed
to have a positive effect on the production of ionsin
the plasma, because less energy would be consumed
from the plasma for evaporation of the mobile phase.
However, this was not the case for the experiment
performed with tetraethyl tin in the temperature
interval 75-150°C using acetonitrile as mobile
phase.

Fig. 2 is a reconstructed chromatogram of four
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Fig. 1. Not to scale drawing of the HTLC—ICP-MS instrumental set up,

showing enlarged details of the laboratory-made micro-nebulizer.
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Fig. 2. Reconstructed chromatogram of four different runs using 60 nl 120 ppb tetraethyltin (Sn, mu=120) at different temperatures. The
peak at 150°C is actualy overlapping with the peak at 125°C. Column: 5 um Hypersil ODS in 43.5 cmx0.32 mm |.D. Mobile phase:

acetonitrile, flow=5 pl/min.

separate isothermal runs using tetraethyltin as a test
substance at 75°C, 100°C, 125°C and 150°C. The
three latest peaks are correctly placed according to
their original retention times, but the peak at 150°C
is actually overlapping with the peak at 125°C (its
origina retention time is approximately 8 min and 30
S). The peak height obtained at 150°C is approxi-
mately five-times as high as the signal obtained at
75°C. However, this observation can be attributed to
the reduction of retention time at the higher tempera-
ture which sharpened the peaks.

To avoid column effects, we replaced the packed
capillary column with a relative long open capillary
tubing, and utilized temperatures from ambient to as
high as 200°C using tetraethyltin. The higher tem-
peratures did not result in a significant gain in signal
counts compared to ambient temperature. From a
practical point of view, we did not evaluate higher
temperature than 200°C. Using temperatures above
200°C on a reversed-phase packing would probably
irreversibly damage it. Also the danger of decompo-
sition of the organometal at higher temperatures
imposes limitations upon the temperature range to be

used [15]. A conclusion based on practical limita-
tions indicated that elevated column temperature did
not affect the signal response.

3.2, Chromatographic performance at elevated
temperature

Increasing the temperatures may improve the peak
symmetry of strongly retained peaks [1], but the
opposite is seen in Fig. 2, due to negative contribu-
tion from extra-column dead volumes. The time the
solute spend in the extra-column volumes remains
fairly constant at all temperatures, whereas the time
spent traveling through the column decreases
dramatically at the higher temperatures. Consequent-
ly it is reasonable to assume that the contribution to
band broadening from the extra-column volume is
more critical at the higher temperatures, due to the
low retention factor observed at these temperatures.

The temperature programs performed with the use
of TML and TEL in Fig. 3a and b did not show an
extra gain in signa height or area. The energy
needed for evaporating acetonitrile at ambient tem-
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Fig. 3. (8) Temperature programmed separation of (1) tetramethyl lead (TML), (2) unknown and (3) tetraethyllead (TEL). (Pb, mu=208).
Start: 40°C, then 4°C/min up to 100°C. (b) Temperature programmed separation of (1) tetramethyllead (TML), (2) unknown and (3)
tetraethyllead (TEL). (Pb, mu=208). Start: 50°C, then 16°C/min up to 100°C. Injected 60 nl 10 ppm of each known compound. Column: 5
pm Kromasil RP-18 in 23 cmx0.32 mm |.D. Mobile phase: acetonitrile, flow=10 w!/min.
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perature is 32.94 kJ/mol (AH,,,), while the energy
needed at 81.6°C (boiling point for acetonitrile) is
29.75 kJ/mol (AH,,,) [16]. The relative small differ-
encein AH,,, is probably too small to contribute to a
higher production of ions in the plasma compared to
the energy produced of the plasma. Fig. 4 shows
three subsequent injections at 150°C (t, is close to
ty), with good pesk height repeatability (RSD=
1.3%). Area repeatability at the temperatures utilized
(75-150°C) ranged from 0.9 to 1.4% (RSD, n=3).
Efficiency measured as plate numbers was not
impressive, but these measurements were clearly
influenced from the extra column volumes intro-
duced by the extra long fused-silica tubing necessary
for the nebulizer coupling. Efficiency measurements
performed by using UV on-column detection in our
earlier work has shown far better values [17],
indicating that the columns are adequately packed.

3.3 Response to temperature programming
A temperature increase performed during a run

decreases the viscosity which consequently gives a
temporarily increasing flow-rate until the end tem-

perature in the program is reached. This process can
be observed by monitoring the pressure display on
the pump. The momentary expanding mobile phase
induced by the temperature ramp gives a short and
sudden increased pressure, before the pressure de-
creases as a function of the reduced viscosity.

Our previous work with HTLC using packed
capillary columns and UV detection showed that
elevated column temperature had an improving effect
upon asymmetric peak shapes of late eluting com-
pounds. Besides, the analysis could be performed in
one-fifth of the time by using an adequate tempera-
ture program, compared to an isothermal run at 50°C
[1]. Unfortunately, UV detection showed a negative
effect of temperature programming, observed as a
rising baseline. Introducing a steep temperature
gradient in a non-aqueous w-LC system, that con-
tained a mobile phase with a UV-cutoff close to the
maximum absorption wavelength of the compounds
to be anayzed, gave a steeply rising baseline. This
phenomena is caused by a large refractive index
change of the mobile phase molecules induced by the
temperature gradient. However, this problem can be
solved by using dual-wavelength absorbance detec-

Three subsequent injections at 150 °C

250000

200000

150000

100000

Signal (counts)

50000

1 " 1 1 1

20 30 40

Time (min)

Fig. 4. Three subsequent injections of 60 nl 120 ppb tetraethyltin (Sn, mu=120) at 150°C. Column: 5 pm Hypersil ODS in 43.5 cmXx0.32

mm |.D. Mobile phase: acetonitrile, flow=5 wl/min.
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tion [18], or by using a wavelength further away
from the mobile phase UV-cutoff.

When HTLC was coupled with evaporative light
scattering detection (ELSD) [19], temperature ramps
steeper than 6°C/min in a wide temperature interval
resulted in a rising baseline, believed to be due to
momentary expansion of the mobile phase. Analysis
could be performed by the use of steeper temperature
ramps than 6°C/min, but then the range from start to
the end temperature had to be minimized [19].

Fig. 3a and b show two different temperature
programmed separations of TML and TEL per-
formed by HTLC-ICP-MS, () with a temperature
ramp of 4°C/min, while b is performed with 16°C/
min. Steeper ramps did not reveal any negative
influence upon the baseline. Fig. 5 shows a tempera-
ture programmed separation of three organotin com-
pounds by the use of a 32°C/min temperature ramp.
Peak number 3 (tributyltin chloride) shows strong
tailing, probably due to methanolysis or hydrolysis
on the column. The same analysis performed with a
16°C/min temperature ramp did not show any
difference regarding tailing, neither did a run at

ambient temperature with the same mobile phase and
column. These organctin separations were performed
with a 10% agueous mobile phase (+85% methanal,
4% acetic acid, 1% pyriding). Additionally, the
danger of degradation of the silica based reversed-
phase packings at elevated temperature by the use of
aqueous mobile phases may restrict the use of such
systems.

With the present mobile and stationary phases,
ICP-MS did not show any dependency or sensitivity
towards steep temperature programs, in contrast to
the UV detector and ELSD.

34. Limit of detection

The HTLC-ICP-MS instrument coupling was
capable of detecting tetraethyltin (Sn, mu (mass
units)=120) at a concentration level of approximate-
ly 150 ppb, using an injection volume of 60 nl,
which gives a total mass of 9 pg detected (referring
to the metal). Others have detected 51 pg with an
injection volume of 100 wl using conventional HPLC
coupled to ICP-MS [8]. TML was detected (as Pb,
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Fig. 5. Temperature programmed separation of (1) unknown, (2) triphenyltin chloride (37 ppm), (3) tributyltin chloride (29 ppm), (4)
tetraethyltin (40 ppm). Start: 40°C (2 min), then 32°C/min up to 120°C. Column: 5 pm Kromasil RP-18 in 23 cmx0.32 mm |.D. Mobile
phase: 85% methanol, 4% acetic acid, 1% pyridine and 10% water, flow=5 pl/min, injection volume=60 nl.
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mu=208) at a concentration level of 100 ppb, equal
to atotal mass of 5 pg (S/N=3). With large volume
injection and on-column focusing [20], much lower
concentrations are available with the packed capil-
lary columns.
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