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SUMMARY

The applicability of the inductively coupled argon plasma (ICAP) as a detector
in high-performance liquid chromatography (HPLC) was investigated. The influence
of the flow-rate and the nature of the mobile phase on the operation of the ICAP
source, and on peak broadening, sensitivity, lincarity and detection limits was
determined. At the flow-rates and mobile phase compositions normally applied in
reversed-phase chromatography the ICAP proved to be a highly valuable HPLC
detector.

In straight-phase chromatography troublesome limitations in the choice of the
mobile phase were observed.

Peak broadening effects are acceptable; detection limits are in the nanograms
per millilitre range while the linear range covers about four orders of magnitude. The
sensitivity is essentially independent of the molecular form.

The usefulness of ICAP-HPLC is illustrated by the separation of iron carboayl
and molybdenum carbonyl complexes and of ferrocene, organoarsemc, organomer-
cury and organolead compounds.

INTRODUCTION

Conventional methods in atomic spectrometry, using arcs, furnaces, sparks or
flames, are not suitable for coupling to high-performanace liguid chromatographic
(HPLC) systems because arc and fummace! techniques require batchwise operation,
and flames®—* and sparks® present serious limitations due to either restricted sensitivity
or lack of precision®,

With the introduction of commercial versions of the inductively coupled plas-
ma (ECP) emission source, an element-specific detection system, suitable for HPLC
coupling, has become available. An ICP can be considered as an “electrical flame”™.
The plasma, i.e., the flame, is generated by induction heating of a flowing conducting
gas (“fuel” gas) by inducing a magnetic field around the top of an assembly of coaxial
silica tubes which coastitutes the burner or “torch”. Via the torch, test solutions are
introduced into the plasma by means of a pneumatic nebulizer. When argon (A) is
used as the “fuel” gas and as the nebulizing gas, the technique is referred to as ICAP.
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The property that makes the plasma most suitable as an excitation source is its high
temperature. Depending on the quantities of clectrical energy transferred to the plas-
ma, the temperature is between about 6000 and 10,000°K. As a consequence of this
high temperature, the ICP offers two distinct advantages over combustion flames, viz.,
excitation of elements the spectral lines of which have high excitation energies and
elimiration or considerable depression of compound formation.

The characteristics of the combination of this technique with HPLC appear to
be very attractive: continucus monitoring, low detection limits for a large number of
elements and the possibility of simultaneous multi-element monitoring. Two major
drawbacks remain, viz. high investment costs and insensitivity towards most of the
non-metallic elements. Despite these disadvantages, an HPLC-ICAP combination
seems to be a highly valuable analytical asset, practically unique in its capability to
distinguish different molecular forms of metallic elements at low concentration levels,
with casy and reliable calibration because the calibration factor is generally indepen-
dent of the molecular form. Areas of application of such a system can easily be found
in the field of pollution studies, where valency and complex states of trace amounts
of heavy metals are to be determined, in biomedical studies of metal intoxication and
in the field of metal-organic covalenily bound complexes.

This paper presents the results of a study undertaken in order to assess the capa-
bilities of the ICAP as a detector in HPLC. General characteristics, such as the contri-
bution to the chromatographic peak width, sensitivity, linearity and detection limits
for various elements are reported. The influence of the specific nature of the mobile
phase and of the flow-rate on these parameters has been investigated. Attention is also
given to the influence of the molecular form of the element on the sensitivity.

EXPERTMENTAL

Spectrometric equipment

The ICAP instrumentation consisied of a Plasma Atomcomp Model 96-975
(Jarrell Ash, Waltham, Mass., U.S.A.). The specifications of the relevant componenis
are presented in Table I. A Mcodel 126 lock-in amplifier (PAR, Princeton, N.Y.,
U.S.A)) in combination with a Model 7501 mechanical 400-Hz chopper (Fairlight,
Armmsterdam, The Netherlands), placed in front of the entrance slit, and a linear
potentiometric recorder (Servogor RE 511; Goerz, Vienna, Austria) were applied for
signal readout of the photomultiplier. The wavelengths of the emission lines used are
summarized in Table I1.

Chromatographic equipment

For testing the ICAP under chromatographic conditions, a constant flow pump
(Model 8500; Varian, Palo Alto, Calif., U1.S.A.), a syringe injection device {custom
built), an injection valve (HPSV 20: Chromatronix, Berkeley, Calif., US.A.) and
stainless-steel connecting tubes were used. No special minimal dead volume connec-
tion between the HPLC equipment and the nebulizer was applied. The outlet of the
injection device or columa consisted of Teflon capillary tubing (1.65 mm O.D.,
0.3 mm LD., 10 cm long) and was merely connected to the inlet side of the nebulizer
by using a piece of silicone rubber tubing (1.5 mm I.D.) as a2 collar, taking care to
obtain immediate contact between the connected capillaries.
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TABLEL ~ e L
SPECIFICATIONS OF THE ICAP INSTRUMENTATION
System Components and parameters Specification
RF generator Generator Plasma-Therm (Kresson, N.Y., U.S.A)), Model
HES-2000 D
Freguency 27.12 MYz (stability 4+ 0.05%)
Power output 0.5-2.0 kW (nominal)
Torch assembly Plasma gas tube LD 1S mm -
Aucxiliary gas tube ID. 13 mm
Sample introduction tube O.D. 7 mm tapered to 3.3 mm, I.D. 1 mm, length
200 mm
Tube materiai Clear fused quartz, General Electric Type 204
Sample introduction Nebulizer Cross-flow
system Nebulizer capillaries Glass, length 77 mm, L.D. 0.7 mm, with an orifics
diameter of 0.22 mm
Spray chamber length 150 mm, I.D. 30 mm
Readout system Monochromator 0.5-m Mark V (Jarrell Ash); Ebert mounting;
reciprocal linear dispersoin 8.5 A/mm
Photomultiplier Hamamatsu R 456, 450-950 V
TABLE I

WAVELENGTHS OF THE EMISSION LINES USED IN THIS STUDY
I = atomic line, II = ionic line.
Element Spectral line (A)

AsI 2780.22
Cul 3247.54
Fell 2599.40
Fel 3734.87
Hgl 2536.52
Mo I 2816.15
PbII 2203.53
PbI 2833.06
Sanl 2839.99

Peak-are measurements were performed with an electronic integrator (Autolab
System I; Spectra Physics, Santa Clara, Calif., U.S.A)).

In chromatographic applications, a gradient elution pumping system (Series 3;
Perkin-Elmer, Norwalk, Conn., U.S.A)), stainless-steel columns and a variable-
wavelenth UV detector (SF 770 Spectro Flow: Schoeffel, Westwood, N.Y., U.S.A) in
series with the ICAP were used

Titration procedure

To determine the iron content of several iron compounds, a back-titration
procedure was applied. Afier complexation of iron with excess of EDTA, this excess
was titrated photometrically with bismuth at pH 1.5, using 4-(2-pyridylazo)resorcinol
(PAR) as an indicator.

Chemicals
Analytical-reagent grade solvents and doubly distilled water were used. All
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iopic iron-containing solutions were acidified to pH 2 with nitric acid. The iron
carbonyl and molybdenum carbonyl compounds were chromatographically pure; the
other chemicals were of analytical-reagent grade.

RESULTS AND DISCUSSION

The ICAP was opérated under the conditions specified in Table II. These are
compromis¢: conditions for simultaneous multi-element analysis.

TABLE I

ICAP OPERATING CONDITIONS

Parameter Agueous solutions Qrganics
Forward power at generator 1.05kW 190 kW
Refiscted power at generator <I0OW <3I0W
Observation height in plasma 17 mm above coil 17 mm above coil
Plasma gas fiow-rate 20 l/min 24 I/min
Auxiliary gas flow-rate 0 I/min 0 I/min

Sample carrier gas-flow rate 0.8 I/min 0.8 I/min

Theuse of the ICAP appears to place few restrictions on the choice of the mobile
phase in reversed-phase separations with modified silica. Plasma ignition problems
appeared to arise when using methanol or tetrzhydrofuran (THF). Conceatrations
higher than 409/ methanol or 109/ THF prevented the ignition of the plasma. This
problem can be easily over come by ignition of the plasma with an ethanol-water
mixture. Once the plasma is ignited, switching to a methanol-water mixture of the
required composition can be carried out. Up to 0% (v/v) methanol in water can be
used this way, although at higher methanol conceatrations [R0%/-90% (v/v)] the
reflected power increases to 50-100 W. With 1009/ meithanol the plasma is very
unstable.

Acetonitrile, ethanol and higher alcohols can be applied up to 1009 without
serious problems. In straight-phase adsorption chromatography the choice of the
mobile phase.appeared to be very restricted. Only with xylene and toluene was a
stable plasma obtained, whereas the use of hexane and 2,2 4-irimethylpentane pro-
duced plasmas that were stable for only a short time.

Test of the ICAP as HPLC detector
Peak broadening. In order to preserve the resolution created by the HPLC

column, the peak broadening caused by the detector must be small compared with the
peak broadening caused by the column. To determine the contribution to the peak
broaidening of the complete measuring system, viz., the connecting tube, the nebulizer,
the spray chamber, the plasma torch and the signal readout devices, 1-zl samples of an
FeNH(SQ,), solution (50 ug Fe/ml) were injected by means of a precision syringe in-
jection device’. The peak broadening, determined by measuring half the peak width
at 6094 of the maxima! height of the peak and using a time constant of 9.03 sec in
the amplifier, corresponded to about 25 gl
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in order to prevent the nebulizer from becoming clogged with septum material
and to permit convenient and reproducible injections, a sampling valve was preferred
to the syringe injection device in later experiments. The value of 25 yl permitied an
injection volume of 15 gl (loop plus internal volume), without a severe injection con-
tribution to the total peak broadening.

The influence exerted by the flow-rate and the nature of the mobile phase on the
peak broadening was determined using FeNH(SO,), solutions (50 zg Fefml), ob-
serving the Fe I line.

The results in Fig. 1 indicate that the peak broadening ranges between 20 and
30 gl and does not show a sirong dependence on cither the flow-rate or the mobile
phase composition.

Peak Peak
beroadening broadening
ul + soZEwoH el
= H0
35{- s
L L 2
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Fig. 1. Influence of iire flow-rate and the mobile phase composition (at a flow-rate of 1.2 mi/min) on
the peak broadening. Emission line, Fe IT; eluent, water (pH 2).

Sensitivity. The sensitivity (S) was determined dynamically by applying the
equation

- .
S=—Q—J'Ade 6))

where W = (ul/sec) is the flow-rate, O = (ng) the sample amount, fAV/df (xV -sec)
represents the area of a chromatographic peak and S (mV-ml/ug) is the sensitivity
The sensitivity was determined in this way for several emission lines (Fe I, Fe II, Cu I,
Pb II) at various flow-rates (Fig 2), and the influence of the mobile phase composi-
tion oa the sensitivity was investigated for the Fe I emission line (Fig 3).

The results in Fig. 2 show that the sensitivity for these four emissior lines is
essentially independent of the flow-rate, especially in the range 0.8-2.0 ml/min. There-
fore, in this flow-rate range, the ICAP can be considered as a concentration-sensitive
detector. This is also confirmed by plotting the peak areas, obtained from equal in-
Jjections at different flow-rates, versus the reciprocal of the flow-rate. A linear relation-
ship is observed in the flow-rate range 0.8-2.0 ml/min. At lower flow-rates the ICAP
changes to a mass-flow-sensitive detector.



554 C.H. GAST et al.

a b
Poaic area
aw) ]
Sensitivity
Fe .
o E (arbitracy units)
1op
2T AT e PBE
-
- o Can e
”‘{ P P ST ~-e.Cul
Se -:" fe X
- T =¥~ Faf
/” )
@s i __ 15 20 mn, (T 15 20 g
yw — ml - -

Fig. 2. (a) Peak area versus reciprocal of flow-rate. Emission line, Fe II; eluent, water (pH 2). (b)
Sensitivity for the Fe I, Fe II, Cu I and Pb I emission lines at various flow-rate; using water (pH 2)
as eluent.
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Fig. 3. Sensitivity for the Fe II emission line at different flow-rates (eluent 50%; ethapol) and at
different mobile phase compositions (dow-rate 1.2 ml/min).

A similar result is obtained when 509 (v/v) ethanol in water is used as the
eluent (Fig. 3). Fig. 3 also shows that the nature and concentration of the organic
solvent has only 2 minor influence on the sensitivity, measured at 1.2 ml/min

Linecrity. One of the characteristics of the ICAP emission source is a large
linear dynamic range, permitting analyses covering a concentration range of about four
orders of magnitude. This feature did not deteriorate under the experimental con-
ditions applied herv: in testing the applicability of the ICAP as an HPLC detector.

Injection of i5-ui samples of FeNH((SO,), solutions, ranging from 0.5 to
5000 uxg Fe/ml, indicated that, for all flow-rates and mobile phase compositions
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Fig. 4. Double-logarithmic calibration graph. Emission line, Fe H; eluent, 309 (v/v) ethanol;
flow-rate, 1.2 ml/min.

tested, the calibration graphs were linear within this concentration range (Fig. 4). The
slopes of the double-logarithmic calibration graphs are slightly less than 1.00 in all
instances (Table IV). Considering the concentration range of four orders of magnitude,
this slight non-linearity is of minor importance.

Noise and detectior: limit. As the peak area in chromatography is ofien taken as
representing the amount of analyte, the integrated baseline noise must be determined®.
The standard deviation of the integrals was calculated for different integration times.
This calculation was performed with respect to a straight line fitied through these
integrals with a least-squares programme. Results obtained by this method are shown
in Table V. The standard deviations of the integrals were transformed into equivalent
standard deviations of the signal by dividing by the integration time. The results are
representative of the standard deviation in concentration vnits. From these figures,
25 detection limits were calculated, and Table V1 lists the 24 detection limits for several
elements and under various conditions.

The quantitative precision using the ICAP is affected by proportional noise.
Replicate analyses with peak-area measurements yielded a standard deviation of
about 39/, also at those high concentration levels where baseline noise has a negligible
effect. The proportional noise is also visible as an irregular peak shape in a chromato-
gram (Fig. 5). A study of the cause of and the remedies for this efiect is in progms in
our Iaboratory®.
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TABLE IV
DETECTOR LINEARITY
Mobile prase Flow-rate Emission  Concentration rarge  Slope of double-logarithmic
(mlimin) [kne (rgiml) calibretion grcph

Water (pH 2) 0.5 Fel 0.5-5000 098
Water (pH 2) 08 Fel 0.5-5000 1.00
Water (pH 2) 19 Fel 0.5-5000 098
Water (pH 2) 1.2 Fel 0.5-5000 098
Water (pH 2) 1.5 Fel 0.5-5000 0.92
Water (pH 2) 20 Fel 0.5-5000 098
Water (pH 2) 0.5 Fell 0.5-5000 0.9¢
Water (0H 2) 0.8 Fell 0.5-5000 094
Water (pH 2) 1.0 Fell 0.5-5000 055
Water (pH 2) 1.2 Fel 0.5-5000 0.95
Water (0pH 2) 15 Fell 0.5-5000 0.98
Water (DH 2) 20 Fell 0.5-5070 0.94
209, Meathano!l 12 Fell 0.5-5090 095
109, Ethanol 1.2 Fell 0.5-5000 0.96
30%; Ethanol 12 Fell 0.5-5000 097
509, Ethanol 1.2 Fell 0.5-1000 0S8
409, Acctonitrile 12 Fell 0.5-1000 0.58
109 Tetrahydroferan 1.2 Fell 0.5-1000 0.96
109 Tetrahydrofuran,

209; «thanol 1.2 Fell 0.5-10090 095
TABLE V

NOISE AND DETECTION LIMITS
Emission line: Fe IL Flow-rate: 1.2 mi/min. Elueat: water,

Integration time, Standard deviation Corresponding Standard deviation  Corresponding

AT (sec) integral, sy mimimal of voltage, mirgmal detectable
(V.sec.) detectable amount, sy (AT) (V) concentration,
Zsq(ng) 2sc (4T) (rgimi)
10 39.7-10°3 0.18 439 - 10°¢ 1.0
30 139 - 103 0.62 455 - 10-¢ 1.0
100 524 -10°% 234 582-10°¢ 1.3
TABLE VI

DETECTION LIMITS FOR VARIOUS ELEMENTS AND UNDER VARIOUS CONDITIONS
WITH AN INTEGRATION TIME OF 30 SEC

Ermriissior: line Flow-rate Eluent Minimal detectable corcentratiors,
(i) 25 (AT ) (ngml)

Fell 0.5 Water 0.7 et

Fell 1.2 Water 1.0 .

Fell 20 Water 09 _

Mol 1.2 Water 03

Cal 1.2 Water 0.6

Sall 12 Water 10.8

Pbl 1.2 Water 109

Fl 1.2 209%; Ethanol 6.1

Fell 1.2 50%, Ethanol 08

Feli 12 8074 Ethanel 1.0
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Fig. 5. Irregular peak shape due to proportional noise. Emission line, Fe IT; eluent, water (pH 2);
flow-rate, 2.0 ml/min; concentration, 50 ug Fe/ml. s

Response factors for different iron compounds
Efficient use of the ICAP in the quantitative analysis of different organometallic

complexes is facilitated when the sensitivity of the ICAP is independent of the molec-
ular form of a certain element. This was investigated for a number of difierent iron
compounds. Aqueous solutions of several iron salts and solutions of iron complexes
in ethanol were analysed with the ICAP, observing the Fe Il line. The iron content
was verified by a titration method. With iron complexes a wet destruction with con-
centrated perchloric acid—concentrated nitric acid (4:1) plus a few drops of 307,
hydrogen peroxide preceded the titration. Response factors were calculated as the
detector response per gram of iron present, relative to iron ammeonium sulphate
(aqueous solutions) or iroa acetylacetone (ethanolic solutions) (Table VII).

The results in Table VII indicate that the detector response is not entirely
independent of the molecular form. However, large differences in the response factors,
as occur for example with UV detection, were not observed. In order to obtain a better

TABLE VII

RESPONSE FACTORS FOR DIFFERENT IRON COMPOUNDS

Ironre compound Solvent Response factor
NHFe(SO): Water 1.00)

Fe(NOs)s Water 1.01 | relative to
FeCl, Water 1.01 } NHLFe(SO,):
K Fe(CN)s - Water 095

K Fe(CN)s Water 0.96 |
Fe(acetylacetone)s Ethanol 1.00 }

Ferrocene Ethanot 0.83
1-Acetylferrocene Ethanel 091 | relative to
1,1’-Dizcetylfesrocene Ethanol 1.13 § Fe(acetylacetone)s
Fe{CO)-di-(rerz.-butyl-diazabutadienc) Ethanol 1.10
FeCO)-di-(cyclobexyl-diazabutadiene) Ethanol 141
Fex(CO)s-p-talyl-NS Ethancl 0.71 |
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understanding of the (possible) influence of the molecular form on the detector re-
sponse, a more extensive study is required.

Application to chemical analysis

The use of an ICAP as a detector for liquid chromatography offers the ad-
vantages of element-specific detection combined with low detection limits for a large
number of elements. The clement specificity appears to be very helpful in organo-
metallic chemistry. The analysis of a reaction mixture containing several iron carbonyl
complexes, resulting from the reaction of iron nanocarbonyl [Fe,(CO),] and di-ferz.-
butylsulfurdiimine (R-N = S = N-R) showed a large number of components!®!!,

As can be seen from Figs. 6 and 7 even minor constituents can be identified as
iron complexes. Fig. 6 illustrates the large linear dynamic range, while Fig. 7 gives an
example of the use of 90% (v/v) methanol as the mobile phase. In the latter instance
gradiént elution was applied in order to achieve an almost complete separation of the
compozents in one run. Another applicatio.1 in organometallic chemistry is the separa-
tion of five molybdenum carbonyl compler es (Fig. 8). A gradient of 55 to 809 (v/v)
ethanol within 5 min is possible without i.apairing the detector performance.

[

4 is _ e
3
ICAP
123 : § %
/' - Fen
_JL,&_ s
i s _-// -
i ? § )
l \:J ] 6 ?
A “ ! I n = o =
2 i I 4 le
3
uv
250nm) 250:1:::2
5
S -
d LlLL \ A
7 & 73 -
U R/\J R
o s 35 MIN O E3 25 35 45 gIN

F.g. 6. Separation of iron carbonyl complexes, resulting from the reacticn of Fe,(CO),; and di-zferz.-
butylsulfurdiimine. Column, 250 x 4.6 mm LD.; mobile phase, 70 %4 (v/v) ethanol; stationary phase,
Zorbax-C8; flow-rate, 1 mi/min; UV detection, 250 nm; ICAP detection, Fe I; injection, 5zl of
reaction mixture in toluene.

Fig. 7. Separaticn of iron carbonyl complexes using gradient elution. Gradient conditions: 809
(v/v) methanol for 15 min, 20 min linear gradient of 809 (v/v) to 90% (v/v) methanol. Other con-
ditiops as in Fig. 6.
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Fig. 8. Separation of a test mixture of molybdenum carbonyl complexes using gradient elution.
Gradient conditions: 5 min linear gradient of 50 to 559 (v/v) ethanol, 5 min linear gradient of 559
{v/v) to 807, (v/v) ethanol. ICAP detection: Mo I1. Injection: 20 gl of test mixture. Other conditions
as in Fig. 6. Peaks: 1 = molybdenum tetracarbonyl bipyridyl; 2 = molybdenum tetracarbonyl
pyridinecarbaldehyde-2-isopropylimine; 3 = molybdenum tetracarbonyl pyridinecarbaldehyde-
phenylimine; 4 = molybdenum tetracarbonyl di-ferr.-butyldiazabutadiene; 5 = molybdenum
hexacarbonyl.

Fig. 9. Separation of a test mixture of arsenic compounds using dynamic ion exchange. Mobile phase:
307%; (v/v) methanol, 17; (w/w) n-hexadecyltrimethylammonium bromide, [PO,] = 0.08 M, pH = 5.
Stationary phase: Hypersil (6 um). Column, 100 X 4.6 mm LD.; flow-rate, 1.2 ml/min; UV detec-
tion, 220 nm; ICAP detection, As L Pecaks: 1 = dimethylarsinic acid, monosodium salt; 2 = di-
sodium methylarsenate; 3 = p-arsanilic acid; 4 = sodium arsenate; 5 — phenylarsonic acid.

The analysis of trace amounts of heavy metals of different valencies or complex
states is of interest in poliution or toxicity studies. Examples of such analyses are
shown in Figs. 0-11.

The separation of some arsenic compounds was performed with dynamic ion-
exchange chromatography, using a quaternary ammonium salt as an ion exchanger.
Separation systems suitable for the analysis of organomercury compounds have been
described elsewhere'?. In these cases (Figs. 9 and 10), the ICAP, when compared with
UV detection, shows a strongly enhanced sensitivity for alkyl-metal complexes. The
mercury compounds give rise to extra peak broadening in the ICAP, presumably due
to adsorption in the nebulizing system. Possibly this effect is connected with so far
unspecified problems met in the ICAP analysis of mercury.

In Fig. 11 the analysis of a petrol sample for lead compounds is shown. Use of
the UV detector results in a chromatogram with a large number of unseparated com-
ponents, whereas the ICAP detects only the four lead-containing compounds in this

chromatogram.
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Fig. 10. Separation of a test mixture of mercury compounds. Mobilé phase: ethanocl-0.05 M NaBr
(1:2), pH = 3. UV detection, 210 nm; ICAP detection, Hg L. Other conditioas as in Fig. 9. Peaks:
1 = mercury(ll) chloride; 2 = methylmercury; 3 = cthylmercury; 4 = propylmercury.

Fig. 11. Analysis of a petrol sample. Mobile phase, 75%; ethanol; flow-rate, 1.4 ml/min; UV-detec-
tion 210 nm; ICAP detection, Pb I; injection, 30 zl of petrol. Other conditions as in Fig. 6.
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Fig 12. Separation of a iest mixture of ferrocene compounds using straight-phase adsorption chro-
matography. Column, 250 X 3 mm LD.; stationary phase, silica gel Si 60 (8 um); mobile phase,
toluene; flow-rate, 1.4 ml/min; UV detection. 285 nm; ICAP detection, Fe I Pezks: 1 = fertocene;
2 = monoacetylferrocene; 3 = diacetylferrocene.



ON-LINE ELEMENT-SPECIFIC DETECTION IN HPLC 561

Applications with straight-phase adsorption chromatography are less com-
prehensive because of the limitations in thechoice of the eluent. The separation of three
ferrocene derivatives is an example of straight-phase adsorption chromatography in
which tolueen was applied as the eluent (Fig. 12).

CONCLUSION

The ICAP can easily be applied as a detector in HPLC. Element specificity is
combined with low detection limits for a large number of elements and with a wide
linear dynamic range. No serious restrictions on the flow-rate or on the mobile phase
composition in reversed-phase separations were found. Without a special design of a
minimal dead volume connection or modification of the nebulizer system, a contribu-
tion to the peak broadening of only 25 x1 was found. Adaptation of the nebulizer for
chromatographic purposes may yield a smaller peak broadening. A drawback ea-
countered in this work, with the equipment described, is the limitation to aromatic hy-
drocarbons as the mobile phase in straight-phase adsorption chromatography.
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