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THE STANDARD TEXT ON THE SUBJECT...

Chemometrics: a textbook

D.L. Massart, Vrije Universiteit Brussel, Belgium,

B.G.M. Vandeginste, Katholieke Universiteit Nijmegen, The Netherlands,
S.N. Deming, Dept. of Chemistry, University of Houston, TX, USA,

Y. Michotte and L. Kaufman, Vrije Universiteit Brussel, Belgium

(Data Handling in Science and Technology, 2)

Most chemists, whether they are biochemists, organic, analytical, pharmaceutical or
clinical chemists and many pharmacists and biologists need to perform chemical
analyses. Consequently, they are not only confronted with carrying out the actual
analysis, but also with problems such as method selection, experimental design,
optimization, calibration, data acquisition and handling, and statistics in order to obtain
maximum relevant chemical information. In other words: they are confronted with
chemometrics.

This book, written by some of the leaders in the field, aims to provide a thorough,
up-to-date introduction to this subject. The reader is given the opportunity to acquaint
himself with the tools used in this discipline and the way in which they are applied.
Some practical examples are given and the reader is shown how to select the
appropriate tools in a given situation. The book thus provides the means to approach
and solve analytical problems strategically and systematically, without the need for the
reader to become a fully-fledged chemometrician.

Contents: Chapter 1. Chemometrics and the Analytical Process. 2. Precision and
Accuracy. 3. Evaluation of Precision and Accuracy. Comparison of Two Procedures. 4.
Evaluation of Sources of Variation in Data. Analysis of Variance. 5. Calibration. 6.
Reliability and Drift. 7. Sensitivity and Limit of Detection. 8. Selectivity and Specificity. 9.
Information. 10. Costs. 11. The Time Constant. 12. Signals and Data. 13. Regression
Methods. 14. Correlation Methods. 15. Signal Processing. 16. Response Surfaces and
Models. 17. Exploration of Response Surfaces. 18. Optimization of Analytical Chemical
Methods. 19. Optimization of Chromatographic Methods. 20. The Multivariate
Approach. 21. Principal Components and Factor Analysis. 22. Clustering Techniques.
23. Supervised Pattern Recognition. 24. Decisions in the Analytical Laboratory. 25.
Operations Research. 26. Decision Making. 27. Process Control. Appendix. Subject
Index.

“ it is apparent that the book is the most comprehensive available on chemometrics.
Beginners and those more familiar with the field will find the book a great benefit
because of that breadth, and especially because of the clarity and relative uniformity of
presentation. Like its predecessor, this book will be the standard text on the subject for
some time.” (Trends in Analytical Chemistry)

1988 485 pages US$ 85.25 / Dfl. 175.00 ISBN 0-444-42660-4
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The proceedings of the 18th International Symposium on Chromatography are publish-
ed in two consecutive volumes of the Journal of Chromatography: Vols. 552 and 553.
The Preface to the proceedings only appears in Vol. 552; a combined Author Index to
both Vols. 552 and 553 only appears in Vol. 553. The proceedings are dedicated to

Professor J. F. K. Huber; on p. XV of Vol. 552 appears an introduction to his life and
work.
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PREFACE

The 18th International Symposium on Chromatography (ISC) was held in Am-
sterdam from September 23rd to 28th, 1990. During that week, over 800 delegates
met in the well known RAI Congress Centre and participated in the scientific and
social events of the 18th ISC, which was organized under the auspices of the Royal
Netherlands Chemical Society and the Chromatographic Society (UK). Some 70
lectures, over 350 posters and about 25 tutorials and seminars embodied the pro-
gramme, which, quantitatively, was at a similar level to those of the previous two
symposia in the series, Vienna (1988) and Paris (1986). Over 40 companies participa-
ted in the instrument exhibition, which was also an essential part of the programme.
The social events included a reception at the “Rijksmuseum”, where Rembrandt’s
“Nachtwacht could be admired from a distance of only a few feet, and Thursday
night’s Five Continents Party with its dancing, drinking and stimulating music.

Organizing a 5-day international symposium is a major task and chairmen have
to rely heavily on their colleagues and friends for scientific input, organizational help
and technical assistance. We were fortunate enough to find many who contributed in
one way or another, Dr. Henk Lingeman being the only one to be mentioned here in
person, because of his amazing activity in the tutorial/seminar and exhibition part of
the programme. The organizers were also happy and grateful to receive substantial
sums of sponsoring and grant money, which allowed them to bring over a number of
distinguished colleagues from the USA and Japan. It also provided them with the
opportunity to support a large number of delegates from Eastern European countries
and to offer a reduced fee to students, about 100 of whom were present at the sympo-
sium.

The past decade has seen tremendous growth, both scientifically and commer-
cially, in the field of analytical separation chemistry. This was also manifest during
the 18th ISC, as witnessed by lecture and session titles such as capillary chromatogra-
phy, separation of biopolymers, coupled-column systems (with emphasis on liquid
chromatography-gas chromatography), electrodriven separations, hyphenated tech-
niques (especially those using mass spectrometry), immunoaffinity-based sample
treatment and separations, expert systems, chemometrics and supercritical fluid chro-
matography. The many dedicated applications in, for example, the pharmaceutical,
biomedical and environmental areas, convincingly demonstrate the practicality of the
various chromatographic techniques in, often automated, routine analysis. This type
of applied research was especially in the forefront during the Wednesday morning
Roland W. Frei Memorial Session, when several of his friends and colleagues dis-
cussed topics that were near to his heart during his scientific career.

For a short time, some of us were inclined to think that the heydays of chroma-
tography were over and that, consequently, separation scientists would meet less
frequently and have less intriguing matters to discuss. We do feel, however, that the
future has many more and better things in store for all of us, as the next symposia, in
Aix-en-Provence (1992) and Bournemouth (1994), will no doubt prove. Please do
attend these meetings in due course and, for the present, enjoy reading the papers
collected in this Symposium Volume through the efforts of Dr. Erich Heftmann and
Elsevier Science Publishers.

We really enjoyed having all of you with us!

Amsterdam (The Netherlands) UDO A. Th. BRINKMAN
HANS POPPE
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JOSEF F. K. HUBER

A session at the 18th International Symposium of Chromatography was devoted
to Josef Huber’s 65th birthday on January 1st, 1990 (Josef likes to have things done
early), and the proceedings volumes have been dedicated to him in recognition of his
contribution to the field.

Josef’s activities certainly have had a large impact on the development of ana-
lytical chemistry and especially chromatography during the last 30 years. His name is
strongly associated by many with the inception and development of what is now
known as high-performance liquid chromatography (HPLC).

Josef has been around for a long time in the field of chromatography. His
Thesis, at Innsbruck University, was on a gas chromatographic method for the deter-
mination of adsorption isotherms. This subject already revealed his interest in the
physico-chemical phenomena occurring in, and made accessible by, chromatography.
Later, while working at Eindhoven University of Technology and University of Am-
sterdam, this same fundamental approach, now in the field of the dynamics of sep-
aration, allowed him to indicate very precisely the route towards more efficient sep-
arations by liquid chromatography. He was one of those early workers who realized
that small particles are the essence of this work and he was prepared to work himself
through the experimental difficultics that seemed to block the way to implementation.

His activities were recognized early in those days. We remember the years
around 1970, when for us in Amsterdam he appeared to be more often on lecture
tours than active in the laboratory. During these years he acquired a broad view and a
deep ‘nsight into analytical chemistry as a whole. This allowed him, we think more
than other workers of similar stature, to be not only a specialist in the chroma-
tographic process, but also to have a great influence in other fields where he did not
claim to be an expert.

Thus, during these same years he published on detectors for LC, still a central
topic in modern developments; on peak capacity and information flow; on concepts
from chemometrics, long before this word was known; on pre- and post-column
derivatizations, also still a topic of current interest. In addition he had a clear insight
into the vital importance of LC in various pharmaceutical, biomedical, environmen-
tal and industrial areas, and directed his various research groups in the right direc-
tions. Numerous workers, now well known and having their own research groups,
were put on the right track, not necessarily chromatographic, by Josef.

Born a mid-European, he was aware of the cultural and scientific homogeneity
of Europe. Through the days of the cold war he maintained scientific contacts with
Eastern Europe. We believe we speak on behalf of the analytical chemists in that part
of the world when we honour him for his activities in this respect during the course of
many years.

Last but not least, his character and perhaps his roots in the old nation of
Austria made him a gentleman in the best and proper sense of the word. The hectic,
hard, and sometimes aggressive life in such a competitive science as analytical chem-
istry never corrupted his ‘savoir vivre’, honesty and sincerity.

Since 1990 he enjoys a pension from several universities, that owe him more
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than that. Many other universities, envious of them, have recognized his merits with
doctorates honoris causa.

We wish him a fruitful continuation of his scientific activities, but above all we
wish Josef and Sepha good health and happiness for many years to come.

HANS POPPE
UDO A. Th. BRINKMAN
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Retentions of alkyloxazoles and alkylthiazoles and their
prediction based on non-linear additivity concepts in gas
chromatography

R. V. GOLOVNYA*, 1. L. ZHURAVLEVA, E. V. YAKUSH and V. V. SCHENDERJUK

A. N. Nesmeyanov Institute of Organo-Element Compounds, USSR Academy of Sciences, Vavilov st., 28,
Moscow (USSR)

ABSTRACT

The gas chromatographic (GC) behaviour of 39 alkyloxazoles and alkylthiazoles was studied on
three capillary columns with OV-101-KF, Triton X-305-KF and PEG-40M-KF. The regularities in the
thermodynamic characteristics of sorption of azoles having O or S atoms were established. Energy contri-
butions of methyl, ethyl and propy! groups to the partial molar free energy of sorption of alkyloxazoles and
alkylthiazoles were determined. It was found that the contributions of the same alkyl group are different
and dependent on the nature of the heterocycle and the position of the alkyl group with respect to the
heteroatoms in the azole ring. Two methods for the prediction of retention indices on the basis of the
analogy of the GC behaviour of azoles and inconstancy of the contributions of the same alkyl groups are
given. The predicted retention indices are in good agreement with the experimental values.

INTRODUCTION

Computer programs using sorption-structure correlations considerably in-
crease the number of substances that can be identified [1]. In the development of such
programs for the determination of heterocyclic compounds, it is necessary to take
into account the influence of the nature of the héterocyclic ring and substituents on
sorption properties of substances [1-4]. It has recently been shown that one can
predict retention indices of methylpyridines and methylpyrazines in capillary chroma-
tography by taking into account various values of the energy contribution of the same
molecular fragment situated in the different positions on the heterocyclic ring [5]. This
approach was applied to the prediction of the retention indices of alkylthiazoles on
packed columns [6].

Alkyloxazoles and alkylthiazoles with analogous molecular structure have simi-
lar physico-chemical properties [7,8]. Some alkyloxazoles and alkylthiazoles have
been characterized by retention index values [6,7,9,10] but these data are not sufficient
to predict the gas chromatographic (GC) behaviour of a wide range of substituted
compounds.

The purpose of this work was to compare the partial molar free energies of

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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sorption of alkyloxazoles and alkylthiazoles analysed on capillary columns of differ-
ent polarity, to determine and compare the contributions of methyl, ethyl and propyl
groups to the sorption energy of azoles depending on the nature of the heterocycle
and the position of the alkyl group with respect to N, O and S heteroatoms and to
search for a scheme for the calculation of retention indices of alkyl-substituted ox-
azoles and thiazoles on the basis of the correlation established.

EXPERIMENTAL

Alkyloxazoles and alkylthiazoles were analysed using a Carlo Erba Mega 5300
gas chromatograph with a flame ionization detector at 110°C, equipped with three
glass capillary columns (50 m x 0.3 mm L.D., film thickness 0.4 um) with OV-101-
KF, Triton X-305-KF and PEG-40M—KF as the stationary phases. Potassium fluo-
ride was used to suppress the adsorption of organic bases on the surface of the
column and enhance the efficiency of GC separation. It has also been found that
potassium fluoride is capable of interacting with organic bases via a donor—acceptor
mechanism [11]. Columns were prepared as described previously [12].

For the OV-101-KF column the coating efficiency (CE) calculated for n-tride-
cane at 110°C was 80%. To determine the CE value the equation

CE = 2% - 100% )

Aineor

was used, Where Aexp and Ayneor are the numbers of theoretical plates calculated from
experimental data and the theory of capillary chromatography, respectively.

For the Triton X-305-KF and PEG-40M-KF columns the CE values were 70%;
calculations of CE were made for n-heptadecane at 120°C.

Substances were analysed as 1% solutions in pentane. Sample volumes were
0.1-0.2 pl. The samples were injected into.the capillary column through a splitter
(50:1). Helium was used as the carrier gas. The 39 compounds involved in this study
were oxazole, thiazole and mono-, di- and trisubstituted oxazoles and thiazoles with
methyl, ethyl and propyl groups in different positions on the heterocyclic ring. The
values of retention indices [13] were calculated with respect to Cs—Cy ¢ n-alkanes. The
reproducibilities of retention indices averaged over three to ten measurements were
within 2 i.u. for each of the 39 azoles.

RESULTS AND DISCUSSION

Oxazoles and thiazoles are five-membered aromatic heterocyclic molecules with
two heteroatoms, viz., N and O and N and S, respectively. The basic properties of
these compounds arise from the presence of the N atom in the oxazole and thiazole
rings. At the same time the O and S atoms produce a significant effect on the basicity
and other physico-chemical properties of oxazoles and thiazoles, such as the polariz-
ability and the dipole moment of the molecule [7,8,14]. As a result, oxazoles and
thiazoles of similar structure should show different sorption thermodynamic charac-
teristics. As the mass of a sulphur atom is twice that of oxygen, the energy of dis-
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persive interaction of alkylthiazoles with stationary phases should be higher than that
of corresponding alkyloxazoles.

The analogy of the GC behaviour of oxygen- and sulphur-containing aliphatic
compounds such as alcohols and thiols or ethers and sulphides has been observed
previously [15]. Equations to calculate retention index values of one analogous sub-
stance from the retention indices of another have been given [15]. We have studied
alkyloxazoles and alkylthiazoles with analogous structures. The difference between
the partial molar free sorption energies of an alkylthiazole (Tz) and an alkyloxazole
(Ox) of analogous structure, §4G(S,0), can be calculated using the equation

V(Tz)
= — = — l L
04G(8,0) = AG(Tz) — AG(Ox) RT In [Vg(Ox)J )
where V, is the specific retention volume of the compared compounds.

As the comparison of sorption properties was performed on the same column
under the same conditions, eqn. 2 becomes

{(Tz)
£(Ox)

54G(S,0) = —RTln[ 3)

where ¢ is the adjusted retention time of compared compounds.

The 54G(S,0) values obtained are given in Table 1. According to these values,
the pairs of Tz and Ox analogues can be divided into two groups: di- and trisubstitut-
ed compounds with the alkyl substituent in the 2-position on the heterocycle (pairs
1-16) and compounds having no substituent in this position (pairs 17-19). Thus, for
the OV-101-KF column the average value of 04G(S,0) is —3.04 kJ/mol for 2-alkyl-
substituted compounds and —3.63 kJ/mol for compounds unsubstituted in the 2-
position. On the polar columns the average values of 64 G(S,0) for the two groups of
analogues differ more sharply (see Table I).

It should be noted that the 2-position in the molecules of studied compounds
plays a peculiar role in thiazoles and oxazoles [7,8]. It is the preferred position in
nucleophile substitution reactions because of the relatively large positive charge den-
sity on the C-2 atom [16]. Therefore, an H atom in the 2-position has relatively high
acidity [8]. The 64G(S,0) values obtained (Table I) also reflect the presence of an
activated H-2 atom capable of donor-acceptor interactions, including hydrogen
bonding, with stationary phases. The 64G(S,0) values for compounds with a 2-H
atom are always higher than those for 2-alkyl-substituted azoles.

The data on the change in sorption energy of azoles allow a linear correlation
between retention index values for alkyloxazoles ({ox) and alkylthiazoles (Ir,) with
analogous structures. Thus, the retention indices of di- and trisubstituted alkyloxa-
zoles having an alkyl substituent in the 2-position on the heterocycle can be calculated
according to the following equations: ‘

for OV-101-KF:
Iox = 1.01I;, —163 4)
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TABLE 1

DIFFERENCE IN PARTIAL MOLAR FREE ENERGIES OF THE SORPTION OF ALKYL-
THIAZOLES AND ALKYLOXAZOLES WITH ANALOGOUS STRUCTURE, 84G(S,0), ON
THREE CAPILLARY COLUMNS AT 100°C

No. of  Compared pair? 84G(S,0) (kJ/mol)
pair R; N
[ R OV-10I-KE  Triton PEG-40M-KF
Ry X R4 X-305-KF
R, R, R,

1 Me H Me 3.13 3.50 3.53

2 H Me Me 3.13 3.35 3.23

3 Me H Et 3.02 3.47 3.42
4 Et H Me 3.05 3.44 3.32

5 Me Me Me 3.05 3.23 3.23

6 H Me Et 3.04 3.25 3.31

7 H Et Me 3.15 3.34 3.25

8 Me H Pr 3.02 3.47 3.40

9 Et H Et 2.98 3.26 3.25
10 Pr H Me 3.05 3.47 3.35
11 Me Et Me 2.96 3.43 3.34
12 Me Me Et 3.00 3.27 3.22
13 H Et Et 2.94 343 3.31
14 Me Pr Me 3.08 3.58 3.50
15 H Et Pr 2.96 3.47 333
16 Me Pr Et 3.01 3.55 3.44
Average 3.04 3.41 3.34
17 H H H 3.68 437 4.29
i8 H Me H 3.60 4.22 4.11
19 Me Me H 3.55 4.12 4.01
Average 3.63 4.24 4.14

aX = O for oxazoles and S for thiazoles. Me = Methyl; Et = ethyl; Pr = propyl.

for Triton X-305-KF:
I, = 0971, —138 (5)

for PEG-40M—-KF:
Io, = 0.985I;, — 164 (6)

The calculated and experimental values of Io, are compared in Table II. The experi-
mental retention indices of alkylthiazoles applied for the determination of the coeffi-
cients in eqns. 46 are also given. The standard deviation of the calculated and experi-
mental values of Io, (see Table II) is 2.4-5.7 i.u., depending on the polarity of the
columns.

Another scheme for the prediction of the retention indices of azoles was found
using the energy contributions of alkyl groups to the sorption energies of alkyl-
oxazoles and alkylthiazoles. The energy contribution of an alkyl group, 4G*', was
determined according to the following equations from the sorption energies of two
compounds, one containing an alkyl group and the other not:
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AGM = AG(AIKOX) — AG(Ox) = —RT In [%x_)] v
AGM* = AG(AIKTZ) — AG(Tz) = —RT In [%J (8)

where ¢ (AlkOx) and ¢ (Ox) are the adjusted retention times of oxazoles containing
and not containing an alkyl group, respectively, and ¢ (AlkTz) and ¢ (Tz) are corre-
sponding values for thiazoles.

For the comparison of the AG*™* contributions of the same alkyl group located
at different positions in the oxazole and thiazole molecules, the following indications

are accepted because any substituent is in an a-position with respect to one or two
heteroatoms:

Xy ' 'l\] Oy | T‘
GoI &@ O-%I s/j\%v@

The values of AGA™ for methyl, ethyl and propyl groups calculated according to
eqns. 7 and 8 in Table III. When eqns. 7 and 8 could not be used because of the
absence of standard substituted oxazoles and thiazoles, more complex schemes were
applied (see Table ITI). The contributions of “independent” methyl and ethyl groups
calculated from the adjusted retention times of toluene and benzene or ethylbenzene
and benzene are also given in Table III.

The comparison of the alkyl group contributions in substituted oxazoles and
thiazoles (see Table III) shows that maximum AG** values are observed for the
groups in the 5-position (xg in oxazole and as in thiazole). Moreover, on the non-
polar OV-101-KF column the alkyl contributions for &y and os positions do not
depend on the nature of the heterocycle, and are equal —2.16 and — 2.10 kJ/mol for
methyl groups in oxazole and thiazole, respectively. It should be noted that the 4GMe
values for ao- and ag-positions are slightly higher than the contribution of the “inde-
pendent” methyl group in toluene (see Table III).

On transferring any substituent from a o~ OT ag-position to the ax-position in
an oxazole or thiazole molecule, an g-effect [17] becomes pronounced, i.e., a sharp
decrease in the alkyl group contribution arising from its interaction with the N heter-
oatom is observed. It is interesting that on non-polar and intermediate-polarity col-
umns the AG*™ values for the an-position of oxazoles and thiazoles are almost equal
(Table III). For example, the AGM(ay) values on the OV-101-KF column are —1.44
and —1.43 kJ/mol for oxazoles and thiazoles, respectively; these values are close to
the contribution of methyl group in a-picoline [5]. A difference in the AG(ay)
contributions for oxazoles and thiazoles appears only on the polar PEG-40M-KF
column (see Table IIT).

The values of the contributions of alkyl groups situated in an ay o- or N §-
position, i.e., between the two heteroatoms, depend essentially on the nature of the
heterocycle. This dependence manifests itself very clearly on all columns (Table TTI).
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GC RETENTIONS OF ALKYLOXAZOLES AND ALKYLTHIAZOLES It

The contribution of any alkyl group in an ay o-position in oxazole is considerably
greater than that of the same group in an ayg-position in thiazole. Thus, on the
non-polar OV-101-KF column the value of 4G™*(ay0) is —1.69 kJ/mol but AGMe
(ans) is only —1.11 kJ/mol. On polar columns the difference in the on,o and oy g
contributions of the alkyl groups increases. This can probably be explained by the
different dipole moments of oxazole and thiazole molecules [14].

With 4,5-dimethylthiazole and -oxazole, an ortho-effect of methyl groups is
observed, as shown in Table III. This means that the total contribution of two vicinal
methyl groups is higher than the sum of two methyl contributions in 4- and S-methyl-
azoles. Under the influence of the two heteroatoms the ortho-effect in 4,5-dimethyl-

“oxazole and -thiazole is less pronounced than in o-xylene (Table IIT) and in 3,4-
dimethylpyridine [5].

The data in Table ITI, reflecting the inconstancy of the contribution of the same
alkyl group because of a-and ortho-effects, were used to predict the retention indices
of nineteen alkyl-substituted oxazoles and thiazoles other than those listed in Table
III. For this purpose oxazole, thiazole and Cs-C,6 n-alkanes were analysed simulta-
neously under identical GC conditions. The sorption energies, AG’, were calculated
with the equation [18]

4G = —RT In ¢ 9)
where ' is the adjusted retention time of the compound.

The general schemes for the calculation of the sorption energy of alkyloxazole,
4G, and alkylthiazole, 4G%, to predict retention indices can be formulated as fol-
lows: ’

4Gy = AG(0x) + 4G (06,0x) + AG (o, 0x) +

AGM(on,0,0%) + AGM(ortho-effect,0x) (10)

4Gy = AG(Tz) + AG(0s,Tz) + AG(an,Tz) +

4G (ans,Tz) + AGM(ortho-effect, Tz) (1)

where AG’ (Ox) and 4G’ (Tz) are sorption energies determined according to eqn. 9 for
oxazole and and thiazole respectively, AGA' are the contributions of alkyl groups in
different positions of the heterocycle and AGMe (ortho-effect) are the additional sorp-
tion energies arising from the vicinal position of two methyl groups.

The 4G} and 4G, values obtained were converted into retention index units,
using the equation given in ref. 19:

C/
A4Gi = —RT | d + b(L/100) + ——nu——
G [a + b(5/100) + I.-/100+d’:l (12

where @', b', ¢ and d’ are coefficients determined from values of ¢ for standard
n-alkanes, AG; is the calculated free energy of sorption of a substance i and I, is the
retention index sought.
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Retention index values calculated by eqn. 12 for alkyloxazoles and alkyl-
thiazoles are given in Table TV. The average errors of calculation are 3—4 i.u. With the
polar columns the accuracy of prediction of retention indices with eqns. 10 and 11 is
slightly higher than that when using the analogy of the GC behaviour of thiazoles and
oxazoles (eqns. 5 and 6 and Table II).

In conclusion, the thermodynamic sorption characteristics of alkyloxazoles and
alkylthiazoles on columns of different polarity were compared. The regularities estab-
lished were used to confirm two methods for the prediction of retention indices based
on the analogy of the GC behaviour of S- and O-containing azoles and on the un-
equal energy contributions of identical alkyl groups. The prediction ability of the
methods was found to be accurate within 1% of the mean retention index value (see
Tables II and TV). The predicted retention indices of mono-, di- and trisubstituted
oxazoles and thiazoles can be used to increase the data bank for computer identifica-
tion of complex mixtures of nitrogen-containing bases.
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ABSTRACT

The electrostatic retention model is extended to predict the retention changes of monoprotic weak
acids and bases as the eluent pH and the mobile phase concentration of the ion-pairing reagent are varied
simultaneously in reversed-phase high-performance liquid chromatography. At constant ionic strength
and organic modifier concentration, the magnitude of solute retention shifts can be predicted from the
model equations using a very limited set of experimental data. The effect of the eluent pH on the adsorption
of the sodium octylsulphonate pairing ion and the surface potential was studied. Predictions from the
model were compared with experimental retention data and good agreement was found for both oppositely
and similarly charged solute ion — pairing ion combinations. The advantages and limitations of applying

the electrostatic retention model in the optimization of ion-pair chromatographic separations are discussed
in detail.

INTRODUCTION

In reversed-phase high-performance liquid chromatography (RP-HPLC) the
variation of eluent pH and/or the concentration of the organic modifier often leads to
satisfactory separations of mixtures of weak organic acids and/or bases. However,
when these components are accompanied by solutes of other charge type (strong acids,
bases or non-ionic components) and relative hydrophobicity, one may need to add
ion-pairing reagents to the eluent in order to achieve the proper separation of all
components of interest.

Owing to the increased number and interdependence of mobile phase variables,
the selectivity optimization of such ion-pair chromatographic (IPC) separations can
become a complex task. The successful optimization of the separations precludes the
correct selection of the initial value(s) and range of eluent variables (i.e., the
optimization parameter space) [1-4] where the search for the optimum conditions will
be performed. In contrast to regular RPC systems, this is not a trivial task in ion-pair

0021-9673/91/$03.50 - - © - 1991 Elsevier Seience Publishers B.V.
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chromatography and it often requires a large number of preliminary experiments. The
number of the initial chromatographic runs could be reduced if the solute retention
shifts, caused by the addition of pairing ions, could be predicted.

A number of retention models [5-8] have been suggested in RP-IPC to describe
the capacity factor (k') of ionizable solutes when an ion-pairing reagent is added to the
eluent at various pH values. However, in order to elucidate the retention-modifying
effect of the pairing ion, the dynamic ion-exchange [5] constants, the ion-pair
formation or adsorption constants [6] for each solute ion or the parameters of the
assumed Freundlich-type pairing ion adsorption [7] must determined. As a result,
these models require a large amount of experimental data determined under widely
varying chromatographic conditions to predict solute retention changes.

Stahlberg and co-workers developed an electrostatic theory for reversed-phase
jon-pair chromatography [9-11] which has been successfully used to account for the
effect of the type and concentration of the inorganic counter ions [12] and the organic
modifier(s) [13]. The electrostatic retention model gives a physically consistent
description of the retention processes and it allows practical equations to be derived to
determine the retentions of fully ionized solutes (i.e., strong acids and bases) from very
few experimental data [14].

In this study, the electrostatic model was used to describe the retention of
monocharged weak acids and bases as the eluent pH and the concentration of the
ion-pairing reagent are varied simultaneously. A set of equations was derived to
predict the direction and magnitude of retention changes for both oppositely and
similarly charged solute ion-pairing ion combinations. Predictions from the theory are
compared with experimental retention data and it is shown that the equations can be
used to predict the solute retention shifts (assuming that the charge type of the solutes
is known) from a very limited set of experimental data.

THEORY

In reversed-phase chromatography, the capacity factor of partly ionized solutes
(k.) can be expressed as the sum of the capacity factors for the charged (ki) and the
uncharged species (ko), multiplied by the corresponding equilibrium fraction (f)

ke = (1 = ko + fki )

The addition of an ion-pairing reagent to the eluent will primarily influence the
retention of the ionized form of the solute. The basic assumption of the electrostatic
retention model of RP-IPC [9-11] is that the adsorbing pairing ions and the counter
ions form an electrical double layer at the stationary phase surface and create
a difference in the electrostatic potential (o) between the stationary phase and the
bulk mobile phase. According to the theory, the capacity factor of the fully ionized
solute (k}) of charge z; is given as

ki = ko exp(—z; F o/RT) (2

where kj; is the capacity factor of the fully ionized form of the solute in the absence of
pairing ion, Fis the Faraday constant, i, is the difference in the electrostatic potential



ELECTROSTATIC RETENTION MODEL OF ION-PAIR HPLC 15

between the surface of the stationary phase and the bulk mobile phase, R is the gas
constant and T is the absolute temperature.

The fraction of ionized components (A ~) for monoprotic weak acids (HA) is
defined as

f=A){AT) + (HA)} ©)
and it can be expressed using the acid dissociatioﬁ constant (K,) of the weak acid as
f = KJ(K, + [H*]) 4)
where [H™] is the hydrogen ion concentration. For monoprotic weak acids (z; = —1),

the substitution of eqns. 2 and 4 into eqn. I results in

i+ K/ Tkox-exp(Fo/RT) )
e L+ (K/H*)

where kj, is the capacity factor of the non-ionized form of weak acid HA and kg, - is
the capacity factor of the ionized form in the absence of pairing ion,

Similar reasoning can be used to derive the corresponding equation for
monoprotic (z; = +1) weak bases (BH™)

8 + [H"]/Kkopu-exp(— Fiyo/RT) ©)
I+ (H")/K,)

’
kbase =

where kj is the capacity factor of the non-ionized form of weak base B and kjgy+ is the
capacity factor of the ionized form in the absence of pairing ion.

In the absence of pairing ions, Y is defined to be Zero, i.e., the exponential term
equals one. As a result, eqns. 5 and 6 reduce to the well known expressions developed
for the regular reversed-phase chromatographic mode [15]. The above model assumes
that the ion-pairing reagent is fully ionized throughout the pH range used (i.e.,
za = =x1). The electrostatic potential has positive values (Yo > 0) for positively
charged and negative values (i, < 0) for negatively charged pairing ions. It is also
assumed that the capacity factor of both the ionized (ko;) and the non-ionized form
(ko) of the solute are constant and independent of the concentration of the pairingion.
The effect of the pairing ion on kj, is usually negligible compared with its influence on
koi, as a first approximation.

The organic modifier content and the ionic strength of the mobile phase
influence the capacity factor and the protonation constant of the solutes, in addition to
the electrostatic potential (if a pairing ion is present). To allow for a meaningful test of
the model equations, the above two variables were kept constant throughout this
study.

EXPERIMENTAL

All test compounds were of analytical-reagent grade and were obtained from
different suppliers. Buffer components and sodium bromide were obtained from
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Reanal (Budapest, Hungary) and sodium octylsulphonate from Merck (Darmstadt,
Germany).

The eluents contained 10% (v/v) methanol, aqueous phosphate or citrate or
acetate—malonate buffer and sodium bromide. Eluents with constant ionic strength
(0.1 M) and varying pH values between 2:5 and 6.5 were prepared by titrating eluent Ai
(Al = 20 mM H3PO,-80 mM NaBr; A2 = 20 mM citric acid—-80 mM NaBr; A3 =
10 mM acetic acid—10 mM malonic acid-80 mM NaBr) with eluent Bi (B1 = 10 mM
NaH,PO,~10 mM Na,HPO,~50 mM NaBr; B2 = 20 mM trisodium citrate—20 mM
NaBr; B3 = 10 mM sodium acetate-10 mA/ malonic acid—20 mM NaOH-50 mM
NaBr). When 5 mM sodium octylsulphonate was used as ion-pairing reagent, the
sodium bromide concentration was decreased by the same amount in each eluent.

An LC 5600 liquid chromatograph, UV (set to 254 nm) and RT detectors (all
from Varian Aerograph, Walnut Creek, CA, U.S.A.) equipped with two Model 7010
injection valves (Rheodyne, Cotati, CA, U.S.A.) were used. The analytical column was
packed with 5-um Hypersil ODS (200 mm x 4.6 mm 1.D.; Shandon, U.K.). The set-up
of the equipment allowed for the simuitaneous determination of solute capacity factors
and pairing ion adsorption data [16]. The temperature was kept at 25°C. The eluent pH
was measured with a glass electrode (Radelkis, Hungary) calibrated for aqueous
standard solutions. Model calculations were performed on an IBM AT compatible
computer (MS DOS 4.0, 1 MB RAM, 20 MB hard disk).

RESULTS AND DISCUSSION

Effect of eluent pH on surface potential

In order to test eqns. S and 6, one must determine not only solute capacity
factors, but also the value of the difference in the electrical potential created by the
presence of the pairing ion. In practice, eqn. 2 can be rearranged and used to calculate
the actual o values from the k' data for a fully ionized solute measured in the absence
(ki;) and in the presence (ki) of the pairing ion of charge z,

(@F)[(RTWo = —In (kifko:) M

The capacity factor data for the strong base dopamine (z; = + 1) were used for
the calculation of o in the pH range 2.5-6.5. The results are summarized in Tablel. It
can be seen that the resulting electrical potential is virtually independent of the
variation of the eluent pH between 2.5 and 6.5.

The experimental adsorption data of the sodium octylsulphonate ion-pairing
reagent are also included in Table I. The surface concentrations were determined from
the breakthrough curves of the pairing ion, i.e., from experiments independent of the
capacity factor measurements used for the calculation of the ¥, data. The break-
through curves were recorded at each pH value on the freshly regenerated column [16]
prior to the measurements of k' data. The adsorption data show a slight decrease at
higher pH values, which is just the opposite behaviour compared with the changes in k'
values for the positively charged dopamine. This indicates a slightly increasing
negative (repulsive) electrical charge on the surface of the silica-based stationary
phase, which can be associated with dissociation of surface silanol groups. However,
the relatively constant level of the pairing ion adsorption and the corresponding
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TABLE I

ELUENT pH V'S. CAPACITY FACTOR DATA FOR THE STRONG BASE DOPAMINE (pK = 8.80)
IN THE ABSENCE (k;;) AND IN THE PRESENCE (k) OF PAIRING ION, THE SURFACE
POTENTIAL () CALCULATED FROM EQN. 7 AND THE ADSORPTION DATA (n,) OF
SODIUM OCTYLSULPHONATE CORRESPONDING TO 5 mM MOBILE PHASE CONCENTRA-
TION

See Experimental for other conditions.

PH Kk K Yo (V) n, (umoljg)
2.5 1.50 17.39 —62.8 78.6
3.5 1.56 18.45 —63.3 78.4
4.5 1.55 18.64 —63.8 78.5
5.5 1.65 19.34 —63.1 77.4
6.5 224 19.42 —554 73.1

surface potential suggests that the effect of the dissociation of the silanol groups is still
negligible. At higher pH values the effect of dissociating silanol groups on the
adsorption of positively charged lon-pairing reagents may become more significant
[5,17,18].

The level of the surface concentration (78 umol/g) of the sodium octylsulphonate
and the resulting average surface potential (=62 mV) both fall in the region where the
linearized retention equation of the electrostatic retention model (i.e., eqn. 2) can be
applied [19]. The capacity factor of the fully ionized dopamine increases by a factor of
11 when 5 mM pairing ion is added to the eluent. Practical chromatographic work is
often performed under conditions similar to those used in this study, providing data
for a realistic test of the suggested equations.

Comparison of experimental and theoretical retention behaviours of ionic solutes

The capacity factor (k') vs. eluent pH data for the positively charged (z; = +1)
octopamine and the negatively charged 6-hydroxynaphthalene-2-sulphonic acid (zi =
~1) are shown in Figs. 1 and 2. Data points measured in the absence and in the
presence of 5 mM sodium octylsulphonate are represented by filled squares and circles,
respectively.

The retention data of both solutes drift slightly with increasing eluent pH.
However, as a first approximation the capacity factors in the absence of pairing ion
(ko) can be considered constant. Generally, with careful selection of the stationary
phase and the buffer system, close to ideal retention behaviour can be obtained for
strong acids and bases [3]. This idealized behaviour is represented by the dashed lines,
which were placed as close as possible to the experimental points at an arbitrary level
along the k' axis. For fully ionized solutes eqn. 2 is used (instead of eqn. 5 or 6) to
calculate the change in capacity factors when a pairing ion is added to the eluent. The
use of eqn. 2 requires a knowledge of k; and the surface potential corresponding to the
given pairing ion concentration. The results in Table I indicate that one can use an
average value for ¥, independent of the eluent pH.

The solid lines in Figs. 1 and 2 represent &’ data which were calculated from
eqn. 2, using only the k%, value of the solutes (dashed line) and an average value
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Fig. 1. k" vs. pH data for positively charged octopamine in (M) the absence and (@) the presence of sodium
octylsulphonate (5 mM) pairing ion. The theoretical retention plot in the presence of the pairing ion (solid
line) was calculated from eqn. 2 (z; = +1, Fijo/RT = —~2.398), assuming idealized retention behaviour
(dashed line) in the absence of pairing ion, i.e., constant kg, = 0.59. Column, Hypersil ODS; eluent 10%
(v/v) methano!l in 20 mM aqueous phosphate buffer containing sodium bromide (constant 0.1 M ionic
strength); temperature, 25°C.

Fig. 2. k' vs. pH data for negatively charged 6-hydroxynaphthalene-2-sulphonic acid ((HN2SA) in (W) the
absence and (@) the presence of sodium octylsulphonate (5 mM) pairing ion. The theoretical retention plot
in the presence of the pairing ion (solid line) was calculated fromeqn. 2 (z; = —1, Fyo/RT = —2.398),
assuming idealized retention behaviour (dashed line) in the absence of pairing ion, i.e., constant ki), = 5.2.
Other conditions as in Fig. 1.

(—62 mV) for the surface potential, determined from the k' data for dopamine (cf.,
Table I). Compared with the size of the retention changes, remarkably good agreement
is found between the experimental and calculated k' data both for increasing (Fig. 1)
and decreasing (Fig. 2) solute retention.

The capacity factor vs. pH data for a weak base (adenine) and a weak acid
(2,4-dihydroxybenzoic acid) are shown in Figs. 3and 4. In the absence of a pairing ion,
at pH 2.5, adenine is protonated (pK 4.12) and it has a lower retention (kp;) than its
non-ionic form (kp) at pH 6.5. On the other hand, the retention of 2,4-dihydroxy-
benzoic acid is lower at high pH where the carboxyl group is fully disseciated (pK, =
3.21). The experimental k' data for both solutes (filled squares) follow the S-shaped
pattern well known in reversed-phase chromatography. The theoretical k' data (dotted
lines) were calculated from eqns. 5 and 6 assuming a zero value for the surface
potential. It is important to note that only two experimental ko:, ko data measured at
the two limiting pH values and the literature pK values of the solutes were used in the
calculations, i.e., no curve fitting was applied.

When the eluent contains 5 mM sodium octylsulphonate as a pairing ion, at low
pH the k' (filled circles) of the positively charged adenine increases from 2.07 (ko) to
20.4 (Kpse). This value is 2.5 times higher than the retention of the uncharged form
(ki = 8.2) of adenine. Owing to the increased negative surface potential in the presence
of the pairing ion, the retention of 2,4-dihydroxybenzoic acid decreases dramatically
and it elutes close to the column dead volume (kjq = 0.05) at high pH. The larger
deviation between the predicted and experimental points at k' < 0.5 may be attributed
to the error in measuring short retention times.



ELECTROSTATIC RETENTION MODEL OF ION-PAIR HPLC 19

100.00 100.00

10.004

x 10.00 * 1.004
e 0.10-
o .
1.00 0.01 T T T —
2 3 A 5 A 7 2 3 4 5 6 7
pH pH

Fig. 3. k' vs. pH data for the weak base adenine (z: = +1)in (B) the absence and (@) the presence of sodium
octylsulphonate (5 mM) pairing ion. The theoretical retention plots in the absence (dashed line) of the
pairingion (o = 0)and in the presence (solid line) of the pairing ion were calculated from eqn. 6 (pK =4.12,
ky = 8.2, ki, = 2.07, zFo/RT = —2.398). Other conditions as in Fig. 1.

Fig. 4.k’ vs. pH data for the weak acid 2,4-dihydroxybenzoic acid (2,4-DHBA) in (B) the absence and (@)
the presence of sodium octylsulphonate (5 mM) pairing ion. The theoretical retention plots in the absence
(dashed line) of the pairing ion (¥ = 0) and in the presence (solid line) of the pairing ion were calculated
fromeqn. S(z; = —1,pK = 3.2, ky = 18.5, k), = 6.85, Fiyo/RT = —2.398). Other conditions as in Fig. [.

The simultaneous effect of pairing ion addition and pH variation was calculated
again from eqns. 5 and 6 (solid lines). The theoretical predictions use the pK,, kj and
ki values as described above; only the average value determined for the surface
potential is introduced. None of the experimental &’ data measured in the presence of
the pairing ion (filled circles) were used for fitting the curves. It can be seen that the
direction and magnitude of the retention changes caused by the pairing ion addition
are predicted correctly by the theory.

In Fig. 5the &' vs. pH data for p-aminophenol are shown in three different buffer

10.00
. L ?
[ ]
.
. |
x 1,00+ S
-",.' g
a .-"’
g -
0.10 T T T |
2 3 4 5 6 7
pH

Fig. 5. k' vs. pH data for the weak base p-aminophenol (z; = + 1) in (&) the absence and (@) the presence of
sodium octylsulphonate (5 mM) pairing ion. The theoretical retention plots in the absence (dashed line) of
the pairing ion (fo = 0) and in the presence (solid line) of the pairing ion were calculated from eqn. 5 (pK =
5.38,ky = 1.7, ko = 045, Fpo/RT = —2.398). Eluent, 10% (v/v) methanol in aqueous 20 mM phosphate,
citrate or acetate-malonate buffer, containing sodium bromide (constant 0.1 M ionic strength). Other
conditions as in Fig. 1.
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TABLE 11

EXPERIMENTAL (k,, ) AND THEORETICALLY PREDICTED (., ) CAPACITY FACTORS OF
FULLY IONIZED BASIC SOLUTES (z; = +1) AT pH 2.5, IN THE PRESENCE OF 5 mM SODIUM
OCTYLSULPHONATE (Fyo/RT = —2.398)

ky, is the capacity factor measured in the absence of pairing ion; basic pK values from ref. 21.

Solute pK ko ko ke

Adenine 4.12 2.07 20.40 22.71
Cytidine 4.20 1.13 12.20 12.43
Creatinine 4.80 0.35 3.88 3.85
p-Aminophenol  5.38 0.45 6.14 495
Dopamine 8.80 1.61 17.38 17.71
Octopamine 9.60 0.58 5.89 6.49

systems (phosphate, citrate and acetate-malonate) with identical ionic strength
(0.1 M). Again, theoretical k' data were calculated from eqn. 6, using the literature pK
value, two experimental ky;, k data measured in the phosphate buffer system at pH 2.5
and 6.5 without pairing ion and assuming either zero (dotted line) or the average
(—62 mV) value (solid line) for the electrical potential. The deviation between the
predicted and the measured &’ data is comparable to the relatively small differences
caused by changing the type of buffer anions. This result supports the generality and
practical applicability of the suggested model to other buffer systems.

The experimental and theoretically predicted k" data are compared for some
other bases and acids in Tables IT and I11, respectively. The results are given for eluents
with pH values where the compounds were ionized (see pK values) in order to test
predictions for the possible largest retention changes with the addition of the pairing
ion. In these calculations, only the charge type (z;) and the capacity factor of the
ionized solute (kj,;) measured in the absence of a pairing ion and the average value of
the surface potential were used (see eqn. 2). Again, there is generally an acceptable
agreement between the experimental and the predicted &’ data. When the initial (ko;) or
the resulting (k.,,) capacity factor values are lower than 1, the differences between the

TABLE 111
EXPERIMENTAL (k) AND THEORETICALLY PREDICTED (k.,,.) CAPACITY FACTORS OF
FULLY IONIZED ACIDIC SOLUTES (z; = — 1) AT pH 5.5, IN THE PRESENCE OF 5mM SODIUM

OCTYLSULPHONATE (Fio/RT = —2.398)

ky, is the capacity factor measured in the absence of pairing ion; acidic pK, values from ref. 22.

Solute pK, ko k. k!

exp cale

6-Hydroxynaphthalene-2-sulphonic acid ~ <0.5 5.19 0.49 0.47

p-Toluenesulphonic acid 0.67 3.24 0.20 0.29
2,6-Dihydroxybenzoic acid 1.22 6.85 0.49 0.62
2,4-Dihydroxybenzoic acid 3.21 1.20 0.05 0.18
3,4-Dihydroxyphenylacetic acid 43 0.84 0.18 0.08

* Approximate values.



ELECTROSTATIC RETENTION MODEL OF ION-PAIR HPLC 21

experimental and calculated values are large. For k' values larger than 1, the deviations
are in the range 10-20% relative.

The above results indicate that the electrostatic retention model can be
advantageously used to estimate the magnitude of retention shifts for ionic solutes,
when a pairing ion is added to the eluent at various pH values, from a very limited set of
experimental data. In order to approximate the k' vs. pH behaviour of monocharged
(monoprotic) solutes in the absence of pairing ion (cf., dashed lines in F igs. 1-5), the
charge type of the components, pK,, k,, and/or kg, values must be known. The addition
of a pairing ion to the eluent often results in significantly enhanced or decreased
analysis times. Therefore, the assessment of these retention shifts is of practical
importance. In order to estimate the magnitude of k' changes, one must determine the
value of the difference in the electrical potential. This requires only the measurement of
k' of one or two fully ionized solutes in eluents of a given pH without and with
ion-pairing reagent. In other words, the IPC system can be calibrated for surface
potential from the retention data for a well known standard.

As a result, measurements in three eluents already provide starting point for the
model to estimate the possible retention shifts. The advantage of the model is that after
calibrating for the surface potential, new k' data of ionized solutes can be guessed
before actually measuring the sample mixture in the presence of a pairing ion. This
feature is very useful during the selection of the type and initial concentration of the
pairing ions [20].

Animportant area of such applications is in the selection of initial mobile phase
compositions prior to systematic selectivity optimization [2-4]. In this early stage of
the chromatographic method development, the primary aim is to obtain chromato-
grams with reasonable analysis times and errors of 10-20% in predicted retention
times are usually acceptable.

Retention models are often sought also in the course of the subsequent selectivity
optimization. Some computer-aided procedures [8,23-26] fit multi-parameter equa-
tions through the experimental retention data points and calculate different optimiza-
tion criteria as a function of the mobile phase variables. For the efficient operation of
these methods the solute capacity factors must be estimated to within less than 1-2%
for a broad range of experimental conditions [27]. It must be noted that neither the
carlier retention models [5-8] nor the electrostatic model in its present form can comply
with these requirements.

CONCLUSIONS

Based on the electrostatic theory of reversed-phase ion-pair chromatography,
aset of equations have been developed to describe the retention changes of monoprotic
weak acids and bases when an ion-pairing reagent is added to eluents with different pH
values. According to the model, the retention of the ionized form of the solutes
depends on the surface potential. Hence the surface potential can be determined from
the capacity factor data for a fully ionized solute, measured in the absence and the
presence of a pairing ion. Both the surface potential and the adsorption of the sodium
octylsulphonate pairing ion were found to be constant when the eluent pH was varied
between 2.5 and 6.5 at constant ionic strength and organic modifier concentration.

The retention equations have been tested by calculating the expected retention
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behaviours of strong and weak acids and bases in the presence of a pairing ion, using
only literature pK values, capacity factor data for the solutes (measured in the absence
of the pairing ion) and the surface potential (determined from the retention shift of one
fully ionized compound). The predictions from the model agreed well with experi-
mental retention data for both oppositely and similarly charged solute ion—pairing ion
combinations, and also for eluents with different buffer anions. The calculated and
measured capacity factor data differed by 10-20% relative when the results were not
affected by the experimental errors of measuring short retention times. The practical
advantage of the proposed equations is that they allow one to estimate the magnitude
of solute retention changes from a very limited amount of experimental data.
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Adsorption and partition mode in high-performance liquid
chromatography of highly polar solutes on silica
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ABSTRACT

The investigation of chromatographic systems with silica and mobile phases consisting of ethyl
acetate and weakly soluble polar components ethylene glycol, tricthylene glycol and formamide has shown
that mixed mechanism of sorption is possible. When the solubility of the polar component is good, as in
case of methanol, the retentions observed are typical of adsorption chromatography. When ethylene
glycol, which has limited solubility, is used as the mobile phase component, a liquid stationary phase
consisting mainly of polar solvent is formed in the pores of silica. This leads to a mixed mechanism of
retention, selectivity changes and improvement of the peak shape. The formation of a liquid stationary
phase both from saturated and unsaturated solutions is observed.

INTRODUCTION

Reversed-phase chromatography has become the most popular method of
separation and analysis of organic substances belonging to different classes and widely
differing in their properties. Nevertheless, the reversed-phase mode is not always the
best or only choice for a given analytical task. This decision is very often based simply
on tradition or use in similar experiments. Therefore it is our opinion that the
analytical potential of high-performance liquid chromatography (HPLC) on un-
modified silica is often underestimated. One of the potential advantages of unmodified
silica is its higher selectivity in terms of the structural differences of the chromato-
graphed solutes. The use of normal-phase separations in combination with reversed-
phase ones can offer additional possibilities in thorough process and quality control.

Very polar organic substances, many of them biologically important, require
eluents of high polarity in order to be eluted from unmodified silica. The lower
aliphatic alcohols from methanol to propanol are most frequently used for this
purpose as mobile phase components. Ethylene glycol (EG) and some other highly
polar mono- and bifunctional additives have been mentioned as possible eluent
constituents [1], some of them having even higher elution strength than methanol. It
has been shown [2-9] that mobile phases saturated with polar solvents, e.g., water
(2,6,8,9], EG [2], dimethyl sulphoxide [3], triethylene glycol (TEG) [4], formamide [5] or
ethanol [7], generate a liquid stationary phase in pores of unmodified silica. The

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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obtained liquid-liquid partition chromatographic systems have been shown to be
useful in analytical chromatography. Nevertheless, solvents of this kind have not been
used widely until now. For example, no EG-containing eluents are cited in a review of
700 drug analyses [10].

The high viscosity of many highly polar solvents is a distinct disadvantage.
However, if their high elution strength is taken into account, relatively low
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Fig. 1. Solutes under study.
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concentrations of such solvent should be sufficient to obtain reasonable capacity
factors. Bifunctional solvents, being adsorbed onto silica, may generate a surface layer
with polar groups in contact with both the mobile and stationary phases. This may lead
to additional selectivity effects compared with monofunctional solvents.

The goal of this work was to investigate the sorption behaviour of polar solutes
in normal-phase chromatography on silica with mobile phases containing ethyl acetate
and several highly polar additives and to discuss the applicability of this approach in
analytical chromatography.

EXPERIMENTAL

The substances under study were the derivatives of purine and pyrimidine shown
in Fig. 1.

A DuPont Model 8800 HPLC system with spectrophotometric detector (1 =
254 nm) was used for retention measurements. A 250 x 4.6 mm LD. column from
DuPont was packed with Zorbax SIL. Samples (10-25 yl of 0.05-1 mg/ml solution in
the mobile phase) were injected via a Rheodyne 7125 loop injector. The eluents
consisted of ethyl acetate as the less polar solvent, and EG, TEG;, formamide and
methanol as polar modifiers. All solvents were of “pure” grade and were supplied by
Fluka. Column temperature was 25°C.

Capacity factors were calculated according to a standard formula:

po=2"1l (1
to ‘

where g and ¢, are retention times of solute under study and benzene, respectively.
RESULTS AND DISCUSSION

Most of the substances under study are only slightly soluble in the hydrocarbons

log k' log k'
2

0.8
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Fig. 2. Relationship between the concentration of methanol (a) or ethylene glycol (b) and capacity factors.
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Fig. 3. Chromatogram of test solutes in the mobile phase, containing 5% methanol in ethy! acetate.

and chloroform that are generally used in normal-phase HPLC as less polar
components of mobile phases. These solvents are immiscible with EG, and therefore
ethyl acetate was chosen as a relatively non-polar solvent. Itis completely miscible with
methanol and dissolves up to 6.5% of EG at room temperature.

The relationship between capacity factors and molar concentrations of EG and
methanol in ethyl acetate is shown in Fig. 2. It is seen that ethyl acetate-methanol
eluents have sufficient elution strength for most of the compounds. At the same time
peak tailing is typical (Fig. 3), especially for strongly retained solutes. Solute
behaviour, represented in Fig. 2a, is typical for normal-phase adsorption chromato-
graphy. The relationship between log k' and the logarithm of molar concentration of
methanol is almost linear. The system selectivity does not change very markedly with
increase of polar solvent concentration. This relationship can be expressed by the
linear equation:

logk' =b —plog C )

where C is the molar concentration of polar solvent in the mobile phase. It is known
that the silica surface in equilibrium with eluent may be covered by a layer of the most
polar solvent (in this case, methanol). The displacement of these molecules by the
solute molecule can occur in the act of sorption. The average number of released
methanol molecules per solute molecule is equal to parameter p of eqn. 2. It may be
concluded from Fig. 2a that p values in this data set lic between 0.5 and 1.3. These are
typical values for normal-phase adsorption chromatography on silica [11]. It follows
then that, notwithstanding the high polarity of the studied compounds, a one-point
sorption scheme is prevailing, on average about one molecule of methanol being
displaced from the surface upon the sorption of one solute molecule.

This is not the case when EG-containing mobile phases are used (Fig. 2b). The
relationship between log k' and log C is not linear. When the concentration of EG is
increased in the range 2-4%, only a slight decrease of retention is observed for most of
the solutes. The slope is unusually low for adsorption chromatography on silica.
A further increase of C leads to an increase in retention of some of the solutes. A similar
relationship between the concentration of stronger eluent component and retention
was described previously [7,8,12]. The observed effect results in selectivity changes and
inversion of elution order for some pairs of solutes. Consequently, this parameter can
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Fig. 4. Dependence of measured column dead volume (V,) and calculated volume of liquid stationary phase.
(V5) on the concentration of ethylene glycol (EG) in the mobile phase.

be used as an efficient tool for selectivity variation. If the amount of EG used for
mobile phase preparation exceeded the limit of miscibility Cy (6.5%, v/v; log C =
0.062), a two-phase system was formed, and an ethyl acetate layer saturated with EG
was used as eluent. Retention values observed with saturated eluents did not depend on
the ratio of solvent volumes and were close to k' measured at C,.

It is seen that a sharp increase in retention of all solutes takes place when the
amount of EG approaches its limit of solubility. The increase of EG concentration in
the mobile phase leads to a decrease in 7, values. It is most pronounced near C, (Fig. 4)
but undoubtedly takes place over the whole range of C. The observed effects can be
explained by deposition of EG-rich bulk liquid in the pores of silica. It acts as
additional amount of stationary phase. The obtained results show that formation of
a liquid stationary phase does not necessarily require saturation of the mobile phase,
but is possible with unsaturated solutions as well. Probably the deposition of bulk
liquid is stimulated by the adsorption forces in the pores of silica. The volume of the
stationary phase formed may be estimated from the decrease of ¢,. The data in Fig. 4
show its dependence on EG concentration. It follows that retention with a mixed
- mechanism takes place over a wide range of EG concentrations. The phase ratio for the
system with a saturated mobile phase is estimated to be about 0.5. The role of the
partition process depends on the concentration of polar solvent and on the chemical
structure of the solutes. It is most important at high C and for relatively less polar
solutes. It is probably dominant for substances XIII and XIV that were only slightly
retained by adsorption even at low EG concentration.

A correlation was found between &’ and partition coefficients measured by the
shake-flask method. It is further evidence of a partition mechanism of separation. It
was concluded from comparison of the partition coefficients and capacity factors that
the phase ratio of the system is about 0.6. This value is in a good agreement with the
value obtained from decrease of ¢,.

The elution strength of binary ethyl acetate~-EG systems is not sufficient for
some of the most polar solutes. Therefore a series of ternary ethyl acetate-EG-
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Fig. 5. Chromatograms of test solutes in (a) ethylene glycol-saturated mobile phase and (b) ternary solvent
consisting of methanol-ethylene glycol-ethyl acetate (6:10:84).

a

n

Xiv

f L L L N

o 6 2 18 24
min

Fig. 6. Chromatograms of test solutes in the mobile phases consisting of ethyl acetate with addition of 4%
triethylene glycol (a) and 1% formamide (b).
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methanol mixtures was tested. Fig. 5b shows one of the chromatograms thus obtained.
All the solutes under study are eluted at reasonable &’ values. The experiments show
that, in order to maintain the good peak symmetry typical of the partition mode, the
proportion of EG in the mobile phase should exceed the proportion of methanol.

Similar results were obtained with TEG and formamide as mobile phase
constituents (Fig. 6). It should be emphasized here that in these cases the concentration
of the polar solvents was far from saturation. Therefore the properties of such systems
should differ from those of partition systems reported earlier I13].

The chromatograms in Figs. 5 and 6 show that peak shape is much better in the
systems with a mixed or partition mechanism than in adsorption system ethyl
acetate—methanol (Fig. 3). Each of the solvents produced systems with different
selectivity of separation.
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ABSTRACT

A regression equation for the description of retention indices through molecular parameters of
sorbates is proposed. Electron polarizability, dipole moment, molar volume, the molecular connectivity
indices of first order and electron-acceptor and electron-donor energetic constants were chosen as descrip-
tors. The regression coefficients obtained relate to the ability of a surface to effect some sorbate-sorbent
interactions. The validity of the expression was shown for a wide range of sorbent polarity. A high
significance of the steric factor G = 'y/ V.. was revealed. A set of test sorbates was specified for routine
determinations of sorbent polarity.

INTRODUCTION

Sorbate-sorbent interactions (SSI) play an important role in sorbate retention in
gas chromatography and define both the total polarity and the selectivity of a sorbent.
Some recent studies were devoted to the elucidation of the influence of different SSIs
on substance retention in gas-liquid chromatography (GLC) [1-5]. As the ability to
effect all SSIs relates to the molecular structure of a sorbate and its physico-chemical
characteristics, attempts have been made to express the retention of a sorbate through
its molecular parameters [6-12]. Also, the determination of stationary phase selectivity
by its ability to enter into SSIs was carried out [13,14]. :

In previous work [15], we demonstrated the scope of the determination of
sorbent abilities to undergo some SSIs by multiple linear regression for adsorption
energies. This paper deals with the same method applied to retention indices.

The following expression was advanced for the adsorption energy of a sorbate,
and includes dispersion, orientation, electron-acceptor and electron-donor terms:

—AU = KiaG + KU [3kT + oG) + KsW, + KW, + K, (1
where « is the polarizability of the sorbate molecule, y its dipole moment and W, and
W its electron-acceptor and electron-donor constants [16]. The coefficients K;—K,, are

proportional to the physico-chemical adsorbent characteristics involved in the
expressions for each type of SSI. Accordingly, knowing the values of these coefficients

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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would allow us to estimate an adsorbent’s ability to effect certain SSI quantitatively.
The applicability of eqn. 1 was tested with a set of 30 sorbates for three adsorbents of
different polarity. However, Kovats retention indices are a more convenient and a
more readily available source of information on chromatographic properties of
adsorbents than adsorption energies. Thus our final aim was the adoption of retention
indices as original data for evaluating an adsorbent’s ability for different inter-
molecular interactions.
From the well known thermodynamic expressions [17]

AF,4. = AUuqs. — TASys. 2)

AF e, = —RT (InV, — 1) 3)
and the expression for retention indices (R/):

RI = (100/b)In V; — a) 4)

where @ and b are the intercept and the slope for the retention equation for n-alkanes,
one may obtain the following expression:

RI = D(—AU,.) + DT(ASws) + DRT(1 — a) 0)

where D = 100/bRT.

Eqn. 1 may be used as an expression for — 4 U, in eqn. 5 but the expression for
AS,4,. through molecular parameters is a more complex problem. However, if there is
a correlation between AU,y and A4S, on an adsorbent (as is the case for many
adsorbents), it becomes possible to neglect the second, high correlating term, in
regression analysis, in which event the expression for RI will have the following form:

RI = K,DuG + KoD(2u2/3kT + aG) + K3DW, + K.DW4 + K (6)

Eqn. 6 is applicable for multiple linear regression also, in which event desired
values of the coefficients K; for a sorbent may be obtained by using the molecular
parameters for the sorbates and their retention indices on the sorbent. The non-
equivalence of R units for various adsorbents is accounted for by the constant D. For
two adsorbents with similar values of RI and different values of b the coefficients K;
will differ.

EXPERIMENTAL

Generation of descriptors

The physico-chemical and topological parameters for the sorbate molecules
were obtained in the following way. Polarizability, a, was calculated from the
Lorentz—Lorenz equation:

_ 3 @@=
YTl "t iF+2)

(7
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where Vi, is the molar volume and # is the refractive index. Dipole moments were taken
from ref. 18. The constants Wy and W, for the gas phase were calculated from the data
presented in ref. 16. For molecules with two electron-donor atoms (dioxane,
nitroalkanes), W, values were multiplied by 2. Thermodynamic W), values for alcohols
and ethers are very close. However, the accessibility of the oxygen atom in dialkyl
ethers is much lower than in the corresponding alcohols, so the W, values for ethers
were divided by 2.

To take steric effects into account, some topological descriptors [19] were also
involved. The molecular connectivity indices (MCI) of the first order were calculated
from the expression:

by = 3 (5 8) ®)

where n is the number of valence bonds in a molecule and &, and & jare the atom number
of valences directed to the adjoining non-hydrogen (e.g., C, O, N) atoms. For cyclic
molecules an allowance for a ring equal to 0.5 was subtracted from the values of ! x. For
example, for the calculation of 'y value for acetone:

=X T H (4 x )T 4 (4 x )TV 4 4 x 1) = 1,707

The steric factor G was calculated as the ratio ! x/Vm and was then normalized to
the maximum magnitude, so the G factor ranges in value from 0.63 (CCl,) to 1.00
(CH3NO,). This factor seems to reflect the degree of engagement of a molecule with
a surface. Hence we may assume that the product oG has the meaning of the “effective
polarizability” of a molecule for adsorption on a surface. Fig. 1 illustrates this
phenomenon for adsorption of non-polar alkanes on completely non-polar hydrogen
treated thermally graphitized carbon black (HT GTCB) when eqgn. 6 reduces to

RI = K, DaG + K )
800 Y EXPER. RI
750 |
a0
450
soo b
sso-
00 |
450 +
450 .
1 1 I '] 1 i I i
3 4 S & > 8 I Te

ALPHA X ¢ X
Fig. 1. Experimental R/ values vs. G on HT GTCB at 150°C.



34 0. G. LARIONOV, V. V. PETRENKO, N. P. PLATONOVA

The RI values of linear and branched butanes, pentanes and octanes [20] show
a good linear dependence on their oG values, while alkanes with the same « values (or
number of carbon atoms) have different retention indices.

Twenty sorbates with various structure and their molecular decriptors are listed
in Table I. The descriptors of other molecules are available as supplementary material.

TABLE 1
VALUES OF CHOSEN DESCRIPTORS FOR 20 SUBSTANCES

No. Sorbate « wr W, W, G
(A% (D?) (kJ/moh)'/?  (kJ/mol)!/?

1 Hexane 11.85 0 0 0 0.67
2 Heptane 13.7 0 0 0 0.70
3 Octane 15.53 0 0 0 0.73
4 Nonane 17.38 0 0 0 0.75
5 Benzene 10.38 0 0 4.5 0.85
6 Ethanol 5.09 2.8 0933 11,7 0.74
7 n-Propanol 6.95 2.8 0923 11.8 0.77
8 n-Butanol 8.78 2.7 0922 11.8 0.80
9 Isobutanol 8.81 2.6 0907 11.9 0.74
10 tert.-Butanol 8.93 24 0.859 12.1 0.64
11 Methyl ethyl ketone 8.20 77 0 10.4 0,76
12 Acetone 6.35 80 0 10.6 0.70
13 Nitromethane 494 120 O 12.2 1.00
14 Nitroethane 6.74 128 0 12.8 0.97
15 2-Nitropropane 855 139 0O 13.4 0.90
16 1-Nitropropane 8.57 137 0 12.8 0.95
17 Ethyl acetate 8.80 31 0 9.2 0.86
18 Acetonitrile 4.38 155 0 9.4 0.79
19 Dioxane 8.60 02 0 22.7 0.89
20 Pyridine 9.53 48 0 20.7 0.94

The data set

RI values for the following sorbents were taken as initial data for regression
analyses: commercial Porapaks and Chromosorb Century Series, Polysorb N and its
three modifications, copolymers of divinylbenzene (DVB) and glycidyl methacrylate
(GMA) together with its three modifications, barium sulphate and graphitized thermal
carbon black (GTCB). The structures of the sorbents and literature references are
given in Table II. Also, a copolymer of epithiopropyl methacrylate (ETPMA) and
ethylene dimethacrylate (EDMA) modified by ethylenediamine (EDA) (GS-EDA)
[21] was studied. Further, this sorbent was modified by adsorption of Ni(IT) ions on its
surface. RI values for these two sorbents were measured at 150°C. A Tswett 530
chromatograph equipped with a flame ionization detector and with helium as carrier
gas was used.

Ref. 22 was used as a mathematical basis for the multiple linear regression
method. A BASIC program with matrix statements was written for an Iskra 226
personal computer. The correlation coefficient R was used in order to ascertain the
validity of the regression expression.
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TABLE 11

SORBENTS INVESTIGATED

35

Name

Polymer matrix Modification agent RI
(or functional groups) ref.
GTCB 23
Porapak Q DVB-EVB 24
Porapak QS DVB-EVB 24
Porapak S DVB-EVB Vinylpyridine 25
Porapak P DVB-EVB Styrene 25
Porapak R DVB-EVB Vinylpyrrolidone 25
Porapak N DVB-EVB Vinylpyrrolidone 25
Porapak T DVB-EVB Ethylene dimethacrylate 25
Chromosorb 102 DVB-styrene 26
Chromosorb 101 DVB-styrene 26
Chromosorb 105 DVB-styrene 26
Chromosorb 104  DVB-acrylonitrile 26
DVB-GMA DVB-GMA 27
DVB-GMA 1 DVB-GMA -CH(OH)CH,0H 27
DVB-GMA 72 DVB-GMA —-CH(OH)CH,N*(CH,CH,0H),0H~ 27
DVB-GMA '3 DVB-GMA ~CH(OH)CH,;NHC(CH,0H), 27
Polysorb N DVB-2,5-methylvinylpyridine -CH, 27
Polysorb N 1 As above -CH,0H . S 27
Polysorb N 2 As above -COOH } in the pyridine ring
Polysorb N '3 As above —-CHj; N, =0 27
GS-EDA EDMA-ETPMA ~CH(SH)CH,NH(CH,),NH,
GS-EDA-Ni EDMA-ETPMA As above + Ni%*
BaSO, 28

RESULTS AND DISCUSSION

To verify the validity of eqn. 6 the set of 20 sorbates (Table I) was processed using
slightly polar Porapak P, Porapak T (medium polarity) and GS-EDA as a polar
sorbent with electron-acceptor groups. The structures of the sorbates in the data set
differ significantly, so the descriptors of eqn. 6 were uncorrelated. The correlation

matrix is shown in Table III.

The scatter plots for moderately polar and polar sorbents are given in Figs. 2 and
3. The regression coefficients with standard deviations, their Student #-values and
R values for the three sorbents are given in Table TV. For each sorbent the correlations

TABLE IiI

CORRELATION MATRIX FOR DESCRIPTORS USED IN EQN. 6 (N = 20)

aG u? W, W,
aG 1.00 —0476 —0.386 —0.444
u? 1.060 —0.277 0.284
W, 1.000 0.214
Wy 1.000
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Fig. 2. Calculated vs. experimental RI values on Porapak P at 175 C.
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Fig. 3. Calculated vs. experimental R/ values on GS-EDA sorbent at 150°C.

between regression coefficients show the same behaviour and the term K is highly
correlated with K;. The correlation matrix for GS-EDA is shown in Table V.
Taking the wide range of RI values (about 500 i.u.), the simplicity of eqn. 6 and
the different structures of the sorbates into account, one may consider the R values as
fairly high and the deviations from experimental RI values as fairly small. It should be
noted that exclusion of the steric factor G from eqn. 6 decreases R for the three sorbents
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TABLE IV

REGRESSION COEFFICIENTS K; WITH THEIR STANDARD ERROR AND STUDENT’S
-VALUES ON THREE SORBENTS

Parameter Porapak P Porapak T GS-EDA

K; t K; t K; t
K, 120 + 9 13.0 132 +9 14.9 109 + 9 114
K, 16 + 4 4.5 2 +3 8.3 37 + 4 9.0
K5 3+6 0.5 25+ 6 43 39+ 7 5.7
K, 17 + 3 6.3 17+ 3 6.6 66 + 4 16.3
K 181 + 42 41 208 + 35 57 259 £ 38 63
s (lu) 29.9 (3.8%) 24.5 (3.4%) 344 (3.6%)
R 0.970 0.972 0.985

t0 0.891, 0.890 and 0.973, respectively. Hence the presence of G significantly increases
the validity of eqn. 6 with an unchanged number of regression coefficients.

Comparing K values from Table IV it can be seen that the polar Porapak T, as
compared with Porapak P, relates to increasing the ability to effect orientation SSI (K,
increases from 16 to 28) and electron-donor ability of the sorbent surface (Kj increases
from 3 to 25), whereas the electron-acceptor ability (K,) remains the same. This is in
accordance with expectations given the presence of —-C(O)O-groups on the more polar
polymer surface due to modification by ethylene dimethacrylate. For the GS-EDA
sorbent low values of K; and abrupt increases for K,—K, values were observed. This is
in accord with the presence on the surface of hardly polarizable amino groups with
appreciable dipole moments and electron-donor properties and with electron-acceptor
properties of the -SH group. Hence apparently the K values are in agreement with the
sorbent’s expected abilities to effect SSI.

The following conclusions were made after subsequent analyses for various
sorbents with a changed sorbate set, number of sorbates in a set and alternate
descriptors (Balaban indices, 2y, donor number). Small variations of the sorbate set
have no appreciable affect on K values except when substances with high descriptor
magnitudes (pyridine, Wy; alcohols, W,; nitroalkanes and nitriles, u?) are excluded.
Perceptible regression standard deviations and standard errors in coefficients the K;
are obviously connected with two sources: a rough approximation of the real SSI by

TABLE V
CORRELATION BETWEEN THE REGRESSION COEFFICIENTS FOR GS—-EDA SORBENT

K, K K, K, Ks
K, 1.00 0454 0.499 0.201  —0.939
K, 1.000 © 0.567 —0.395 —0472
K 1.000 —0320 —0.494
Ka 1.000  —0.383

Ks 1.000
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eqn. 6 and with the inadequacy of the chosen descriptors to characterize the behaviour
of some sorbate molecules. The latter is concerned especially with u, W, and 'y. We
have used the dipole moments which characterize the whole molecule whereas for
adsorption obviously the dipole moments of individual bonds (=C=0, -C=N) are
more important. Equilibrium thermodynamic values of W, from ref. 16 do not include
differences in the spatial accessibility of donor atoms in various molecules (compare
alcohols with dialkyl ethers) and different degrees of availability of the same functional
group with carbon chains of various length (compare methanol with butanol). Some
allowances for W, were made from the start of the study (see Experimental). In
general, the steric factor G describes the degree of engagement of a molecule with
a surface fairly well. For example, G values for molecules with different structures are
as follows: n-butanol 0.80, isobutanol 0.74, tert.-butanol 0.64, planar pyridine 0.94 and
n-hexane 0.67. For molecules with similar structures the G values are as follows:
di-n-butyl ether 0.79, n-nonane 0.75, tert.-butanol 0.64 and carbon tetrachloride 0.63.
Some problems arise because of the cyclic structure of molecules, or the presence of
triple bonds or heteroatoms from atoms of higher atomic number (Cl, Br, I, S) in
a molecule. The wide confidence interval for K relates to the narrow ranges of the
values of W, used.

For many of sorbents studied, aryl compounds (benzene, toluene) show high
deviations, both positive and negative, form experimental RI values. This, perhaps,
relates to the inadequate description of the molecules by the factor G and to
disregarded interactions of the aromatic electron ring with sorbent polymer chains.
For all sorbents very low predicted RI values were obtained for small molecules of
chloro-substituted alkanes, especially for chloroform and methylene chloride. This
clearly relates to the incorrect description of the molecules by the factor G.

In spite of the difficulties discussed for most sorbates, a satisfactory prediction of
RI values was observed. The K; values obtained conformed with the physico-chemical
nature of the surface functional groups.

For practical application of the method to comparisons of sorbent surface
properties, it is necessary to fulfil the following conditions. For every sorbent the test
set of sorbates must be the same. The requirements for the sorbates included in test set
are as follows: (1) all kinds of SSI included in eqn. 6 must be represented; (2) the
magnitude of the descriptors should have as wide a range as possible; (3) the
descriptors must be uncorrelated; (4) the chromatographic behaviour of the sorbates
should be adequately described by all of the chosen molecular parameters; (5) a small
number set is more convenient for routine analysis and collection of reference R/
values; and (6) all the substances should be commonly used in chromatographic
practice.

Nine sorbates conforming to these conditions were selected: hexane, nonane,
ethanol, n-propanol, n-butanol, acetone, methyl ethyl ketone, nitromethane and
pyridine. Their descriptor correlation matrix is shown in Table VI. The test set RJ
values were processed for 23 sorbents. The results are given in Table VII. It should be
noted that for barium sulphate the K values were evaluated approximately because of
the low R value arising from the extremely high polarity of this ionic sorbent.
Calculated contributions of each term in eqn. 6 for Parapak QS, Chromosorb 104 and
the GS-EDA sorbent are given in Table VIII. Examination of the various types of SSI
contributions shows that they are comparable. Hence it is a very rough approximation
to apply their RI values as representative of one kind of SSI.
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TABLE VI
CORRELATION MATRIX FOR DESCRIPTORS USED IN EQN. 6 (N = 9)

oG T W, W
oG 1.00 —-0.544 —-0393 —0.438
u? 1.000  -0.325 0.505
W, 1.000 0.220
Wy 1.000

For evaluation of the overall sorbent polarity, summarizing of “specific”
coefficients K,~K, normalized to their maximum values was carried out;

P = (Ky/95 + K3/122 + K,/92) - 100 (10)

Calculated P values are given in Table VII. It is worth remarking that the overall
polarity masks the variations of individual K values and correlates with Rohr-
schneider’s polarity calculated through the sum of five net R7 values (see Table IX).

For non-polar GTCB all “specific” K values are equal to zero. Porapaks show

TABLE VII

THE COEFFICIENTS K; AND R VALUES FOR REGRESSION ANALYSES WITH TEST SET OF
SORBATES (N = 9)

Sorbent K, K, K, K, Ks R P

GTCB 108 0 0 0 67 0.991 0
Porapak Q 130 16 14 —1 154 0.995 29
Porapak QS 158 19 14 0 120 0.999 32
Porapak S 182 29 33 —1 111 0.997 58
Porapak P 138 29 16 16 89 0.999 61
Porapak R 175 30 38 —1 120 0.999 63
Porapak N 180 40 35 30127 0.999 74
Porapak T 156 52 42 11 102 0.999 101
Chromosorb 102 144 17 Il I 146 0.999 28
Chromosorb 101 25 26 14 13 104 0.999 S3
Chromosorb 105 177 27 27 3 98 0.999 53
Chromosorb 104 132 69 43 21 94 0.999 131
DVB-GMA 118 56 S0 14 139 0.998 115
DVB-GMA | 110 43 48 24 119 0.999 111
DVB-GMA 2 105 48 S5 33 128 0.997 131
DVB-GMA 3 17 46 56 35 126 0.998 132
Polysorb N 104 18 36 40 I 0.986 93
Polysorb N 1 112 30 43 44 41 0.988 IS
Polysorb N "2 83 54 63 32 160 0.997 144
Polysorb N '3 117 95 122 38 38 0993 240
GS-EDA 132 59 68 58 150 0.996 181
GS-EDA-Ni 145 36 52 92 138 0.999 181

BaSO, 83 147 203 102 443 0.960 432
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TABLE VI

CONTRIBUTIONS OF EACH TERM OF EQN. 6 FOR THREE SORBENTS: (A) PORAPAK QS, (B)
CHROMOSORB 104 AND (C) GS-EDA

Sorbate Sorbent  RI Contribution of term number
Exptl. Predicted 1 2 3 4 5
Hexane A 600 602 482 0 0 0 120
B 600 594 499 0 0 0 94
C 600 603 465 0 0 0 138
Ethanol A 400 409 226 21 40 2120
B 690 698 234 97 154 118 94
C 1007 996 218 47 161 432 138
Methyl ethyl ketone A 565 557 378 56 0 2 120
B 850 856 392 265 0 105 94
C 990 1015 365 128 0 384 138
Nitromethane A 495 506 297 87 0 2 120
B 935 932 308 408 0 122 94
C 1079 1069 286 198 0 447 138
Pyridine A 695 698 540 35 0 3 120
B 1025 1024 560 163 0 207 94
C 1500 1497 521 79 0 759 138
TABLE IX

COMPARISON OF POLARITIES CALCULATED FOR CHROMOSORBS AND PORAPAKS BY
EQN. 10 AND ROHRSCHNEIDER’S POLARITY [29]

Method Chromosorb Porapak

102 105 1ol 104 Q P R N T

By eqn. 10 28 53 53 131 29 61 63 74 101
Rohrschneider 197 347 555 183} 68 708 331 499 1240

increasing K, and K values as the original polymer matrix is modified by
vinylpyrrolidone, vinylpyridine and ethylene dimethacrylate. It should be noted that
the K values depend both on the type of functional group and on its concentration on
the surface, because the “average” molecular characteristics of a surface change with
variation in the polymer composition.

For the Chromosorb Century Series, Chromosorb 104 is the most polar sorbent.
Its K5 and especially K, values are very high owing to the presence of electron-donor
cyano groups [(CH5CN) = 3.94 D]. Some electron-acceptor ability of the surface
may be accounted for by partial positive charges on the carbon atom in the cyano
group.

Modified copolymers of DVB and GMA show decreasing K, values after
destruction of the epoxy ring [u(C,H,0) = 1.9 D and u(C,HsOH) = 1.7 D} and
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gradually increasing K, values as the concentration of OH groups on the surfaces is
increased.

Increasing K, K3 and K, values after introducing OH groups onto the original
Polysorb N surface were observed. Subsequent conversion of this group into COOH
increases K, and Kj significantly but the decrease in K, (electron acceptor) may
be accounted for by the formation of intermolecular bonds such as -COOH - - - N
(pyridine ring). Extremely high values of K, and K; for the third modification of
Polysorb N relate to the high dipole moment and strong electron-donor ability of the
=N=0 bond conjugated with the pyridine ring.

Very high values of K, were found for the GS-EDA sorbent with SH and NH
groups. Adsorption of Ni(IT) ions on this surface leads to an abrupt increase in K,
owing to the electron-acceptor properties of the ion and to a decrease in K, and K
owing to the formation of a chelate complex of ethylenediamine with the Ni(IT) ion.

REFERENCES

1 J. R. Smith, A. H. Tameesh and D. J. Waddington, J. Chromatogr., 151 (1978) 27.
2 R. V. Golovnya and T. A. Misharina, J. Chromatogr., 190 (1980) 1.
3 Th. Kleinert and W. Ecknig, J. Chromatogr., 315 (1984) 75 and 85.
4 S. Dong, M. Brendle and B. J. Donnet, Chromatographia, 28 (1989) 469.
5 T. Takagi, Ya. Shindo, H. Fujiwara and Yo. Sasaki, Chem. Pharm. Bull., 37 (1989) 1556.
6 H. Lamparczyk and A. Radecky, Chromatographia, 18 (1984) 715.
7 F. Patte, M. Etcheto and P. Laffort, Anal. Chem., 54 (1982) 2239.
8 J. Hradil, F. Svec, N. M. Gogitidze and T. T. Andronikashvili, J. Chromatogr., 324 (1985) 277.
9 M. Gassion-Matas and G. Firro-Pamies, J. Chromatogr., 187 (1980) 1.
10 K. Osmialowski, J. Halkiewicz and R. Kaliszan, J. Chromatogr., 361 (1986) 63.
11 J. Bermejo and M. D. Guillen, Anal. Chem., 59 (1987) 94.
12 M. N. Hasan and P. C. Jurs, Anal. Chem., 60 (1988) 978.
13 M. S. Klee, M. A. Kaiser and K. B. Laughlin, J. Chromatogr., 279 (1983) 681.
14 T.J. Betts, J. Chromatogr., 354 (1986) 1.
I5 O. G. Larionov, V. V. Petrenko and N. P. Platonova, J. Chromatogr., 537 (1991) 295.
16 V. A. Terentyev, Termodinamika Donorno-Aktseptornoi Svyazi, Saratov University Publishing House,
Saratov, 1981, p. 36. :
17 A. V. Kisclev, Mezhmolekulyarnye Vzaimodeystvipa v Adsorbisii i Kromatografii, Vysshaya Shkola,
Moscow, 1986, p. 153.
18 O. A. Osipov, V. 1. Minkin and A. D. Garnovski, Spravochnik po Dipol'nym Momentam, Vysshaya
Shkola, Moscow, 1976, p. 54.
19 L. B. Kier and L. H. Hall, Molecular Connectivity in Chemistry and Drug Research, Academic Press,
New York, 1976, p. 54.
20 N. N. Avgul, A. V. Kiselev and D. P. Poshkus, Adsorbisiva Gazov i Parov na Odnorodnykh
Poverkhnostyakh, Khimiya, Moscow, 1975, p. 380. N
21 V. Marousek, M. Bleha, E. Votavova and J. Kalal, Sci. Pap. Prague Inst. Chem. Tech., 3 (1980) 269.
22 N. Draper and G. Smith, Applied Regression Analysis, Wiley, New York, 1981, p. 340.
23 A. V. Kiselev and Ya. Yashin, Gazo-adsorbtsionnaya Khromatografiva, Khimiya, Moscow, 1979, p. 22.
24 S. B. Dave, J. Chromatogr. Sci., 7 (1969) 389.
25 W.R. Supina and L. P. Rose, J. Chromatogr. Sci., 7 (1969) 192.
26 W. R. Supina, The Packed Column in Gas Chromatography, Supelco, Bellefonte, PA, 1974, p. 70.
27 Z.A. Reznikova, Dissertation, Institute of Reagents and Pure Substances, Moscow, 1985, pp. 59 and 73.
28 L.D. Belyakova, O. G. Larionov and L. M. Strokina, /zv. dkad. Nauk SSSR, Ser. Khim., (1988) 1491
and 2454.
29 G. Gastello and G. D’Amato, J. Chromatogr., 254 (1983) 69.






Journal of Chromatography, 552 (1991) 43-57
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2165

Theoretical approach to the gas chromatographic separation
of enantiomers on dissolved cyclodextrin derivatives
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ABSTRACT

The theoretical concept described previously for enantiomer separation by complexation gas chro-
matography was extended to polysiloxane stationary phases containing dissolved cyclodextrin derivatives.
A relationship between the chiral separation factor a and the cyclodextrin molality was derived. The theory
was verified by comparing the predicted and measured dependence of « on the cyclodextrin molality for
various racemates. Retention increases R were determined as a measure of the enantiomer—cyclodextrin
interactions and of the contribution of these interactions to the total retention time. By measuring R’ at
different temperatures, Gibbs-Helmholtz parameters (454G, 4, sAH and 4, (AS) of enantiomer discrim-
ination were obtained from the In (R/RS) vs. 1T plots. Because of the difficulty of finding a truly inert
reference standard, these data are affected by a systematic error which restricts the interpretation of the
observed enantioselectivities to a qualitative manner.

INTRODUCTION

-Enantiomer separation by gas chromatography on chiral stationary phases is
based on the different stabilities of diastereomeric 1:1 associates formed rapidly and
reversibly. In complexation gas-liquid chromatography (GLC) employing stationary
phases containing dissolved transition metal f-diketonates, extensive studies on the
thermodynamics of molecular association including enantioselectivity have been
performed [1-7]. For derivatized cyclodextrin stationary phases, which have become
increasingly important for enantiomer separation by GLC in the last few years [8-13],
there are still only a few theoretical investigations available [14,15]. It was therefore of
interest to investigate systematically whether the model developed for complexation
GLC can also be applied to dissolved cyclodextrin stationary phases.

The consideration of retention increases R’ (or retention increments, a quantita-
tive measure of the interactions between solute and cyclodextrin) and the relationship
between the chiral separation factor « and the cyclodextrin molality m allows a better
understanding of enantioselectivity and it may guide the optimization of enantiomer
separations.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Instrumentation

A Carlo Erba Fractovap 2101 instrument equipped with a flame ionization
detector was used. Retention times were determined using a Shimadzu C-R 3A
integrator.

Column preparation and gas chromatographic procedure

Cyclodextrin derivatives and capillary columns were prepared and used as
described previously [9]. Fused-silica columns (25 m x 0.25 mm 1.D.) with a film
thickness of 0.2 um (permethylated f-cyclodextrin dissolved in OV-1701) were
employed. The inlet pressure was 1.0 bar hydrogen.

Determination of net retention times and retention increases, R

Retention increases were determined as described for complexation GLC [6]; all
measurements were performed at least three times. Net retention times f were
measured from the methane peak. The relative net retention ro of a solute with respect
to a reference standard was calculated from the ratio fg(solute)/ g (standard) obtained
on an achiral reference column (eqn. 10). The relative net retention r of a solute with
respect to a reference standard was calculated from the ratio #(solute)/#*(standard)
obtained on the chiral, cyclodextrin-containing column (eqn. 9). The retention
increase R’ was calculated according to R = (r/ro) — 1 (eqn. 8).

In order to study systematically the influence of the choice of the standard, all
relative retention data were determined with respect to four different commercial
n-alkanes (hereafter abbreviated C,, Cg, etc.) as standards (k' = 0.4-0.8 for the
smallest).

THEORETICAL

Consider a volatile solute B eluting through a column containing a dilute
solution of a cyclodextrin derivative A (e.g., permethylated f-cyclodextrin) in an
(achiral) solvent S (e.g., a polysiloxane such as OV-1701).

In analogy with the theory advanced for complexation GLC [1-4], the present
derivation is based on two equilibria:

K?
By = By

K
B(]) + A :AB

The partition coefficient K of B between the gaseous and pure liquid phase is

K9 = % (1)

as,,
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and the thermodynamic stability constant X of AB in the given solvent S is

K=" ®)

aAaB(I)

As the total amount of solute present in the liquid phase is ag,, + Qas, the apparent
partition coefficient is

ag, +a
K, = B,a AB (3)
B(gl

Using eqns. 1 and 2, this can be rewritten as {1,2]
K. = Ki(1 + Kay) )

Employing the fundamental equation of chromatography
r==t, ®)

where f;, = dead time, / = net retention time, K; = partition coefficient between
mobile and stationary phases and § = phase ratio, an analogous equation can be
written for the net retention time:

f=t( 1 +  Kayn ) 6)

physical chemical contribution

where ¢, is the (experimentally not available) net retention time on a totally identical
reference column devoid of the cyclodextrin derivative A.
In eqn. 6, the retention increase (or retention increment) R’ is defined as [4]

R = KaA . (7)

R'is a quantitative measure of the increase in the retention of B caused by the addition
of the cyclodextrin derivative A to the achiral solvent S. Hence the determination of R’
allows one to quantify the “physical” (K?) and “chemical” (K) contributions to the
total retention.

As it is experimentally impossible to determine # and fo with strictly identical
column parameters such as column length, diameter, film thickness or flow-rate, it is
useful, according to Schurig ez al. [4], to rewrite eqn. 6 in terms of relative retention data
in order to obtain an equation that is independent of these parameters:

r=ro(l + R)

or ®)
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where r is the relative net retention of solute B with respect to an inert reference
standard B* (e.g., a small n-alkane):

r = {; [chiral column (A in S)] ©)
tl
ro t’o?" [achiral reference column (only S)] (10)

The chiral separation factor «

Suppose solute B is a racemic mixture of the enantiomers By and Bs. Since
K0, = K{s, enantiomer separation of Bg and Bs must be due to different values of Kgr
and K. The chiral separation factor is given by*

Kig  tr_Tr
Kis &5 rs {an
Using eqns. 4 and 7, a very useful relationship is obtained:

__KRaA+1_ /R+1

= = 12
* KSaA+1 R:g+1 ( )

Enantiomer separation (¢ > 1) requires retention increases R’ of the two enantiomers
being Ry, Rs > 0 and Ry # Rs.

Thermodynamic data
Applying the thermodynamic relationship

AG = —RTInK (13)
the ratio of the thermodynamic stability constants

Krx Rgr rr—ro
Ks Rs rs—ro (14

yields the difference in the free enthalpies of formation of the diastereomeric
associates™:

AAG = AGg — AGs = —RTln% (15)
S

a Where R arbitrarily represents the enantiomer eluted later so that « > 1.

b Where R arbitrarily represents the chemically more strongly bonded enantiomer (more negative 4H).

¢ Note that only for large R’ values does Ry/R} approach (R, + D/(Rg + ) =« (¢f., eqn. 12 and eqn. 15
becomes 44G = — RT In . The latter equation is sometimes used instead of eqn. 15 as a measure of the
chiral recognition 44G.
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The ratio Ri/Rs and thus 44G are independent of the cyclodextrin activity a, in the
solvent S.

It is further possible [16,17] to determine enthalpic and entropic contributions to
44G, ie., AAH and A4S, from the Gibbs—Helmholtz relationship (Van ’t Hoff plot):

44G 1 1
27V el Yo L2 A
T f(T) AAH 448 (16)

RESULTS AND DISCUSSION

n-Alkanes and the reference standard problem

n-Alkanes (hereafter abbreviated C, Cg, etc.) have been used in complexation
GLC as inert reference standards for the determination of relative retention data (r
values, see eqns. 8-10) as they are not capable of coordinating with transition metal
ions. For cyclodextrins, unfortunately, we cannot find any reference standard that
would be totally inert toward molecular association. ,

In order to test the suitability of n-alkanes as “inert” reference standards
employing cyclodextrin derivatives, log ¢ versus n (number of carbon atoms) curves
were recorded and compared with those obtained on a reference column containing the
pure polysiloxane without cyclodextrin (see Fig. 1). There are still straight lines for
permethylated ﬁ-cyclodextrinandforheptakis(3—triﬂuoroacetyl-2,6—dimethyl)-ﬁ-cyclo-
dextrin, but the slopes are slightly steeper than on the achiral reference column. As the
slope is independent of the experimental parameters (flow-rate, column length, etc.,
only affect the intercept at n = 0 in the logarithmic diagram), this means that there is
some interaction between alkane and cyclodextrin, increasing with the carbon number
n, i.e., n-alkanes do not represent totally inert reference standards for cyclodextrin
phases. However, the best results should be obtained if a small n-alkane (k' ~ 0.4-0.8)
is used as a standard. The retention increases R’ of all solutes were calculated with
respect to four different n-alkane standards, and indeed the smallest standard always
yielded the largest R’ value (which is still considered to be too small, ¢f., Table I; note
that between the use of the standards Cy and 'Cy, an error in R of ca. 10% is
introduced).

log t
1.0

0.5

6 ; 10 ¥] 5 " h

Fig. 1. Log ¢ vs. n (number of C atoms) for the homologous series of n-alkanes on permethylated
B-cyclodextrin in OV-1701 at different temperatures.
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TABLE 1

INFLUENCE OF THE CHOICE OF THE #-ALKANE STANDARD, DEMONSTRATED FOR
A TYPICAL EXAMPLE: SOLUTE I FROM TABLE II, 7 = 100°C, MOLALITY OF PERMETHYL-
ATED B-CYCLODEXTRIN m, = 0.065.

Enantiomer Standard k' " ro® R? A4G (J/mol)

First eluted Co 19.51 12.74 0.531
Cio 10.04 6.62 0.518
o 12.87 5.19 348 0491 1006
Cysy 2.70 1.84 0.464 1020

>

Second eluted Cy 22.10 12.74 0.734 1051
Cio 14.58 11.37 6.62 0.719 1086
Cyy : 5.88 3.48 0.689
Ci, 3.05 1.84 0.658

T +1%.

b +2%.

¢ 4+10.

Suppose the standard itself had a small retention increase Ry (with respect to
a hypothetical ideal standard). A relationship between the measured R’ = (rfrg) — 1
values and the ideal, true Rj,e = (Fuue/ro) — 1 values can be derived; the r values (but
not ro) must be corrected in analogy with eqn. 8:

Firue = (1 + Rb)r

e = 22— 1= (1 + Ro) — (1 + Ro) + R

(17)
=(1+ Ro)R + Rp

'+ is not an inaccessible quantity. The comparison of calculated and measured « vs.
molality curves (see below) allows Rj to be estimated.
It may be noted that, in contrast to n-alkanes, the homologous series of
y-lactones do not yield a straight log ¢ vs. n line (see Fig. 2, top).

Dependence of the chiral separation factor o on the cyclodextrin molality m,
Eqn. 7 allows the calculation of the retention increase R’ at a molality m,*, i.e.,

R'(my), if R’ at a molality m3, i.e., R'(m3), is known:

Rmy) _ R(mY)

18
ma m3 (18)
¢ Eqn. (7) can also be written in the form
R = Kmyma (7a)

Here, the molality concentration scale m, is used instead of the unknown activity a, because m, is
independent of temperature and the weight rather than the volume is determined for practical reasons
when preparing GLC columns.
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log t T J ! :

ot

2.0}

1.0}

‘reference
‘column :

i

-1.0 i i i
4 6 8 10 12 n

Fig.2. Log ¢ vs. n (number of C atoms) for the homologous series of y-lactones (enantiomer eluted later) on
heptakis(3-trifluoroacetyl-2,6-dimethyl)-g-cyclodextrin in OV-1701 (top) and on pure OV-1701 (bottom) at
170°C.

Thus a complete a vs. m, curve can be calculated, using eqns. 12 and 18, if the Rx(mY)
and Rg(my) values at a single molality m9 are provided:

mpRR(MY) + mg

) = S R + il

(19)

Eqn. 19 shows that the o vs. m, curve levels off as m, increases, and Fig. 3 clearly
shows how this is influenced by the retention increase Ry (R being calculated from
eqn. 19).

Figs. 4 and 5 show some measured a vs. m a curves (all data are listed in Table IT).
In Figs. 6-9 the measured o values (independent of any standard!) are compared with
the calculated curves for some racemates.

There is good agreement between the calculated and measured curves, whichis a
clear support for the validity of our approach. Further, it can be seen that the finite
retention increase Ry of the standard should in no case be above 0.1 (according to eqn.
17, this would lead, for example, to an error of 0.2 for a measured R’ value of 1.0).

T T T T
L15 Ri = 0.3
110}
Ry = 12
1.05}
1.00 — i i ]
0 0.02 004 0.06 0.08 m

Fig. 3. Simulated a vs. m, curves, assuming « = 1.10 for m$ = 0.057 and retention increases R (m3) of 0.3
and 12, respectively.
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TABLE 11

M. JUNG, D. SCHMALZING, V. SCHURIG

RETENTION INCREASES R, AND Rj (+2%), SEPARATION FACTORS o AND 44G (IN J/mol, £10) FOR
TWELVE CHIRAL SOLUTES ON OV-1701 CONTAINING DIFFERENT MOLALITIES OF PERMETHYL-

ATED f-CYCLODEXTRIN
Me = Methyl; Ph = phenyl.

Solute Temperature and ~ Parameter Cyclodextrin molality, ma
standard

0.027 0.042 0.057 0.065 0.088 0.096
A 40°C, R 0.195 0.334 0.413 0.530 0.637 0.655
O,/ C, 0.221 0.388 0.480 0.609 0.725 0.757
) a 1.022 1.041 1.047 1.051 1.054 1.061
44G 330 390 390 360 340 380
B CC/ 40°C, R 0.263 0.464 0.578 0.729 0.889 0918
C, 0.294 0.523 0.650 0.815 0.998 1.038
o 1.025 1.040 1.045 1.050 1.057 1.063
44G 290 310 300 290 300 320
C é 40°C, R 0.427 0.773 0971 1.227 1.505 1.556
(o 0.509 0.931 1.164 1.462 1.796 1.857
o 1.057 1.089 1.098 1.105 1.116 1.118
44G 450 480 470 460 460 460
D i 50°C, R 0.102 0.326 0.320 0.338 0.485 0.527
C, 0.165 0.434 0.469 0.500 0.719 0.765
o 1.058 1.082 1.113 1.122 1.158 1.158
44G 1310 770 1030 1060 1060 1010
E ' 50°C, R 0.187 0.382 0.513 0.551 0.790 0.804
ﬂxﬂ C, 0.230 0.461 0.613 0.659 0.947 0.96]
o 1.037 1.058 1.066 1.070 1.088 1.087
44G 560 510 480 480 490 480
F /Q\ 75°C, R —0.002 0.041 0.007 0.001 0.003 0.030
MeD OMe Cs 0.056 0.125 0.113 0.115 0.162 0.193
o 1.058 1.080 1.105 1.113 1.159 1.159

44G - — — — - -
G 75°C, r 0.542 0.843 1.005 1.048 1.530 1.685
Cq 0.764 1.172 1422 1.492 2202 2.383
o 1.144 1.178 1.208 1.217 1.266 1.260
44G 1000 950 1010 1020 1050 1000
H 75°C, r 0.167 0.265 0.319 0.323 0.445 0.484
Cs 0.236 0.353 0.433 0442 0.588 0.636
o 1.059 1.069 1.087 1.090 1.099 1.102
44G 1010 830 890 910 810 790
I 100°C, % 0.199 0.410 0.502 0.531 0.784 0.826
Cy 0.290 0.560 0.689 0.734 1.083 1.137
o 1.077 1.106 1.124 1.113 1.168 1.171
44G 1180 970 980 1010 1000 990
K 115°C, R 0.763 1.061 1.381 1.510 2211 2.26}
Co 0.851 1.185 1.551 1.702 2.484 2.539
o 1.050 1.060 1.071 1.077 1.085 1.085
44G 350 360 370 390 380 380
L 115°C, R 0.091 0.081 0.141 0.152 0.204 0.166
Cy 0.132 0.138 0.219 0.239 0.328 0.291
o 1.038 1.053 1.069 1.075 1.103 1.107
44G 1220 1720 1430 1450 1530 1810
M 115°C, R 0.219 0.292 0362 0.392 0.506 0.506
C, 0.285 0.373 0472 0510 0.660 0.664
o 1.053 1.063 1.081 1.085 1.102 1.105
44G 840 790 860 850 860 830
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1.00 i i 1 i
0 0.02 0.04 0.06 0.08 m

Fig. 4. Measured o vs. molality m, curves for solutes G, I and D (data from Table II).

x 1 T T I
LIS} g
Liof :
s H
10s|
1.00 ; ; ; ;
0 002 004 006 00 m

Fig. 5. Measured « vs. molality m, curves for solutes F, C and H (data from Table II).

x T ] T T
: . : : (1)
E : : : s (2)
: : 3)
1.05}
1.00 i i ; i
0 0.02 0.04 0.06 0.08 m

Fig. 6. Comparison of measured o values and calculated o vs. my curves for the typical solute E from Table
II. The calculations are based on the R’ values for m}, = 0.057: (1) measured R’ values; (2) and (3) measured

R’ values correlated for the retention increase R; of the standard according to eqn. 17, assuming @R, =01
and (3) Ry = 0.2 for m$ = 0.057.

A practical aspect of these investigations is that for most solutes (except those
with very small R’ values) it is not useful to increase the cyclodextrin molality m, above

0.1. The retention increase R’ and analysis time would also increase without much
improvement in a.
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“ T L L) T
B
106 : z : : =)
N X . - [¢3]

1.04} .

102] :
1.00 i i . i

0 002 004 006 008 m

Fig. 7. Comparison of measured o values and calculated o vs. i, curves for the typical solute B from Table
1I. The calculations are based on the R’ values for m$ = 0.057: (1) measured R’ values; (2) and (3) measured
R’ values corrected for the retention increase R;, of the standard according to egn. 17, assuming (2) R, = 0.1
and (3) R, = 0.2 for m§ = 0.057.

« T T T !
K : : : (1)
: : : L (2)
. = 3
1.05}
1.00 i i i i
0 002 004 0.06 008 m

Fig. 8. Comparison of measured o values and calculated a vs. m, curves for the typical solute K from Table
1L The calculations are based on the R’ values for m% = 0.057: (1) measured R’ values; (2) and (3) measured
R’ values corrected for the retention increase R, of the standard according to eqn. 17, assuming (2) R, = 0.1
and (3) R, = 0.2 for m; = 0.057.

« ! J J !
L : : : (1)
: . : . (2)
1103 : . : : (3
1.05}
1.00 i i | i
0 002 004 0.06 008 m

Fig. 9. Comparison of measured o values and calculated « vs. m, curves for the typical solute L from Table
IL. The calculations are based on the R’ values for m§ = 0.057: (1) measured R’ values; (2) and (3) measured
R’ values corrected for the retention increase Ry, of the standard according to egn. 17, assuming (2) R, = 0.1
and (3) R, = 0.2 for m§ = 0.057.
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R ! ! J J
25¢ : : : :
K
20} :
15} :
c:
Lo} C s
0.5} d E :
0 ; ; ; ;
0 002 004 0.06 0.08 m

Fig. 10. Measured retention increase R}, vs. cyclodextrin molality m, curves for solutes K, Cand E from
Table II.

Retention increase R’

Some R vs. m curves (data from Table IT) are shown in Figs. 10 and 11. The
slight deviation from the expected straight lines (¢f., eqn. 7 and the footnote with eqn.
7a) can be explained by the systematic error caused by the finite retention increase
Rj of the standard itself (cf,, eqn. 17; note that also Ry itself depends on my; the
deviation is more obvious for weakly complexing solutes, e.g., solute H in Fig. 11).

The R’ values rarely exceed 1.5 (the same was found for 3-perfluoroacylated 2,6-
dimethyl-g-cyclodextrins), whereas in complexation GLC [17-19] often values around
or above 20 are observed. This demonstrates how weak the solute-cyclodextrin
interactions are (cf., racemate F) and that the contribution of these interactions to the
total retention time (cf., eqn. 6) is not dominant.

Measurements of R’ values on heptakis(3-heptaﬂuorobutan0y1-2,6-dimethyl)-[f-
cyclodextrin in OV-1701 [14] indicate that in case of failure of enantiomer separation
the R’ values are relatively small or intermediate and equal for both enantiomers.

R T f ; !
o6} : § L /
~ H
04}
02| g
0 ] ; i i
0 002 004 006 008 ™

Fig. 11. Measured retention increase R, vs. cyclodextrin molality m, curves for solutes M and H from Table
1L
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Thermodynamic data: AAG, AAH and A4S

For some racemates, 44H and 44S were determined in addition to A44G by
temperature-dependent studies according to eqn. 16, still using four different n-alkanes
as reference standards. The results are listed in Table IIT and shown in Figs. 12-17. It
should be noted that, because of the reference standard problem described above, the
figures are affected by a systematic error restricting the interpretation of the observed
enantioselectivities to a qualitative manner. However, they clearly show that
a temperature-dependent reversal of the elution order due to an isoenantioselective
temperature (Tiso = 44H]A4A4S) [16,17] will not be observed within the temperature
range of the experiment. By extrapolation of the straight lines in Figs. 12-17, Tis, was
calculated to be above 450°C, and in the case of the racemate C (cis-pinane) it was even
found to be outside the range of positive absolute temperatures. Ln « vs. 1/T plots for
several racemates on heptakis(3-trifluoroacetyl-2,6-dimethyl)-f-cyclodextrin indicate
that lower isoenantioselective temperatures are also possible (e.g., for 1-phenyl-2,6-
dimethyloxirane at 150°C, for isomenthol at 180°C and for a series of y-penta- to
y-decalactones at 210-230°C), the temperatures being still too high to be verified
experimentally. These results are in contrast to complexation GLC, where isoenantio-
selective temperatures between 15 and 100°C have often been observed [17-19)].

There is no direct relationship between 44G on the one hand and favourable
values of the chiral separation factor « or the peak resolution on the other. According
to eqns. 12 and 15, a certain 44G value can result either from a large « and small R’
values or vice versa.

TABLE III

GIBBS-HELMHOLTZ PARAMETERS CALCULATED BY LINEAR REGRESSION ACCORDING
TO EQN. 16 FOR THE STRAIGHT LINES OF VAN 'T HOFF PLOTS IN FIGS. 12-17

Solute Cyclodextrin Standard AAH 448
molality, ma J/mol)* (J/K - mol)*
A 0.065 C, -390 -0.11
q/ 0.057 C, —420 —0.15
0.042 C, —410 -0.11
B 0.065 (o —330 —0.13
q/ Cs —380 —-0.22
Co —420 —0.29
Cio —410 —-0.20
C 0.065 C, —320 0.44
Csg —350 0.39
Cy’ —360 0.40
Cio —330 0.55
G 0.065 Cy —4570 —10.22
q Cy —4530 —10.05
Cio —4560 —10.09
OH Ci —4650 ~10.26
H 0.065 Cg —3350 —-7.22
Cy -3150 —6.51
Cio —3100 —6.22
o Cii —3180 —6.20
+£40

b 10.3.
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'Fig. 12. Van ’t Hoff plots for solute H
different n-alkanes as reference standa
B-cyclodextrin.

]
/T [K]
(¢f', Tables Il and III) (calculations of A4G with respect to four
rds), obtained on OV-1701 containing 0.065 permethylated
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Fig. 13. Van ’t Hoff plots for solute G
different n-alkanes as reference standa

B-cyclodextrin.
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VARCSE

(¢f., Tables II and III) (calculations of 44G with respect to four
rds), obtained on OV-1701 containing 0.065 m permethylated
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Fig. 14. Van 't Hoff plots for solute A

different n-alkanes as reference standa

B-cyclodextrin.

1/7T [K1]

(¢f., Tables I1 and III) (calculations of 44G with respect to four
rds), obtained on OV-1701 containing 0.065 m permethylated
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AAG /T [J/K-mol]
t T T T

‘Standard C :
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00029 00030 00031 0002 1/T [K']

Fig. 15. Van *t Hoff plots for solute C (cf., Tables 1T and 1I1) (calculations of 44G with respect to four

different n-alkanes as reference standards), obtained on OV-1701 containing 0.065 m permethylated
B-cyclodextrin.

0

AAG /T [J/K-mol]
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Cio
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i I i i 1
00029 00030 00031 0002 1/T [K1]

Fig. 16. Van 't Hoff plots for solute B (cf., Tables I and 1IT) (calculations of 44G with respect to four
different n-alkanes as reference standards), obtained on OV-1701 containing 0.065 m permethylated
B-cyclodextrin.

AAG /T [J/K-mol]
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i i i i I
00029 00030 00031 00032 1/7T [K']

Fig. 17. Van’t Hoff plots for solute B, obtained on OV-1701 containing different molalities (0.042, 0.057 or
0.065 m) of permethylated f-cyclodextrin (standard: C5). 44G does not depend on the cyclodextrin molality
Ma.
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In contrast to a, 44G is independent of the cyclodextrin molality m, (¢f, Fig. 17
and eqn. 15).

Further observations

Changing the polysiloxane solvent might result in different K? (or K) and thus in
different a values (owing to polarity or solvation effects). However, the replacement of
OV-1701 with PS-086, a polysiloxane solvent of similar polarity, did not affect « or R’
appreciably. Also, the replacement of all methy! protons with deuterium in permethyl-
ated B-cyclodextrin did not have a significant effect on the values of o, R or 44G.

CONCLUSION

It could be shown that the theoretical treatment of enantioselectivity advanced
in complexation GLC can also be applied to dissolved cyclodextrin stationary phases.
However, there is no totally inert reference standard available for the determination of
relative retention data, and therefore a small systematic error is introduced into the
calculation of the retention increase R'. Yet, the good agreement of calculated and
measured o vs. molality m, curves supports the validity of our approach. The slight
deviation from the expected linearity of the R’ vs. my relationship is due to the
systematic error mentioned above. The molecular association between the racemates
and the cyclodextrin derivative is relatively weak, which results in small values of R'.
Hence its contribution to the total retention time is not dominant. In contrast to
complexation GLC, temperature-dependent reversals of the elution order (isoenantio-
selective temperatures) were extrapolated to occur only at temperatures too high to be
measured or to be non-existent.
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ABSTRACT

The usual task of quantitative structure—retention relationships (QSRR) in chromatography is to
predict retentions, whereas in spectroscopy the resulting spectra are used for structure elucidation. It is
shown that if an equation with a good correlation is found, QSRR can also be used for a similar purpose,
with consideration of exceptions from the rule. Equations for the dependence of the retention in gas,
high-performance liquid and thin-layer chromatography on molecular mass and selected structural frag-
ments of eighteen benzodiazepines are proposed. Any deviation from the rule is connected with a given
influence of a neighbour on the corresponding structural fragment atoms. A new quantity given to frag-
ment evaluation is used for considering the intramolecular group influences.

INTRODUCTION

One of the challenges in quantitative structure-property relationship (QSPR)
investigations is to predict the properties of a substance when the structure is known.
There is also another possibility, namely to predict the structure from the properties.
To use system and solute properties for precalculation of retention is the usual task of
quantitative structure-retention relationships (QSRR)in chromatography, whereas in
the spectroscopy the resulting spectra are used for structure elucidation. In this paper
we show that QSRR can be also used for a similar purpose. We assume that the
chromatographic retention on a given stationary phase is influenced both by extensive
(molecular mass, number of atoms, etc.) and intensive (structural features) solute
properties. Such a differentiation is similar to that in spectroscopy. The absorption
band in IR spectroscopy, for example, of a ketone C=0 groupis at about 1720 cm™!.
This value is due to the vibration of the bond between two atoms with corresponding
mass (extensive property). This band moves down to 1670 cm™! or up to 1820 cm™!
depending on the neighbouring atoms and/or functional groups. Hence a band
anywhere between 1670 to 1820 cm™* could be connected with the presence of a C=0
group. Its exact location serves for structural elucidation. If a valid rule (equation)
about the dependence of chromatographic retention on some general properties of

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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a series of compounds can be defined, any deviation from this rule can also be
connected with a given influence of corresponding functional groups and, as a next
step, the influence of neighbouring atoms on the functional group in question.
Therefore, if QSRR is exact enough it can serve for reliable considerations on the
structure of compounds the retention of which differs from the rule.

The present status of QSRR studies shows the following problems in modelling:
(i) lack of reproducibility of the experimental retention data for substances of interest,
(ii) correct representation of the corresponding substance structure and (iii) adequate
mathematical data handling.

Analytical results in biological, pharmacologial, clinical studies, etc., show poor
reproducibility. This situation, does not apply, however, with chromatographic
determinations. Modern experimental methods based on high-resolution gas (GC),
high-performance liquid (HPLC) and thin-layer chromatography (TLC) give very
repeatable results for retention, which can be used in QSRR investigations. There are
also a great variety of topological, geometric, quantum chemical, etc., indices [1,2],
which make the second problem also less difficult. Mathematical data handling on
a purely theoretical base is not yet possible. There are however, many empirical and
semi-empirical equations [3-30] connecting the retention with the solute properties.
The accuracy achieved can be considered satisfactory for identification purposes in
limited cases only, e.g., with one chromatographic technique used for similar
compounds. No general mathematical approach for the adequate solution of the third
problem in all chromatographic modes is available.

We advocate the use of a linear model, given elsewhere [30], for retention data
handling. This model has been used for the derivation of equations describing
chromatographic retention in different modes. It has been already applied with success
for hydrocarbons and halogenated hydrocarbons [31-33]. These compounds however,
cannot be analysed by TLC or HPLC and therefore it is not possible to compare the
significant parameters and their estimates in different chromatographic modes. This
study deals with the retention data of eighteen benzodiazepines, obtained in
adsorption (thin-layer and liquid) and partition (gas and liquid) chromatographic
modes. '

THEORY

It is well known that the general physico-chemical equation connecting the
absolute retention with the enthalpy of solution, 4 H,, and the entropy of solution, A4S,
1s

RTIn V, = AH; — TAS; (1)

where V, is the specific retention volume, T is the absolute temperature and R is
a constant. Rearranging egn. 1 to

RT Inry, = A(4H,)y,; — TA(4S);,2 @)

where r, , is the relative retention of solutes 1 and 2, it can be seen that the relative
retention depends on the relative changes in 4H;and 4S,. If the solute molecules differ
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significantly in their 4H values (e.g., homologous neighbours separated by GC on
a non-polar stationary phase), their retention is governed mostly by A(4H,), ,. When
the difference in A(4H), , is negligible (e.g., closely related structures and equal
molecular masses), then the retention still depends on 4H,, but separation can be
achieved if the stationary phase provides a greater difference in the solution entropy
(e.g., use of liquid crystals). The experimentally obtained numerical values show that
A(455), > usually plays a modifying role for retention [34,35].

Different solution theories based on quantum-chemical calculations lead to
a general equation analogous in its form and meaning [36]:

AE = ¢, + Z¢, 3)

where 4E is the change in the system energy after non-destructive interactions (e.g.,
solutions), &, is the magnitude of dispersive forces and & are different other forces.
Again there is a basic contributor ¢, and modifying contributors Ze,.

We have tested the validity of analogous equations reported in a series of papers
[30-33,37-42] and we have proposed a biparametric model based on the additivity
principle as a general model for QSRR studies in GC [30]:

n n+k
R = bo + Z biBi + Z bjTj (4)
i=1 j=n+1

where R represents the corresponding retention (usually the retention index in GC and
Rp in TLC or the capacity factor (k) in HPLC in this work. B; are basic and T are
tuning contributors to retention. The constants bo — b; are regressor (parameter)
estimates. It was accepted [30] that the B term in eqn. 4 includes solute properties,
allowing the calculation of a value for R..1c., which does not differ from R.,, by more
than +10-15%. Every solute property answering the above demands and even linear
or non-linear [28,29,43] equations including the corresponding property can be used as
the B term.

The T term includes also solute properties, which can correlate insignificantly
with retention and do not correlate with the properties included in the B term. They
have to possess a high discrimination power and be able to approximate the roughly
calculated R, to the value of R

exp. .

RESULTS AND DISCUSSION

The retention data used in this investigation were taken from the literature
[44,45]. The molecular mass, Mm, is a general solute property that can be used in all of
the studied chromatographic modes and it was tested as a B contributor. The
molecular fragments (see Fig. 1) C=0, -OH, -F, -NO,, N-R, and flat rings (phenyl
and cyclopropane) were tested as T contributors. We assumed that the presence of
a given fragment is counted as 1 and its absence as 0. The parameter —F for halazepam
was taken to be 3, because there are three —F atoms (see Fig. 1). The parameter C=0
for camazepam was taken as 2 for a similar reason, assuming no difference in their

retention contributions. Correspondingly, prazepam has three flat rings, whereas
tetrazepam has only one.
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Fig. 1. Molecular fragments tested.

The corresponding retention data, the values of the molecular mass (Mnm1) and
the values of selected parameters (fragments) are summarized in Table L

The intercorrelation between the selected parameters was calculated and was
found to be negligible (Table I). Therefore, we correlated first the retention with all
seven selected factors in all chromatographic modes. Because of the high probability of
chance correlations [46] we checked the validity of the parametric estimates in two
ways: applying the leave-one test and reducing the number of factors with the
requirement that the variances remain statistically equal. Surprisingly, the parametric
estimates remain with a constant sign and within a limited range of values. The
maximum and minimum quantities obtained in the leave-one test are given in Table IL.
For comparison of both full and reduced equations, see eqns. 5-9a.

The studies show that in GC just the parameter molecular mass satisfies the
requirements of the B term in eqn. 4. In TLC such a parameter is the N-R, group. In
the other chromatographic modes neither parameter as a basic contributor covers the
experimental retention value by more than 85%. Nevertheless, there is always
a leading contributor. Taking into account the negligible intercorrelation between the
parameters (see Table I) and both the leave-one test and reducing parameters, we
consider the sign and quantity of the estimate of a given parameter to represent a real
quantitative evaluation of its influence on retention under the given chromatographic
conditions.

The two types of equations can be given as follows for the various chromato-
graphic modes:

for GC:

[= 1219 + 353.6Mm + 150.4(N-CO) — S0(—-OH) — 143(-F)
+ 183(-NO,) + 29(flat) + 43(N-R,) )

= 992 + 502.7Mm — 161.2(-F) + 232.7(-NO,) (5a)
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TABLE 11

MAXIMUM AND MINIMUM VALUES (ACCORDING TO THE LEAVE-ONE TEST) OF PARAM-
ETER ESTIMATES b,~6; IN ALL CHROMATOGRAPHIC MODES

Mode b, b, b3 by bs bs b,
(Mm) (N-CO)  (-OH) (-F) (-NO;) (flat (N-R5)
ring)
GC 324 176 —54 —117 171 32 13
360 119 —67 —154 226 81 38
RP-HPLC 1.9 2.9 —4 -1.3 —6.1 —10 0.6
3.1 1.6 -6 1.3 -8 —11.8 1.2
HPLC (8iO,) 4 —4 ~1.3 —-0.5 —0.9 1 -1.0
5 -5 -2 0.7 0.4 1 —1.6
TLC (neutral) -29 18 -8 —4 —14 —-0.2 10
—33 20 —11 4.5 -9 4 35
TLC (basic) 6 —16 —16 —4 —14 -0.2 10
9 —19 —19 -5 —15 0.3 13

with statistically equal variances;
for reversed-phase HPLC:

k' = 125 + 2.26Mm + 1.54(N-CO) — 4.90(-OH) + 1.41(-F)
— 732(-NO,) — 11(flat) + 0.88(N-R,) (6)
k' = —653 + 5777Mm — 6.03(-OH) — 7.35(-NO,) — 11.33(flat)  (6a)

with statistically equal variances;
for adsorption-mode HPLC:

kK = —17.6 + 4.74Mm — 4.22(N-CO) — 2.12(-OH) ~ 0.57(-F)
— 0.82(-NO,) + 1.15(flat) — 1.06(N-R,) 0

k' = —3.43 + 2.65Mm — 3.13(N-CO) — 1.38(-OH) (7a)

with statistically equal variances;
for TLC with chloroform-methanol (neutral phase):

Re = 110.3 — 31Mm + 18.(N-CO) — 8.4(—OH) + 3.59(-F)
— 8.4(-NO,) + 4.57(flat) + 34.5(N-R,) @)

R

46.21 — 8.91(-OH) + 26.41(N-R,)  (8a)

with statistically equal variances.
for TLC with diethylamine as modifier (basic phase)
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Ry = 104 — 7.53Mm — 17.3(N-CO) — 18.6(-OH) — 4.7(-F)
~ 14.6(-NO,) — 0.3(flat) + 13.1(N-R}) (9)

Ry

27 ~ 13.5(N-CO) — 16.7(-OH) — 15.5(-NO,) + 14(N-R,) (%)

with statistically equal variances.

If the parametric estimations from eqns. 5-9a are compared with the corre-
sponding values in Table 11, several conclusions can be drawn:

(1) The values of regressor (parametric) estimates coincide with quantity and
sign in most instances, which confirms the lack of chance correlation.

(2) The greater difference between the estimates of Mm in Table IT or eqn. S and
in eqn. 5a for GC can be explained if the assumption regarding the additivity of the
contributions of the different parameters is correct: the sum of estimates of Mm and
N-CO- from Table I1 (353.6 + 150.4) is equal to the estimate of Mm in eqn. 5(502.7).
Hence the N-CO- group does not make a specific individual contribution to the
retention and its estimation is incorporated in the Mm parameter estimate of eqn. S.

The role of Mm in TLC with a neutral mobile phase (eqn. 8) is also clear: the
greater the molecular mass, the greater is the retention and the lower the Rp value. This
well known qualitative observation is now quantified.

(3) According to eqn. 8a (neutral mobile phase), the retention depends mostly on
the N-R, fragment, whereas Table I and eqn. 8 give two significant parameters:
N-CO and Mm. If the additivity of the parameter contibutions is again valid, then the
sum of the estimates b, b, and b, (Table [T or eqn. &) should be equal to the estimate of
the N-R, parameter in eqn. 8a, which is indeed the case. ,

(4) The case described by eqns. 8, 8a and 13 shows that if the azepine N atom is
substituted (the parameter N-R, = 1), the solute is retained more weakly than the
pattern nordazepam (Tables I and III). The only drastic exception when the reduced
equation 8a is used is flurazepam (Table ITT). However, its structure (Fig. 1) contains
an additional N atom is observed in its —R , substituent, and it can be assumed that this
Natom compensates for the decrease in retention due to the substitution of the azepine
N atom. It is known that the interaction between a basic N atom and a silica surface
with neutral mobile phases is of the greatest importance for the retention, and this was
quantified in this study.

(5) Considering the case described by eqn. 9 (basic mobile phase), the influence
of N-R,, as can be expected, decreases, the influence of the other fragments also
becomes significant and the discrimination is better.

(6) The hydroxyl group is an important parameter in all chromatographic
modes. An —~OH group in the solute molecule increases the retention in chromato-
graphic modes with liquid mobile phases, because of silanophilic interactions. Again,
a behaviour known in chromatographic practice was quantified. The insignificant role
of the ~OH group in the GC of benzodiazepines is probably due to the high
temperature of analysis.

(7) Considering the influence of the -NO, group, we observed that its presence
increases the molecular polarity and its GC and TLC retentions increase. The retention
in reversed-phase HPLC decreases, probably because of a decrease in the solubility of
the solute in the non-polar C,g stationary phase.
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TABLE III

COMPARISON OF EXPERIMENTAL AND CALCULATED R; VALUES ACCORDING TO EQNS.
8a AND 13

No. Compound Rp
Exp. Calc. Calc.
(eqn. 8a)  (eqn. 13)

1 Medazepam 74 73 76

2 Prazepam 74 73 76

3 Tetrazepam 76 73 76

4 Pinazepam 79 73 76

5 Flurazepam 48 73 48

6 Halazepam 76 73 76

7 Camazepam 79 73 76

8 Nimetazepam 77 73 76

9 Flunitrazepam 72 73 76
10 Temazepam 59 64 60

11 Lormetazepam 67 64 65

12 Nordazepam 55 46 54

13 Lorazepam 36 37 36
14 Nitrazepam 36 46 35
15 Oxazepam 40 37 41

Taking into account that in GC and reversed-phase HPLC the retention is
mostly due to solubilization, whereas in adsorption-mode HPLC and TLC both
solubilization and adsorption take place, some more general conclusions may be
drawn. Solubilization is a bulk process, in which a solute molecule interacts with the
whole surface, whereas in the adsorption mode only a few atoms can interact with the
stationary phase surface. The results show that probably the influence of solubilization
in the mobile phase predominates over adsorption in adsorption HPLC. This can
explain why the molecular mass and the -NO, and ~OH groups act in the observed
manner. In TLC probably adsorption on the surface predominates and the retention is
mostly due to the presence of an active fragment, in this instance N-R,. The
decrease in k' in HPLC modes could be explained on a similar basis: the solubility in the
mobile phase predominates over adsorption on the silica surface.

Eqns. 5a-9a can serve for considering the influence of different parameters
(fragments) on the retention, and also for the selection of compounds for which the
calculated retention differs from the rule. The differences obtained between R.,, and
R, may be connected with unequal contributions of equal chromatophores, owing
to specific structural features (e.g., intramolecular interactions such as H- - -O
bonding or shielding). In other words, the contribution of the fragments, called
chromatophores, might be tuned by the influence of specific neighbouring atoms,
groups or other structural peculiarities. This tuning effect cannot be evaluated in
advance but if, in the cases of greater discrepances between R.... and R.,,, we
exchange the arbitrary value of 1.0 given to the fragments in question, we can decrease
this discrepancy. The new fragment evaluation is accepted as a quantification of this
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influence. In other words, we expect to evaluate the difference between equal
functional groups due to different adjacent atoms. A new series of equations can now
be formulated, allowing a better description of the retention of the studied compounds
in the interpolation region.

The evaluations of N-CO- and —OH fragments in GC have to be corrected:

1= 11167 + 429.67Mm + 123.4(CO-N)*" — 77.9 (-OH)*"
— 151.2(-F) + 164.8(-NO,) : (10)

with almost the same parametric estimates as in Table II, eqn. 10 has a higher
correlation coefficient, » = 0.993, maximum discrepancy, 4,,,, = 40i.u., and only two
incorrect arrangements, those of the peaks of temazepam and lormetazepam.

The new equation for reversed phase HPLC is

k' = —8.98 + 6.544Mm — 5.45-OH)*" — 8.28(-NO,)*"
— 11.58(flat) (11

again with the same values and signs as in Table II, but with higher r = 0.987,
Amax = 2.4 and only two incorrect arrangements, halazepam and lorazepam.
For adsorption-mode HPLC, the new equation is

ko= —0927 + 1.949Mm — 2.77(CO-N)*" — 1.34(—OH)e*"
+ 0.62(flat) — 0.65(N-R,)*" (12)

withr = 0.999, 4., = 0.3 and only one incorrect arranged compound (nordazepam).
For TLC with a neutral mobile phase, we have

R = 35.66 — 10.4(-OH)*" + 40.2(N-R,)*" (13)

with r = 0.99, 4., = 3.8 and a 100% correct arrangement of the Ry values of the
spots.
For TLC with a basic mobile phase, the equation becomes

Rp = 28.28 — 13.49(CO-N)*" — 14.85-OH) — 14.49(-NO,)
+ 1L73(N-R,)*" (14)

with r = 0.998, 4,.., = 1.6 and a 100% correct arrangement of the Ry values of the
spots.

The superscript cor. means that the value for the presence of a given fragment
differs from 1. For example, in reversed-phase HPLC the presence of an —-OH group in
the compounds lormetazepam and lorazepam is evaluated as 1.2 units instead of 1.0, in
order to minimize the discrepancy between kexp. and k... We assume that this change
in fragment evaluation is necessary in order to compensate for the influence of the —Cl
atom in the adjacent phenyl ring. In adsorption-mode HPLC the necessary change is
even greater, 1.7 units instead of 1. Similar corrections are necessary in TLC with a
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neutral mobile phase; the presence of an ~OH group in temazepam and lormetazepam
has a greater influence on the retention than in lorazepam and oxazepam.

The fragment evaluations are found on a chemical logic basis. They are not
constants; their values depend rather on the kind of chromatographic conditions used.
They are meaningful only for the interpolation region. They could be used, however,
for considering the intramolecular group influences on intermolecular interactions,
and we see in this a new aspect of QSRR application.

The kind of substituent —R; in the N~R, group is also very important, and this
has already been shown in TLC with a neutral mobile phase.

The results presented illustrate that comparable equations for all the studied
chromatographic modes describing quantitatively the corresponding chromatogra-
phic retentions can be created on a single model. There are fragments selected from the
solute molecule which are responsible for the retention in chromatography and these
can be called chromatophores. Their contributions are additive, but in some instances
the fragment evaluations differ from 1.0, depending on the neighbouring atoms.
Therefore, after obtaining preliminary results, the fragment evaluation can be tuned so
that more accurate interpolation equations can be obtained (eqns. 10-14). The
evaluations from both the first and second groups of equations allow quantitative
considerations of the contributions of different solute fragments, while the difference
of a given fragment evaluation from 1.0 could be used for considering intramolecular
interactions. The equations could also be used for formulating preliminary assump-
tions about the retention mechanism in particular chromatographic techniques.
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ABSTRACT

Competitive adsorption isotherms were determined for 2-phenylethanol and 3-phenylpropanol on
ODS-silica with methanol-water as the mobile phase. The experimental data were fitted to the Langmuir
competitive isotherm, the second-order ideal adsorbed solution isotherm of LeVan and Vermeulen, the
seven-parameter quadratic isotherm (ratio of two second-degree polynomials) and the competitive Fowler
isotherm. The best results were obtained by adjusting the five parameters of the competitive Fowler
isotherm by a non-linear regression. Unfortunately, this isotherm gives the mobile phase concentration as a
function of the surface coverage and the equation cannot be inverted in closed form.

INTRODUCTION

Determination of competitive equilibrium isotherms is important in theoretical
and experimental studies in order to evaluate the separation process. The isotherm is
the fundamental thermodynamic property which has to be measured in order to permit
the accurate prediction of the individual band profiles in non-linear chromatography
[1]. Once the adsorption data have been obtained, however, they are put in a functional
form by fitting to a model for use in the calculation of individual component profiles
[2,3].

For single-component systems, several dynamic methods have been developed
to measure adsorption isotherms accurately while avoiding the use of batch
techniques, which are time consuming and require the use of large amounts of
chemicals. The methods of elution by characteristic point (ECP) and frontal analysis
(FA) are the most popular. ECP is based on using the rear boundary of a non-
linear elution profile to measure the isotherm [1,4]. The main disadvantage of this

¢ Present address: Ciba Geigy, CH-4002 Basle, Switzerland.

0021-9673/91/%03.50 © 1991 Elsevier Science Publishers B.V.
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method is that the experimental profile recorded deviates from the ideal profile
because of the band broadening due to the finite efficiency of real columns. Thus an
error is made in the calculation of the amount adsorbed. This deviation causes an error
in the measured isotherm. However, with the modern, high-efficiency columns used in
high-performance liquid chromatography (HPLC), this error remains acceptable.
Another drawback is that separate detector calibration is required. ’

On the other hand, FA is based on making a series of step changes in the
concentration of the mobile phase at the column inlet and writing an integral mass
balance [5,6]. Compared with ECP, FA has the advantages that it does not require
detector calibration and that the nature of the front (which is self-sharpening) makes
the measurement independent of the column efficiency, as long as this efficiency
exceeds about 100 theoretical plates. FA has the inconvenience of requiring a much
larger amount of product than ECP. It has been shown that for high-efficiency
columns ECP and FA give the same experimental isotherm [7].

Other methods have been proposed for the measurement of single-component
isotherms, based on recording high-concentration band profiles and calculating the
best-fit parameters to a known isotherm model [8-10]. Lastly, there are methods in
which the isotherm is determined by the retention time of a small sample pulse injected
on a concentration plateau [11].

For the measurement of binary and multi-component isotherms, several of these
chromatographic methods can be applied. Frontal analysis has been extended and
employed in the determination of two component competitive isotherms [12-14]. Step
and pulse techniques have been suggested, using labelled compounds [1 1,15]. They are
impractical for most organic compounds, for which labelled molecules are difficult and
expensive to synthesize. Recently, a method based on analyzing the individual band
profiles for a series of large-volume rectangular injections of binary mixtures has been
proposed [16].

In the analysis of single-component isotherm data, several models can be used
which accurately fit experimental isotherm data and provide a convenient means of
obtaining an accurate prediction of the band profiles [17-19]. The Langmuir isotherm
is the most common. The bi-Langmuir, Freundlich and Fowler isotherms [20,21] have
also been used.

For the binary and multi-component cases, the competitive Langmuir isotherm
model is often used, owing to its simplicity. However, this model, which does not
satisfy the Gibbs-Duhem equation, lacks thermodynamic rigor. Further, the use of the
Langmuir single-component parameters in the competitive model does not give an
accurate prediction of overloaded elution profiles [16,22] and does not account well for
the experimental competitive adsorption data [23]. A thermodynamically consistent
competitive isotherm has been derived by LeVan and Vermeulen [24], who used the
ideal adsorption solution (IAS) theory and introduced into the Langmuir equation an
additional term accounting for the difference in column saturation capacities of the
two components.

The Fowler isotherm can also be extended to binary mixtures and take into
account the competitive behavior of the two components [20]. Statistical thermo-
dynamic models have shown that the competitive isotherm should be the ratio of two
polynomials of the same degree [25,26]. The Langmuir isotherm is the ratio of two
first-degree polynomials. A better result is predicted with the use of the ratio of two
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second-degree polynomials. Finally, a binary isotherm model based on ion-exchange
formalism has been proposed by Velayudhan and Horvath f27]. None of these models
has been used yet to account for competitive adsorption data and to calculate
individual band profiles in non-linear chromatography.

In this paper, experimental adsorption data determined by two-component
frontal analysis [12,14] are reported and a comparison is made between four of the
competitive isotherm models listed above, the competitive Langmuir model, the
quadratic isotherm model, the LeVan and Vermeulen IAS model and the competitive
Fowler isotherm.

THEORY

The classical equations of two-component frontal analysis [12,13,18] were used
to derive the amount of the component adsorbed at equilibrium from the break-
through curves recorded as the column response to step changes in the concentration.

Four isotherm models have been used to account for the measured experimental
data. The simplest model is the competitive Langmuir isotherm model [28]:

g1 = I—L 0
| +5:Cy + b,C,
a;C,
2= T55,C + b,G, @
where ¢, and C; are the concentrations of the ith component at equilibrium in the
stationary and the mobile phase, respectively, and a; and b; are numerical coefficients,
characteristic of the components and of the chromatographic system. The column
saturation capacity is g;5 = V,a;/b;, where Vsp is the volume of stationary phase
contained in the column.

The Langmuir model has been corrected for its thermodynamic inconsistency by
LeVan and Vermeulen [24], using the JAS theory. The first-order approximation of
their equation is the Langmuir isotherm if the column saturation capacity is the same
for the two components. If the column saturation capacity is different for the two
components, the LeVan and Vermeulen isotherm is represented by a series which
converges very rapidly and can be limited in most practical cases to its first two terms.
The second-order approximation of their isotherm can be written as

a1C1 + a2C2

_bC+ h,C, 11

<a1 a2> b1b2C1C2

7= 1+ b,Cy + 5,C, * 51— - b—z (b1C1 + 5,Cy)? I +5:C1 +5:C2) ©)
a1C1 + 612C2b C
_ b1C1 + b2C2 22 ar ay b1b2C1C2
277 +6,C + 5,C, * by by)(b:C, + byC,)? 1+ 61Ci+ 026 (4)

Eqns. 1 and 2 (or 3 and 4) must be valid for any combination of mobile phase
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concentrations of the two components (Cy, C,). Obviously, they must also be valid
when one of these concentrations is zero. Thus, eqn. 1 (or 3) gives the Langmuir
single-component isotherm for the first component when C, = 0. The coefficients a;
and b; in eqns. 1-4 are the coefficients of the single-component Langmuir 1sotherms.
The third isotherm we used is the quadratic isotherm, suggested by statistical
thermodynamics and for which different derivations have been discussed [23,25]:

_ a,Cy + a;,C1C,
U= 15,Cr 1 5,C;, + b12,C1Co

4

aCr + a:C1C

= 6
2= 130,Cy + b2Cs + 02,C1Ca ©

where by, = bz;. In eqns. 5 and 6, the coefficients a; and b; are the same as in the
single-component isotherm of the ith component. The coefficients a;;and b;; have to be
determined for the binary mixture.

The last isotherm we used is the competitive Fowler isotherm [20]:

1 0

i =110, 183)
i@ 10y )

_1____0—2,..__ = —x2(61 +82)

G T + 05 " ®
where 6, is the ratio ¢;/g ; of the stationary phase concentration of the ith component to
its column saturation capacity and y; is a numerical coefficient. For a binary mixture,
this isotherm has five parameters (gs,1, ¢s,2> X1, X2 and bo).

Each isotherm model was tested (i) by using the single-component parameters of
the corresponding model (Langmuir or Fowler) in a mixing model and by adjusting the
other parameters, when needed (i.e., with the quadratic isotherm model) using
a non-linear least-squares fitting method and (ii) by empirically fitting the correspond-
ing equations to the isotherm data and determining the best values of the parameters,
using a non-linear least-squares fitting method.

The non-linear least-squares fit was accomplished using the SAS library and the
SYSNLIN procedure, so that the parameters calculated give the least error for both
components. Success with this method depends considerably on the choice of
a suitable initial solution. We have found that searching empirically for an acceptable
set of solutions using “what if”” calculations carried out with the 123 spreadsheat
(Lotus Development, Cambridge, MA, U.S.A.) and its graphics module permits the
rapid selection of a satisfactory initial solution for the SAS program.

The absolute error between the data points and the best parameter isotherm
given by each model was calculated by

Ei = Z (qexv,j - qt,j)z (9)
j=1

7
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where i is the component number and j stands for the rank of the data point. This error
was calculated for each model and the results were compared.

EXPERIMENTAL

Equipment

Frontal analysis was performed by pumping the mobile phase with a Gilson
(Middleton, W1, U.S.A.) Model 302 pump through a ten-port Valco (Houston, TX,
U.S.A.) pneumatically actuated valve fitted with two 2-ml sample loops, a column and
a detector. The column was immersed in a Haake (Saddlebrook, NJ, US.A)
water-bath. Step changes in the solute concentration were made by switching the Valco
valve after filling the proper loop with a solution of the sample in the mobile phase at
the required concentration. The effluent composition was monitored by a Spectroflow
757 variable-wavelength UV detector (Applied Biosystems, Ramsey, NJ, U.S.A) at
272 nm. The effluent was sampled using a four-port electrically actuated Valco valve
with an internal 2-ul loop.

The quantitative composition at each plateau was determined by an on-line
HPLC unit consisting of a Beckman (Berkeley, CA, U.S.A.) Model 110B pump, the
Valco four-port valve, a YMC (Morris Plains, NJ, U.S.A)) cartridge column and
a Spectroflow Model 757 UV detector set at 254 nm. Both UV analog signals were
digitized through a Gilson Model 621 system interface box and monitored using the
714 controller software on an IBM (Armonk, NY, U.S.A.) Model 50Z PS/2 computer.

Columns and chemicals

The adsorption column was packed in-house at 7000 p.s.i. with 10-um Spherical
ODS-silica from Vydac (Hesperia, CA, U.S.A.) in a 250 x 2.1 mm LD. column.
A 3-um YMS 5 x 0.46 cm 1LD. cartridge column was used for on-line analysis.

2-Phenylethanol and 3-phenylpropanol were purchased from Fluka (Ronkon-
koma, NY, U.S.A)). Methanol and water were purchased from Burdick and Jackson
(Muskegon, MI, U.S.A.). All these products were used without further purification.
The mobile phase was methanol-water (50:50). Concentrations are reported in mg/ml;
a concentration of 1 mg/ml is 8.2 mM for 2-phenylethanol and 7.4 mM for
3-phenylpropanol.

Procedures

Step changes in the solute concentrations were made in the mobile phase stream
at the column inlet. The composition of the column effluent was monitored. Fig.
Lillustrates two typical frontal steps from which the amount adsorbed was calculated.
The trace obtained from monitoring the effluents exhibits a primary plateau and
a sub-plateau for each step. The concentration of the primary plateaux is known and
the composition of the effluent at each sub-plateau was determined by on-line analysis.
Samples were taken on-line, at the point where the arrow is drawn, on both the primary
plateau and the sub-plateaux. ‘

The chromatograms are shown in the upper part of Fig. 1. Note that the
concentration of the 2-phenylethanol, the first component, at each sub-plateau is
greater than that at the primary plateau. This is due to the displacement effect of the
second component on the first. However, the concentration of 3-phenylpropanol, the
second component, at the sub-plateaux is lower than that on the primary plateau.
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Fig. 1. Frontal profiles and effluent chromatograms. Bottom traces: frontal analysis. Solid line, detector
profile in frontal analysis; dotted line, reconstructed profile for 3-phenylpropanol; dashed line, recon-
structed profile for 2-phenylethanol. The arrows 1-5 indicate the times when an eluate sample was collected
and analyzed. Top trace: analysis of the eluate samples taken during frontal analysis.

o

RESULTS AND DISCUSSION

The pure component adsorption isotherms of 2-phenylethanol and 3-phenyl-
propanol were measured as described above. The two series of data are plotted in Fig.
2 (symbols). A non-linear least-squares analysis of these experimental data to the
Langmuir Isotherm shows an excellent fit to the pure component data over the whole
concentration range (Fig. 2, solid lines).

Competitive isotherm data were obtained under conditions of increasing total
sample concentration, but at a constant ratio of the concentrations of the two
components. The ratios of the 2-phenylethanol (PE) to 3-phenylpropanol (PP)
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Fig. 2. Experimental single-component data for &
to single-component Langmuir model (solid lines).
250 x 2.1 mm I.D. column packed with 10-um Vy

flow-rate 0.25 ml/min.

TABLE I

SUMMARY OF ISOTHERM PARAMETERS

Concentration in Mobile Phase

= 2-phenylethanol and [] = 3-phenylpropanol, fitted
All concentrations in mg/ml. Experimental conditions:
dac ODS-silica; mobile phase, methanol-water (50:50);

Isotherm Parameters
Competitive Langmuir a; =23 a; = 4.82
(single-component) by = 0.015 by = 0.039
Competitive Langmuir a =24 a, = 3.83
(best-fit parameters) by = 0.022 b, = 0.01913
Quadratic isotherm a; = 2.30 a; = 4.82
(three floating parameters) a;, = 0.030 a;; = —0.20

by = 0.015 b, = 0.039 by, =00
Quadratic isotherm a; =23 a, = 3.85
(seven floating parameters) ay, = 0.020 ay, = —0.075

by = 0.021 b, = 0.022 by, =00
Fowler isotherm gs1 = 154 gs2 = 138
(single-component, x1 = 0.0048 2 = 0.029
six parameters) by = 0.0149 by = 0.0335
Fowler isotherm gs1 = 104 gs2 = 187
(single-component, 11 = 0.366 z12 = 0.378
five parameters) by = 0.0242 by = 0.0242
Fowler isotherm qs1 = 105 gs2 = 160 b =0.0242
(best-fit parameters) X1 = 0.338 12 = 0.366
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concentration investigated were 1:1, 1:3 and 3:1. The experimental data are shown as
symbols in Figs. 3-10, where they are compared with the predictions of the various
isotherms studied (solid lines). In each figure, (a) shows the isotherms of 2-phenyl-
ethanol and (b) those of 3-phenylpropanol. '

The competitive Langmuir model (eqns. 1 and 2) was used first to account for the
competitive adsorption data. The parameters a4y, da, b, and b, were obtained by
regression to the single-component data (Fig. 2). They are reported in Table I. The
comparison between the prediction of this competitive isotherm and the experimental
data is shown in Fig. 3. For 2-phenylethanol (Fig. 3a), very good agreement is observed
with the experimental data, except for the 1.3 mixture at high concentrations.
However, for 3-phenylpropanol (Fig. 3b), strong deviations are observed. The
adsorbed amount of 3-phenylpropanol determined experimentally is 20-30% less than
that predicted by the competitive Langmuir model.

As the column saturation capacities are not equal for the two components (153
and 124 mg/ml for PE and PP, respectively), the LeVan and Vermeulen model [24] was
tried. However, in the region for which data were taken, this model gives results (not
shown) that were virtually the same as the competitive Langmuir isotherm. This is
explained by the relatively small difference in column saturation capacities between the
two components (20%) and the small curvature of the isotherm in the concentration
range investigated, although measurements were made in nearly the whole accessible
range, which is limited by the solubility of 3-phenylpropanol.

In order to try to improve the isotherm prediction, the competitive Langmuir
model was used empirically. The values of the coefficients a; and b; in eqns. 1 and 2 that
give the least error for the entire set of adsorption data (i.e., the two-single component
isotherms and the six mixed isotherms) were determined from a non-linear fit. As
summarized in Table I, a; does not change, a, decreases by 20%, b, increases by 50%
and b, decreases by 50%. Fig. 4a shows that there is hardly any change in the already
very good fit for 2-phenylethanol (¢f., Fig. 3a), except for a substantial improvement of
the fit in the high concentration range of the 1:3 mixture data. On the other hand, Fig.
4b shows a marked improvement in the fit for 3-phenylpropanol. The sum of errors
reported in Table IT has decreased from 287 to 47 (mg/ml)2. Still, the experimental data
for the 1:3 and the 1:1 PE-PP mixtures are 8-10% lower than predicted by the model
(Fig. 4b). Further, this improvement has been achieved at the cost of a less satisfactory
fit of the single-component adsorption data by the competitive isotherm (see Fig. 7,
dashed line).

The experimental data were then fitted to the quadratic competitive isotherm,
given by eqns. 5 and 6 (Fig. 5). Keeping with the rigor of this isotherm, the coefficients
a,, a», by and b, derived from the single-component adsorption data were used and the
coefficients a;,, a,, and by, were determined by minimizing the error between the
experimental and theoretical data. Surprisingly, although this model has seven
parameters instead of four, the results are not much better than those of the
competitive Langmuir model. For 2-phenylethanol (Fig. 5a) the model predicts nearly
the same amount of component adsorbed at equilibrium as the competitive Langmuir
isotherm derived from the single-component adsorption data (compare Figs. 3a and
5a) for the 3:1 and the 1:1 mixtures. The results are slightly better for the 1:3 mixture.
For 3-phenylpropanol, the results are slightly better for the 1:3 mixture and somewhat
better for the 1:1 mixture. The improvement is significant for the 3:1 mixture (compare
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Fig. 3. Comparison of competitive isotherm experimental data and the competitive Langmuir isotherm
with single-component parameters. All concentrations in mg/ml. Experimental conditions: see text and Fig.
2. Competitive adsorption data for & = 1:3, [] = 1:] and x — 3:1 mixtures. (a) 2-phenylethanol; (b)
3-phenylpropanol.
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Fig. 4. Comparison of competitive isotherm experimental data and the competitive Langmuir isotherm
with the best-fit Parameters. All concentrations in mg/ml. Experimental conditions: see text and Fig. 2. Same
experimental data (symbols) as in Fig. 3. (a) 2-phenylethanol, (b) 3-phenylpropanol.
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TABLE Il
SUMMARY OF ERRORS (mg/ml)2

The error is given as the sum of the squares of the differences between the calculated and the experimental
concentrations (eqn. 9). The values in parentheses were derived using only the six competitive isotherms. For
the other values, the summation is extended to the two single-component isotherms.

Isotherm 2-Phenylethanol 3-Phenylpropanol
Competitive Langmuir 2.4 287
(single-component)

Competitive Langmuir 1.98 (1.78) 47 (16.9)
(best-fit parameters) . :

Quadratic isotherm 1.26 75.8

(three floating parameters)

Quadratic isotherm 1.15 (0.93) 56.9 (8.3)
(seven floating parameters)

Fowler isotherm 0.7 (0.5) 12.9 (12.6)
(single-component)

Fowler isotherm 0.7 (0.56) 34.1 (0.77)

(best-fit parameters)

Figs. 3b and 5b). Overall, the fits are better (see Table II) but still not completely
satisfactory. Asseen in Fig. 4b, the Langmuir isotherm does not account accurately for
the decrease in the slope of the 3-phenylpropanol competitive isotherm with increasing
2-phenylethanol concentration. A correction to that slope is supplied by the quadratic
isotherm, using a best value of a,; which is negative, but the correction is insufficient.

We then used the quadratic isotherm as an empirical model. A non-linear
regression was used to calculate the set of coefficients which minimize the sum of the
errors (eqn. 9). Fig. 6 gives the best results in terms of the isotherms predicted. The
agreement is excellent for 2-phenylethanol, with a slightly better fit than with the
Langmuir models (Fig. 6a and Table II). For the 3-phenylpropanol data also the
agreement is very good (Fig. 6b), much better than when the data are fitted to the
competitive Langmuir isotherm equation (Table IT). This situation was to be expected
as the new isotherm has seven parameters instead of four.

We compare in Fig. 7 the single-component isotherms predicted by the
competitiveisothermeqns. 1,2and 5, 6 (C; = 0 or C; = 0)with the experimental data
with empirically optimized coefficients. The fit with the experimental data is now less
good than with the single-component Langmuir isotherms (Fig. 2). The advantage of
the competitive Langmuir isotherm and the quadraticisotherm with single-component
Langmuir isotherm coefficients is that these isotherms fit very well the experimental
data obtained for the single-component equilibrium isotherms. As in all curve-fitting
processes, however, we lose some and gain some in fitting the whole set of data on the
competitive isotherm equations and optimizing the coefficients. The fit of the
competitive equilibrium data is greatly improved at the expense of the fit of the
single-component equilibrium data. Nevertheless, the fit of single-component equilib-
rium data with either the Langmuir competitive isotherm or the quadratic isotherm is
still very good for 2-phenylethanol (Fig. 7). For 3-phenylpropanol, the quality of the fit
is still acceptable, especially at high concentrations for the Langmuir isotherm. At low
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Fig. 5. Comparison of competitive isotherm experimental data and the prediction of the quadratic isotherm
with three floating parameters. All concentrations in mg/ml. Experimental conditions: see text and Fig. 2.
Same experimental data (symbols) as in Fig. 3. A = 1:3 mixture. (a) 2-phenylethanol; (b) 3-phenyl-
propanol.
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Fig. 7. Comparison of single-component experimental data with the best-fit competitive Langmuir model
(solid line) and the quadratic seven floating parameters (dashed line) isotherm. All concentrations in mg/ml.
Experimental conditions: see text and Fig. 2. Same experimental data as in Fig. 2.

concentrations for the Langmuir isotherm and over the whole concentration range for
the quadratic isotherm, the amount of 3-phenylpropanol adsorbed at equilibrium is
significantly higher than that predicted by the “best” isotherm.

Finally, the data were fitted to the Fowler isotherm (eqns. 7 and 8). For
single-component isotherms, the agreement is excellent, as good as with the Langmuir
isotherm (cf., Figs. 2 and 8). In the case of competitive isotherms, however, the
coefficient » must be the same for both components. Therefore, if we want to use the
single-component Fowler isotherm parameters in a competitive Fowler isotherm, we
must introduce this condition (b, = b,) in the fitting calculation of the single-
component data. We then obtain different numerical values for the coefficients, but the
fit remains very good. Only these latter isotherms are shown in Fig. 8, for the sake of
clarity. The two sets of isotherms would be almost impossible to distinguish. In Fig. 8,
and in subsequent figures dealing with the competitive equilibrium data, we have
plotted the concentration in the mobile phase versus that in the stationary phase at
equilibrium, following the form of eqns. 7 and 8, and to illustrate the practical
drawback of the Fowler isotherm, i.e., the impossibility of inverting its equation in
closed form. ’

In Fig. 9a and b we show the competitive isotherms obtained by introducing in
eqns. 7 and 8 the best values of the “single-component” Fowler isotherm coefficients
just obtained. The results are satisfactory, as shown by the error reported in Table II.
The fit achieved is as good as with the quadratic seven floating parameter or with the
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Fig. 8.‘ Comparison of single-component data with five-parameter best-fit single-component Fowler model
(solid lines) and best-fit competitive Fowler model (dashed lines). All concentrations in mg/ml.
Experimental conditions: see text and Fig. 2. Same cxperimental data as in Fig. 2.

competitive Langmuir isotherms for 2-phenylethanol. For 3-phenylpropanol, the fit is
nearly as good as for 2-phenylethanol, a considerable improvement over the results
provided by the other isotherms using single-component isotherm coefficients (cf.,
Figs. 3b, 5b and 9b).

Last, we show in Fig. 10a and b the competitive isotherms obtained by fitting the
experimental data to the competitive Fowler isotherm. The agreement is excellent for
both components, except for the high concentration points in the 1:1 mixture data. The
single-component isotherm predicted by the competitive Fowler isotherm now
obtained (i.e., by making C, or C, equal to zero in eqn. 7 or 8, respectively, with the
numerical coefficients in the last line of Table I) agrees well with experimental data for
2-phenylethanol (Fig. 8, dashed line). For 3-phenylpropanol, substantial disagreement
18 again observed. The amount adsorbed at equilibrium predicted by this isotherm is
about 15% less than measured (Fig. 8).

CONCLUSIONS

The problem of finding a good model to predict the competitive adsorption
behavior of the components of a mixture based on the use of single-component data is
a major one in multi-component non-linear chromatography. It is important because
the individual band profiles in chromatography are very sensitive to small deviations
of the isotherms from linear behavior [2], so we need a very good model. The problem is
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Fig. 9. Comparison of the competitive isotherm experimental data and the prediction of the competitive
Fowler isotherm with the single-component parameters (five parameters). All concentrations in mg/ml.
Experimental conditions: see text and Fig. 2. Same experimental data as in Fig. 3. (a) 2-phenylethanol; (b)

3-phenylpropanol.
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Fig. 10. Comparison of the competitive isotherm experimental data and the prediction of the competitive
Fowler isotherm with the best-fit parameters. All concentrations in mg/ml. Experimental conditions: see text
and Fig. 2. Same experimental data as in Fig. 3. (a) 2-phenylethanol; (b) 3-phenylpropanol.
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important also from the practical point of view, because it is much easier and faster to
collect single-component data than competitive adsorption data.

The solution of this problem in a particular case was the main aim of this work
and it remains unsolved. None of the isotherms available gives results which are
completely satisfactory. The second aim, in case the first could not be achieved, as has
happened, was to find an isotherm model which could be fitted to a whole set of
experimental data and account for them empirically.

The results presented here and our conclusions are restricted to one specific case.
They can reasonably be expected to apply to many pairs of monofunctional
homologues in reversed-phase liquid chromatography, but not far beyond. This is but
a small fraction of the separation problems encountered in preparative chromato-
graphy.

The TAS model, although thermodynamically more sound than the Langmuir
competitive isotherm, does not give significantly better results than the empirical
Langmuir model in this case, essentially because the difference in column saturation
capacities is small and the range of coverage (l.e., concentrations reported to the
saturation capacity) investigated remains low. In spite of its soundness and increased
complexity, the quadratic isotherm did not give much improved results.

Our experiments showed that the apparent a parameter of the isotherms (i.e., the
slope of the competitive isotherm at the origin) decreases in the presence of an
increasing amount of the other component. As it is more significant for 3-phenyl-
propanol than for 2-phenylethanol, it was more difficult to obtain a good fit for the
former. This explains why the quadratic isotherm with seven floating parameters gives
much better results than that with three floating parameters. In the latter instance, the
only way to adjust the slopes of the competitive isotherms would be by choosing
a negative value of a; ,, but if the full correction to the slope were made, the fit would
degrade rapidly with increasing concentrations. The addition of three new parameters
to the model does not improve the number of degrees of freedom much. In the former
instance, the selection of a value of a, lower than that given by the single-component
Langmuir isotherm permits a much better overall fit of the data.

Although the quadratic isotherm with seven floating parameters gives a good fit
of the experimental data, there is significant doubt regarding the theoretical meaning
of this result. As the pure component data are well accounted for by a Langmuir
isotherm, adsorbate—adsorbate interactions are low between the molecules of the pure
components. As the two components are homologues, there is no reason to think that
adsorbate-adsorbate interactions between a molecule of 2-phenylethanol and a mole-
cule of 3-phenylpropanol are any stronger than these interactions between two
molecules of either 2-phenylethanol or 3-phenylpropanol. This would mean that the
origin of the deviation from competitive Langmuir behavior lies in the non-ideal
behavior of the mobile phase solution rather than in adsorbate-adsorbate inter-
actions.

Of all the models investigated here, only the competitive Fowler isotherm
accounts accurately enough for this effect. With optimized values of the five
parameters, it accounts very well for the whole set of experimental data. This is
especially noteworthy in the case of 3-phenylpropanol (Table II). Model error is
observed, however, at high concentrations of 3-phenylpropanol and a systematic error
of about 15% in the single-component isotherm of this compound is observed. The five
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coefficients of the competitive Fowler isotherm are much easier to determine in
practice than the seven parameters of the quadratic isotherm. The adjustment of the
parameter b is the most critical, while changes in , and %2 have much less importance.

The excellent results obtained with the Fowler isotherm are only mildly
satisfying. Eqns. 7 and 8 cannot be inverted and solved for q, and ¢,. The programs
calculating band profiles in non-linear chromatography, however, need the local
values of these stationary phase concentrations [2,29]. Their calculation as a function
of Cy and C; by numerical inversion of the two isotherm equations in each loop of the
program, or even their search in a precalculated table, would increase markedly the
CPU time required.
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ABSTRACT

A method has been developed to calculate retention in reversed-phase high-performance liquid chro-
matography based on the molecular structure of the analyte and characteristics of the sorbents and mobile
phases. A simple approach based on solvophobic theory is used.

INTRODUCTION

One of the main problems in chromatography is to predict the retention of
compounds by studying their structure and physicochemical properties. Tt is now
impossible to predict retentions by precisely describing the chromatographic process
and calculating intermolecular interactions in a chromatographic system. Methods
using the correlation between different properties of analyte compounds and their
retentions are now in widespread use. To calculate retention, use has been made of
solubility parameters [1], retention indices [2-4], solvent interactions indices [5,6], the
correlation between retention and hydrophobicity constants [7,8] distribution con-
stants, molecular areas [7,9,10-19], Van der Waals volumes, dipole moments and the
number of carbon atoms in the molecule [14,15], molecular connectivity [16-18], etc.
Some of the approaches [19] use the relationship between the activity coefficients of a
substance in a certain chromatographic system and retention. A calculation method
has been proposed that involves two contributions to selectivity, a polar and a non-
polar one [20,21]. A series of alkylbenzenes are used to standardize the retention
scale, which can then be employed to calculate the retention and selectivity of the
compounds investigated for different mobile phase compositions. A method has re-
cently been developed to predict the retention of compounds in reversed-phase high-
performance liquid chromatography (RP-HPLC) based on the molecular structure of
the analyte [22]. The retentions are calculated as retention indices on the alkyl aryt
ketone scale. The increments for substitutions on aromatic and aliphatic carbons
have been obtained [22,23], and a program for calculating retention indices has been
developed [24]. A number of other studies have been reviewed [22].

Empirical correlation approaches are normally not associated with specific re-

0021-9673/91/803.50 © 1991 Elsevier Science Publishers B.V.
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tention theories, so that their applications are limited. To use these approaches one
must have experimental results from studying the. physico-chemical and chroma-
tographic properties of compounds and also reference data (often unavailable) on
new or rare compounds. At present there are several retention theories in RP-LC
[25-38]. Without going into the details of each of these theories, it can be noted that
they do not provide adequate means of calculating the retentions of compounds. The
solvophobic theory [32-35] now seems to give the most suitable approach to calculat-
ing retention and selectivity; however, to determine the energy contributions to reten-
tion we must know such characteristics as the area of the hydrophobic contact with
the sorbent surface, the acentric factor and dipole moments. Normally a full set of
characteristics is not available and it is very difficult to derive them. The same is true
of molecular statistical approaches [36-38] that require a preliminary determination
or a complicated calculation of the activity coefficients for compounds in a chroma-
tographic system.

The aim of this work was to study the possibility of developing of a simple
method for calculating the retention and selectivity in RP-LC on octadecyl sorbents
that would produce satisfactory results without preliminary wide-scale experiments.

THEORY

To develop a method for calculating retention and selectivity it is necessary to
employ some model concepts of the retention mechanism, the surface layer structure
and the character of interactions of retained substances with mobile and stationary
phases (SP). Much theoretical and experimental evidence has recently been produced
to show that a bonded hydrocarbon layer seems to have a structure intermediate
between brush and liquid and the eluent molecules are able to penetrate this layer,
producing a considerable effect on its properties [36,39,40]. The penetration increases
with increasing solvent hydrophobicity [36,39]. It has also been shown that the chro-
matographic process simultaneously involves both the distribution and competitive
adsorption in RP-LC. The distribution processes are dominant and the surface layer
exhibits quasi-liquid properties [36,41-43]. To calculate approximately the retention
and selectivity we propose to use a simple two-layer continuum model of a chroma-
tographic system: (1) the surface of a modifier sorbent in RP-LC has a surface layer
(SL) that involves ocatdecyl radicals and some of the components of a mobile phase
(MP); (2) the SL is assumed to be a quasi-liquid that has its own characteristics, i.e.,
surface tension (y,) and dielectric constant (g;), and the SL characteristics vary with
varing MP composition and sorbent properties; and (3) the molecules of a retained
substances penetrate into the SL. The retention is determined by the difference in
molecule solvation energies in the MP and SL.

We emphasize that the SL is regarded not as a layer of a liquid hydrocarbon but
as a specific layer containing surface-fixed alkyl radicals and some amount of MP
components. It is obvious that this layer should have characteristics different from
those of a hydrocarbon.

By assuming a surface layer that has certain average characteristics and the
possibility of a substance penetrating this layer, we can apply a simple procedure for
calculating the retention in this case. The general expression for the retention is

—4G

lnk’—ﬁ+q§ (1)
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where ¢ is the phase ratio. The retention is determined by the differences in the
solvation energies in the distribution system [32]:

AG = AGsolv.s. - AGsolv.m. (2)

According to refs. 32, 35 and 44,
AGsolv. ~ AGc X AGim‘ (3)

4G = AGc.s. - AGc.m. + AGint.s._ AGim.m. (4)

where 4G, and 4G, are the energies required to generate a cavity of molecular
size in the SL and MP, respectively; AGin,. and 4G, ., are the energies of the
interaction of the molecules with the surrounding medium in the SI and MP, respec-
tively.

The simplest version is [34]

4G, = NAy + NAyy (k§ — 1) : (5)

where N is Avogadro’s numvber, A is the cavity surface area in the liquid, vy is the
surface tension (for watery = 72.6- 10" Nm"™ 1), 4 is the solvent molecule area and
k{ is the characteristic constant for every liquid (for water k° = 1.277 [35,44)). To
calculate the approximate value of 4, the Van der Waals radius of a molecule is
normally used with the molecule regarded as spherical [35,44]. In this instance an
approximate value of the molecular area is derived whereas the value of the area of a
cavity generated in the solvent appears to be more correct [35]. The simplest and the
most exact way to determine the cavity area in a solvent is to use the experimental
values of partial molar volumes of different compounds in this solvent. The modern
methods of measurement make it possible to obtain values of partial molar volumes
with an error of less than 0.1 cm® mol ~* [45]. The literature reports numerous data on
partial molar volumes of different classes of compounds such as alcohols, hydrocar-
bons, ethers and amino acids. The values of partial molar volumes for several
hundred substances have been collected [45]. Experimental data for many compounds
have shown that the additivity of the action of separate molecular fragments is a good
approximation for calculating molar volumes [45]. Thus, considering the cavity shape
to be spherical, we can assume

A= N 4836 (3 V)P (6)

where V; are the increments of partial molar of volumes of fragments. A large set of
experimental values of partial molar volumes for different compounds [45] enables us
to find the values of )’ ¥; for almost any structure. In addition simple equations have
been proposed to calculate the values of ¥; with great accuracy [45-47]. Thus the
values of 4G, can be calculated as follows:

AGC = N1I3 Y 4.836 [(Z Vi)2/3 +VnZn/3 (kfn _ 1)] (7)

where v, is molar volume of MP.
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‘Note that to simplify the calculations we use only the partial molar volumes
obtained in water, assuming the cavity parameters in an SL and MP to be similar [45].
An important point is a correct choice of the form of the potential of the interaction
of the solute with surrounding medium, 4G,... Solvophobic theory uses the sum of
Van der Waals and electrostatic interactions [32-35,44]:

AGiy & AGygw + AGes.

Here Onsager’s continuum model of a reactive field is used to calculate AG. . [44,48]
and a complicated expression derived by Haligoglu and Sinanoglu [32,44] is used to
calculate the Van der Waals interaction energy. As mentioned above, to calculate this
term, it is necessary to know the characteristics of a substance, which are unknown
and difficult to obtain. It should be noted that almost all approaches for calculating
the Van der Waals interaction energy are approximate and need either a great number
of sophisticated characteristics of substances of a number of empirical parameters
[49,50]. At present the continuum theories involving only electrostatic interactions are
applied for an approximate calculation of the solvation energy [{50-53]. We suggest
that the molecule of a substance be considered as consisting of dipoles, each of which
separately interfacts with the surrounding continuum. In this case,

I 2e—1)

NGy ~ AGey = —= — "
G Ge. 2 2+ 1)

y A 8)

3
i 4qi

where p; are the bond dipole moments, g; the effective radius of an imaginary sphere
in which the dipole is located and ¢ the dielectric permitivity of the surrounding
continuum.

Such an approach does not need quantum chemical methods to calculate the
atom charges. The bond dipole moments are determined for almost all bonds and, in
many instances, vary insignificantly for various compounds [54,55]. More strictly,
each dipole is not surrounded by a totally closed sphere of solvent molecules; it is
more correct to speak about ball segments. The approach proposed is based on the
assumption that in different compounds the parameters of a ball segment in which the
same dipole is located vary in a small range, so that to calculate the electrostatic
energy this parameter can be approximated by the effective radius of the sphere (a;).
By substituting eqns. 7 and 8 in eqn. 4 we obtain

—4G = N' - 4836 [(hm — 10T V) +

V(K — Dym — PR = Drd + () — fEl B2 )

where f(e) = (¢ — 1)/(2¢ + 1).
The expression obtained involves several unknown parameters of SL: kg, fle,),
y. and v.. To determine the parameters of the SL for a given sorbent and column, we
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can use any standard substance, e.g., benzene, and calculate the values for SL relative
to this standard. Then:

Ink, = RLT {Nm F 4836 (ym — Q. V) — (V)] +

lu_)z ﬂ}"z,st. ,
e — 125 - Sk o)

j aj,st.

Thus, when a standard substance is used it is not necessary to determine the values of
a, v and kg, which simplifies further calculations. Eqn. 10 can be reduced to a more
useful form:

Inkl = Ink{ + 1648 (y, — YINO. V)3 — (Ve )¥3] +

where 4G, ju,0 and 4G, «uz0 are the increments of the contribution AG. . for
dipole j of molecule x and the contribution of (4G). s, for the standard substance in
water, respectively. Here AG is expressed in kJ mol™, y in N m~! and ¥ in cm3
mol~'. The values of y, and &) can easily be found by using, in addition to a
standard, two or more reference substances. The simplest way is to solve eqn. 11
graphically for these reference substances, assuming In k (calculated) = In &} (exper-
imental) (In k,, ). Thus, eqn. 11 can be expressed in the form

0.8234 [f(em) — f(es)](z AGes 0 — AGessin,o) (11)

f('gs) = —bys +':B (12)
where |

_ b= fem)e + N Ky~ In K,

b= ¢

b = 1648 [} V)3 — v23)

¢ = 0.8234 (Y 4G. mo — AG.qun,0)
J

Taking two arbitrary values of y, and using eqn. 12, one can calculate two values of
S(e)s for each reference compound and construct plots of y, vs. fle), for these com-
pounds. The coordinates of intersection point determine the values of SL parameters
[ys and f{e,)]. Naturally, to determine the values of ¥s and f(e;) more precisely, it is
necessary to employ compounds that have a large difference in AG; and AG.q, i.e.,
differing in size and polarity (e.g.. ethylbenzene. benzophenone, o-cresol and phenol).
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As the number of reference substances rises the error in determining f{e;) and vs
decreases.

RESULTS AND DISCUSSION

To test the applicability of the above approach, we used the retention data for
various aromatic compounds in refs. 56 and 57.

The basic equation for calculating the retention was eqn. 10 or 11. To determine
the increments ¥; we used the values of partial molar volumes given for many com-
pounds in ref. 45. The basic fragments of organic compounds are given in Table I.

TABLE 1
INCREMENTS OF PARTIAL MOLAR VOLUMES FOR SOME FRAGMENTS

Fragment® v, Fragment® f Fragment Vv,
(cm® mol™1) (cm® mol ™) (cm® mol ™ 1)
H(ar.) 6.8 -OH 11.7 -C-NH, 29.0
I
(0}
-CH,- 16.0 -CH,0H 282 -CH-COOH 334
|
-COOH 25.9 NH,
—CH, 264 —-COOH(ar.) 23.5 -N(CH,), 49.2
—CH,(ar)) 225 —C- 13.0 —Cl 20-22*
l
0 O
I
=CH- 13.5 0 -S- 16.1
ll
-C,H, 74.5 -C-O- 20.0 -NH- 7.0
-CH,- 65.3 (6] -C=N 20.5
I
-C-H 223
-C,HN 71.2 -O-CH, 31.5 -NO, 21.6
-C,H;N 64.9 —O- 5.2 -NH, 14.7
¢ ar. = Aryl.

® No data concerning the partial molar volumes of Cl-containing compounds have been elucidated in the
literature. The V, value is derived from increments of the volume in molecular crystals [49].

Eqn. 8 involves an empirical parameter, the effective radius. This parameter
may be derived either experimentally or using some physical considerations. We used
the simple relationship a; = 1/2 (r; + r;) g, where ry and r, are the Van der Waals
radii of the atoms contained in the dipole and g is a correlation parameter. The initial
condition is g = 1, i.e., the radius of a sphere is half the sum of the Van der Waals
atomic radii. Using this value and choosing benzene as a standard substance (V,, =
81.3 cm® mol ™! [45] and 4G s qnpo = —26.16 kJ mol~! (6C,,2 — H)) we resolved
graphically eqn. 12 for phenol, ethylbenzene, o-cresol and benzophenone (Fig. 1). The
§ V; and %‘AGG,S, in0 values for these compounds were calculated by using the in-

crements from Tables I and 11. Fig. 1 shows that the straight lines intersect in a very
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Fig. 1. Determination of SL parameters of Merck RP-18 sorbent [56]. For calculation of the two data

points for each compound eqn. 12 was used. Compounds: | = phenol; 2 = o-cresol; 3 = benzophenone;
4 = ethylbenzene.

limited region, defining the limits fes) = 0.38-0.40 (e, = 5.5 + 7.0) and Vs =
36.107°-43- 1073 N'm ™. These values seem to be reasonable for the parameter of a
surface layer. It should be mentioned that the surface layer of a modified sorbent was
characterized in ref. 33 by a quantity such as dielectric permittivity, and the value of ¢,
reported [33] was 35. A different value of ¢, of 22 was derived in ref. 58 using another
method of calculation and a different octadecyl sorbent. We used average values of
the SL parameters y, and & to caculate the capacity factors for all 35 compounds.

TABLE IT
INCREMENTS OF 4G, ., FOR SOME DIPOLES

Dipole? a; x 10'° (m)® g 1 —AGcAs'jHZO‘
(D) [54] (kJ mol™ 1)

C-H 1.49 1.00 0.7 4.36
C,-H 1.49 1.00 0.4 1.42
C,2—C, 3 1.80 1.00 0.68 2.33
C,2-C,, 1.80 1.00 1.15 6.68
C,-C, 1.80 1.00 1.48 11.06

Cc-0 1.66 1.00 - 0.7 3.15
C=0 1.74 1.05 24 32.20
C-N 1.69 1.00 0.45 1.24
C=N 2.37 1.40 3.1 21.25
O-H(ar. acid) 1.35 1.00 1.51 27.28
O-H .20 0.89 [.51 38.80
N-H 1.38 1.00 1.31 19.20
N-O 1.55 1.00 0.3 [55] 0.71
N=0O 2.20 1.42 2.0 [55] 11.04
C-Cl 2.34 1.30 1.59 5.80
C-S 1.8 1.00 0.9 4.09

¢ ar. = aryl

* For calculation of a; = (r, + r,)/2, the Van der Waals radii (r) from ref. 49 were used: C = 0.18; H =
0.117; 0 = 0.152; N = 0.15; Cl = 0.18 nm.
¢ For calculation of AGHJHZO, eqn. 8 was used,
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The calculated results show that the simplest approach to define the value of a; as half
the sum of Van der Waals atomic radii generally results in good agreement between
the calculated values of In k&’ and those of given in ref. 56.

By analysing deviations in calculating the retentions of benzyl alcohol, ben-
zonitrile, nitrobenzene and chlorobenzene we found the values of a; for O-H, C=N,
N =0 and C-Cl dipoles that enabled us to obtain more exact results. Of course, the
values of a; can be further refined by analysing systematic errors in calculating the
retentions of series of compounds that belong to the same class.

The results of calculating 4G. s, and the parameters for calculating these values
are given in Table IT, and show that the value of g for the many dipoles is only slightly
different from 1, except for the dipoles C=N, N=0 and C-Cl. Hence it is possible in
many instances to apply the simplest approach to determine the value of a;. The
present method for calculating 4G, does not allow us to take into account the

TABLE 111
COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF LN &’
Sorbent: Merck RP-18 [56].

Compound Lnk,. Ln ki, Difference
Aniline 2.63 2.94 0.31
Dimethyl o-phthalate 4.84 5.09 -0.25
Phenol 3.10 3.13 0.03
2,4-Dimethylphenol 5.13 5.22 0.09
Benzyl alcohol 3.26 3.26 -
Quinoline 5.13 5.58 —-0.45
Benzaldehyde 3.80 3.72 —0.08
Anisole 6.20 5.77 0.43
o-Nitroaniline 2.34 3.81 —1.47
N,N-Dimethylaniline 7.38 6.26 [.12
m-Nitrophenol 2.74 3.89 -1.15
Toluene 5.86 6.27 -0.41
2-Phenylethanol 422 3.89 0.33
Chlorobenzene 6.08 6.44 -0.36
m-Dinitrobenzene 4.14 3.99 0.15
Diethyl o-phthalate 6.40 6.46 —0.06
Benzonitrile 4.00 4.00 -
Benzophenone 6.57 6.96 -0.39
1-Phenylethanol 3.91 4.04 -0.13
Ethylbenzene 7.12 7.38 ~0.26
n-Nitroacetophenone 4.01 4.18 -0.17
Anethole 8.60 8.13 0.47
o0-Cresol 4.30 423 0.07
Diphenyl ether 8.18 8.58 —0.40
Acetophenone 447 4.34 0.13
Biphenyl 8.34 8.91 -0.57
Nitrobenzene 4.45 4.42 -
Naphthalene 7.17 11.81 —4.64
3-Phenylpropanol 4.85 494 —0.09
Anthracene 9.22 12.84 —3.62
N-Methylaniline 5.08 5.01 0.07

Benzene 495 ' 495 -
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decrease in the interaction of a molecule of a substance with water produced by an
intermolecular hydrogen bond (e.g., o-nitroaniline). We can introduce some correla-
tions to calculate this effect. The value of 2-4 kJ mol ™! (average hydrogen bond)
seems to be a reasonable correction. To derive more adequate values of the correc-
tions we must do additional research.

The results given in Table III show good agreement between the calculated
values and those given in ref. 56. It is necessary to explain the difference between In
Keate and In ke, for naphthalene and anthracene. The values of In k' in H,O for these
compounds were derived by linearly extrapolating the values of In k' measured at
high concentrations of methanol in MP [56]. It was shown later on that for naph-
thalene the dependence of In &’ on methanol concentration passes through a maxi-
mum at low methanol concentration under RP-LC conditions [57]. Such an effect
probably occurs with anthracene also. As a result, the values of In kexp derived by
extrapolation would be overestimated in comparison with the real values. To test the
method proposed once more, we anatysed the retention data of various compounds
on another column as used in ref. 57. In that case all the values of In &’ were derived
experimentally. It is known that when one changes from one sorbent to another (even
of the same type), the retention of the same compounds varies, sometimes quite
appreciably. Fig. 2 shows the plot of the correlation of the retention of the same
substances obtained on two different columns with octadecyl sorbents. It is seen that
there is virtually no correlation. Various surface structures of the stationary phases or
the possible presence of unreacted silanol groups and consequently various contents
of the mobile phase in SL can be reasons for such phenomena. From the proposed
approach this implies that the surface tensions and dielectric permittivities of these
sorbent SLs are very different. Therefore, to calculate the retention of compounds on
a certain column we must first determine the characteristics of the SL. Taking, as in
the former instance, benzene as a standard substance, we solved eqn. 12 graphically
for three compounds. The intersection point determined the necessary parameters of

1
In k,l

0 F

°9
06

4 6 8 Ink
Fig. 2. Comparison of values of In £’ in water on Merck RP-18 {56] and ODS-Hypersil [57]. Compounds:
I = phenol; 3 = nitrobenzene; 4 = m-dinitrobenzene; 6 = chlorobenzene; 8 = naphthalene; 9 = ben-
zophenone; 10 = benzene.
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Fig. 3. Determination of SL parameters. Sorbent: ODS-Hypersil [57]. Compounds: 1 = phenol; 2 =
nitrobenzene: 3 = benzophenone.

Fig. 4. Comparison of experimental [57] and calculated in In &’ values. MP H,0; y, = 32. 107> Nm™’,
Re) = 0.435 (¢, = 11.0). Compounds: 2 = p-cresol; 5 = p-chlorophenol; 7 = 2,4-dichlorophenol; others
as in Fig. 2.

the SL (Fig. 3). It is seen than the straight lines intersect in very limited range of
values. Using these parameters of the SL, we calculated the retentions of all com-
pounds. The results given in Fig. 4 and Table IV show good agreement between the
theoretical and the experimental values, including those for naphthalene. It should be
noted that for both columns the calculated ¢ values are very close to the typical value
of 2.8 for RP columns [59].

It seems promising to extend the present approach to calculate the retentions of
compounds belonging to different classes, and also to the case when eluents contain-
ing organic solvents are used. This research is in progress.

TABLE IV
COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF LN &'
Sorbent: ODS Hypersil [57].

Compound Ln ki, Lnk,,. Difference
Phenol 3.12 3.05 0.07
p-Cresol 432 4.51 -0.19
Nitrobenzene 4.49 4.37 0.12
m-Dinitrobenzene 4.58 4.96 -0.38
p-Chlorophenol 4.62 4.49 0.13
Chlorobenzene 5.40 5.45 -0.05
2,4-Dichlorophenol 6.00 6.14 —-0.14
Naphthalene 7.22 7.23 -0.01

Benzophenone 8.99 8.75 0.24
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Computer-aided optimization of the experimental conditions
for the isocratic reversed-phase high-performance liquid
chromatographic separation of hormonal steroids

JI-QING WEI*, JI-LU WEI and XIAN-TENG ZHOU
Department of Internal Medicine, Affiliated Hospital of Shandong Medical University, 68 Huaiyin Street,
Jinan 250022 (China)

ABSTRACT

A computer-aided optimization is described for selecting the optimum conditions for the isocratic
reversed-phase high-performance liquid chromatographic (RP-HPLC) separation of twenty hormonal
steroids. With factorial design and computer simulation, an isocratic RP-HPLC system that separated the
twenty steroids simultaneously within 30 min was developed.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) is a pop-
ular technique for hormonal steroid analysis and a wide range of experimental
conditions have been used. Reviews of HPLC as applied to steroid analysis have been
published by Heftmann and Hunter [1], Kautsky [2] and Robards and Towers [3]. For
a complex biological sample containing many hormones, the use of a ternary mobile
phase permitted high selectivity [4-6]. However, the selection of the optimum mobile
phase composition and other conditions is difficult and complex for multi-component
separations by isocratic RP-HPLC. A few optimization procedures have been
described, such as solvent triangle [7], window diagram [8,9] and factorial design
techniques [10-12] and a multi-criteria decision-making method [13]. In this paper,
optimization of an isocratic RP-HPLC system for the separation of twenty steroid
hormones by means of factorial design and computer simulation, which has been used
to separate fourteen steroids perfectly [14], is described.

EXPERIMENTAL

Chemicals

Methanol was of general-reagent grade. Tetrahydrofuran was analytical-
reagent grade and was redistilled before use. The serial numbers, trivial names and
abbreviations of the steroid standards used are listed in Table I. Of these samples, 11-
hydroxyandrostenedione (11-OHA), 11-hydroxytestosterone (11-OHT), 11-hydroxy-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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TABLE 1
SERIAL NUMBERS, TRIVIAL NAMES AND ABBREVIATIONS OF STEROIDS

No. Trivial name Abbreviation  No. Trivial name Abbreviation
1 Cortisone E 11 Androstenedione A
2 Cortisol F 12 Methandienone MeA
3 1l-Hydroxyandrostenedione  11-OHA 13 I1-Deoxycorticosterone ~ DOC
4 16-Hydroxyprogesterone 16-OHP 14 Testosterone T
5 l1-Hydroxytestosterone I1-OHT 15 1i-Hydroxyprogesterone 11-OHP
6  Corticosterone B 16  17-Methyltestosterone MeT
7  19-Norandrostenedione 19-NA 17 17-Hydroxyprogesterone  17-OHP
8  11-Deoxycortisol S 18  Estriol E,
9  21-Deoxycortisol 21-DOF 19 Estradiol E,

10 19-Nortestosterone 19-NT 20  Estrone E,

progesterone (11-OHP), 16-hydroxyprogesterone (16-OHP), 19-norandrostenedione
(19-NA) and 21-deoxycortisol (21-DOF) were kindly donated by Dr. Louis Dehennin
(Fresngs, France), 19-nortestosterone (19-NT), methandienone and 17-methyltesto-
sterone by Professor Tong-hui Zhou (Beijing, China) and some others by Professor
Cheng-yu Ma (Beijing, China) and Professor Xie-liang Su (Tianjin, China).

HPLC

A Model LC-6A liquid chromatograph (Shimadzu, Kyoto, Japan) was used,
consisting of an LC-6A pump, a Shim-pack CLC-ODS/H column (25 cm x 4.6 mm
I.D.) mounted in a CTO-6A column oven, a Model 7125 injector (Rheodyne, Cotati,
CA, U.S.A ) with a 20-ul loop, an SPD-6AV UV-VIS spectrophotometric detector, an
RF-535 fluorescence monitor and a Shimadzu C-R4A data processor. The effluent
from the analytical column was first monitored at 254 nm by the UV detector and then

by the fluorescence detector linked in series, with excitation and emission wavelength
of 285 and 310 nm, respectively.

OPTIMIZATION METHOD

The optimization procedure was focused on selecting the optimum mobile phase
composition and column temperature. First, the variables were studied in detail by
means of a complete two-level factorial design. Then, a computer program was used to
simulate chromatograms of these steroids under various experimental conditions.

Finally, the theoretically optimum experimental conditions were tested on the HPLC
system. ,

Factorial design

The mobile phase was a ternary system containing tetrahydrofuran, methanol
and water. The fractions of tetrahydrofuran and methanol in the solvent were chosen
as variables X; and X, respectively, and the column temperature was chosen as
variable X3 in the factorial design (Table II). The ranges of these variables were set on
the basis of prior knowledge from the literature and personal experience. The upper
and the lower limits are denoted by 1 and — 1, respectively. The retention times () of
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TABLE II
EXPERIMENTAL PRESENTATION AT A COMPLETE TWO-LEVEL FACTORIAL DESIGN

Variable Experiment No.

1 2 3 4 5 6 7 8
X, o1 1 -1 -1 -1 =1
X, I 1 e | 1 I -1 -1
X; -1 1 -1 1 =1 -1 1
X, = Tetrahydrofuran: +1 = 21% (v/v) —1 = 15% (v/v)
X, = Methanol: +1 = 33% (v/v) —1 = 27% (v/v)
X; = Column temperature:  +1 = 49°C —1 = 41°C

the seventeen steroids with UV absorption were measured by the UV detector in the
factorial design experiments, and were then used to estimate the coefficients ag, oy, o,
a3, Oa, s, &g and a7 by Yates® algorithm [15]. The dead time was measured as the first
peak resulting from the injection of methanol-water (60:40, v/v).

Computer simulation

A computer program was written in BASIC and run on the C-R4A data
processor for simulation of chromatograms while the three variables X' 1, X2 and X5
changed systematically within certain ranges. The minimum R, was chosen as
a measure of separation and the maximum # as a measure of analysis time. The
predicted #g was calculated using the following equation:

tR=O(0+(Xl X1+062 X2+O(3 X3+OC4 X1 X2+O(5 X1 X3+0(6 Xz X3+
o7 Xy X, X3 0y

where # is the retention time in minutes of an individual steroid under a given set of
conditions and X, X, and X; are values of the three variables as indicated above. The
predicted tr values were used to predict R, by the following equation:

(tr,,, — Ir)
R = AlH;,  + AJH, @
where A/H, provided by the C-R4A automatically, is the area/height ratio of a peak,
representing approximately the width at half-height (W) of an isosceles triangle
(W = 0.93944/H). A linear function describing the relationship between A/H and
was obtained on the basis of 4/H and #z values from cight experiments of factorial
design. Fis a correct coefficient of R, calculated by A/H instead of peak width (W) by

the classical equation

Ry = 2tz,, — )(Wis + W) (3)

A/H was easier to obtain than W.
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TABLE 111

RETENTION TIMES (min) OF SEVENTEEN STEROIDS ON CHANGING THE VARIABLES
ACCORDING TO TABLE 1l

Steroid  Experiment No.

No.*
1 2 3 4 S 6 7 8

1 467 443 5.53 5.16 6.49 5.98 7.91 7.18
2 528 494 6.39 5.87 7.88 7.11 9.82 8.73
3 5.87 5.55 7.16 6.68 8.73 8.02 10.84 9.85
4 5.65 5.34 6.97 6.48 9.10 832 1162 1042
5 6.11 5.72 7.51 6.92 9.80 8.83 12.35 10.99
6 6.40 592 8.02 728  1046° 9.32 1348 11.81°
7 6.59° 6.22° 827 7.71% 10.35%  9.51 13.24* 12.01°
8 6.54*  6.07 8.40°  7.63* 1093 9.75 1444 12,65
9 684 628° 892 8.06 11.25 996 1502 13.07
10 747 693 9.66 8.85 13.03* 11.67 17.24® 1522
11 7.80° 7.30° 10.16°  9.35° 13.16"° 1194 17.41° 1559
12 7.65% 7.15% 9.96°  9.18 1376 1247 1834 1634
13 820 7.54 1095 986 1513 1336 20.69 1795
14 8.81 811 11.82 10,69 1655 1464 2264 1973
I 974 882 1337 11.87 1840 1597 2555 21.83
16 10.68¢ 9.74* 1477 1327  21.36° 1890 2998  25.94°
17 10.88° 9.78° 1547  13.60  21.54° 18.56" 3095  26.22°

¢ Steroid numbers as in Table 1.
b The peak of the steroid overlapped the peak of another steroid.

TABLE IV

CALCULATED MEAN EFFECTS (« VALUES) ON THE RETENTION TIMES OF SEVENTEEN
STEROIDS ON CHANGING THE VARIABLES ACCORDING TO TABLE II

Steroid ag oy o o3 'R os o oy
No.*
1 5.92 —097 —-053 -023 013 008 004 —0.01
2 7.00 —1.38 070 —034 019 0.13 0.06 —0.02
3 7.84 —-1.52 —-0.79 -031 019 011 0.05 -001
4 7.99 —1.88 —088 —035 027 0.15 008 —0.03
5 8.53 —-196 —091 -041 026 017 007 -002
6 9.09 —2.18 —1.06 —-0.50 032 020 010 —0.03
7 9.24 —204 —-107 038 028 0.14 007 -003
8 9.55 —-239 —123 -0.53 037 022 0.11 -004
9 9.92 —240 ~—134 —058 038 023 0.12 —004
10 11.26 -303 —148 -059 046 025 012 -005
11 11.86 —337 —160 —-0.57 051 025 012 —0.05
12 11.59 —294 —154 —0.54 044 022 011 —0.04
13 12.96 —382 —19 -078 063 034 0.18 —0.07
14 14.12 —427 =210 -083 070 0.37 0.18 —0.07
15 15.69 —474 —246 —107 079 047 023 —-0.09
16 18.08 -596 —291 ~1.12 101 051 027 —0.13
17 18.37 —594 318 —1.33 1.08 059 032 -012

“ Steroid numbers as in Table 1.
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RESULTS AND DISCUSSION

The seventeen steroids with UV absorption were not separated simultaneously
in the eight factorial design experiments (Fig. 1, Table III). The elution order of some
steroids varied with the experimental conditions, such as 16-OHP and 11-OHA, and
S and 19-NA, which made the separation complex.

The individual effects and interaction effects of variables X 1, X2 and X3 on the 7;
of an individual steroid are indicated by o, 02, %3, Ug, Os, &g and a; (Table IV).
Negative «;, a, and a5 indicated that there was a negative relationship between
variables X, X, and X, and . The oo values are average retention times of individual
steroids, including the dead time. In eight experiments, the dead time was 2.62 +
0.02 min (mean + S.D.) with a relative standard deviation of 0.7%.

With the computer program, no satisfactory HPLC conditions were found
between — 1 and + 1, so the domain of variables searched was extended to —3 and +3.
Optimum theoretical HPLC conditions were found where X 1,.X2 and X; were —0.333,
—2 and +1, respectively, representing the mobile phase composition teétrahydro-
furan-methanol-water (17:24:59, v/v/v) and a column temperature of 49°C. When the
optimum theoretical HPLC conditions were tested with the HPLC system, a satisfac-
tory separation was obtained. The actual fz and R, values corresponded closely to the
predicted values (Table V, Fig. 2). The twenty hormonal steroids, including three
natural fluorescent materials, E,, E, and E,, were simultaneously separated within
30 min and progesterone could be eluted within 45 min. The results suggested that the
optimization procedure for isocratic RP-HPLC conditions is simple, accurate and
rapid.

TABLE V
COMPARISON BETWEEN ACTUAL AND PREDICTED RETENTION TIMES (z)

Mobile phase, tetrahydrofuran—methanol-water (17:24:59, v/v/v), flow-rate, | ml/min; column, Shim-pack
ODS (25 ¢cm x 4.6 mm LD.); column temperature, 49°C.

Steroid  Actual i  Predicted #, Steroid  Actual g Predicted £

No.* (min) (min) No.* (min) (min)
1 7.05 7.04 2 8.45 8.46
3 9.66 9.59 4 9.98 9.97
5 10.50 10.55 6 11.27 11.35
7 11.75 11.65 8 12.20 12.19
9 12.85 12.72 10 14.61 14.58

11 [5.18 15.07 12 15.63 15.58

13 17.04 17.14 14 18.81 18.83

15 20.96 20.95 16~ 24,66 24.62

17 25.23 25.26

“ Steroid numbers as in Table 1.



110 J-Q. WEL, J.-L. WEI, X.-T. ZHOU

LT T 1 T TR T TR T
* e \O o [\

a) N
< ©
foo) N
-
wn
~
Q< &
~ © \0
NP iy~ « SEPIIY DD
e BT
b) o -
. o [+9]
R T
- e o
T O N D [V
- v hw o
o . t~
.
o [+ & 8 2
- .
i~ o < w
o) < n M "
O « "~ <
) o
e~ . .
- © n
- o~
2
L
oy
~
"
V: ~ o "_-\ \‘; . . Te AN .
. o "
o B G2 ? ¥ g K% ¥ g1 & g &
[ l { I ] 1 | i [ | 1 1 |
Time (min)

Fig. 2. Optimized isocratic separation of steroid mixture. Column, Shim-pack ODS (25cm x 4.6 mm L.D.);
column temperature, 49°C; mobile phase, tetrahydrofuran-methanol-water (17:24:59, v/v/v); flow-rate,
1 ml/min; detector, (a) fluorescence (A, 285 nm, Aem. 310 nm); (b) UV (254 nm). Peaks: (a) 8.007 = estriol;
28.527 = estradiol; 29.722 = estrone; (b) 7.051 = E; 7.953 = estriol; 8.451 = F; 9.66 = 11-OHA;9.98 =
16-OHP; 10.50 = 11-OHT; 11.275 = B; 11.759 = 19-NA; 12.205 = §;12.852 = 21-DOF; 14.617 = 19-NT;
15.184 = A; 15.639 = MeA; 17.042 = DOC; 18.815 = T; 20.969 = 11-OHP; 24.667 = MeT; 25.233 =
17-OHP; 43.529 = progesterone.
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ABSTRACT

Column-switching procedures usually involve at least one step gradient elution over the first column.
In order to find optimal conditions for column switching in a rational way a computer program has been
developed which calculates retention times and peak volumes for elution under step gradient conditions.
Based on experimentally determined relations for retention versus mobile phase composition, the program
calculates iteratively the displacement of analytes and sample interferences on the first column. Corrections
for the distortion of solvent front and peak position of the solutes during step-gradient elution are in-
cluded. The prediction of the peak volume is based on a diffusion model. The performance of the sim-
ulation procedure is evaluated with the application of a practical residue analytical method, the simulta-
neous determination of procymidone and iprodione in fennel. In this case, the program was shown to
accurately predict retention times and peak volumes of a major fennel interference and the compounds of
interest eluted under stepwise gradient conditions. Optimal conditions for reversed-phase liquid chromato-
graphy column switching are more rapidly found by the present procedure in comparison to trial and error
optimisation.

INTRODUCTION

For several years, reversed-phase liquid chromatography (RPLC) with column
switching has been applied routinely for the automated clean-up of crop extracts for
pesticide residue analysis [1-3]. Besides automation, the most important advantages of
this approach are improvement of the sensitivity by introduction of larger sample
volumes under controlled band-broadening conditions and improvement of the

“ Present address: DHV Raadgevend Ingenieursbureau B.V., P.O. Box 85, 3800 AB Amersfoort, The
Netherlands.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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selectivity by transferring accurate volumes containing only the analytes of interest to
the second column.

The principal events occurring in column switching are schematically shown in
Fig. 1. After the injection of an aliquot of uncleaned sample extract (event 1) on the first
column (C-1), a clean-up (event II) is performed with a certain volume of M-1, the
mobile phase of C-1. During this event (IT) the more polar sample interferences (S1),
usually abundant in concentrated extracts, are removed largely from C-1. Clean-up
takes place until the first analyte starts to elute from C-1. After this, in event 1T of Fig.
1, C-1 is switched temporarily on-line with the second separation column (C-2). With
a certain volume of M-2 the analytes (A) are transferred from C-1 to C-2. Finally the
analytes (A1 and A2) are separated on C-2 (event I'V) and simultaneously (event V) C-1
will be washed with a strong eluent for the removal of the apolar sample interferences
(S2) and reconditioned with a volume M-1 prior to the next injection.

Most crucial in the development of column-switching procedures is the choice of
the eluotropic strength of the clean-up solvent (M-1). A low eluotropic strength allows
the injection of a large volume of sample without significant band-broadening and
provides a high potential for the removal of early eluting interferences. However,
a higher eluotropic strength will speed up the clean-up process and, more important,

C-1

I. Injection on C-1

I1. Clean-up on C-1
with volume M-1

|

-+ step gradient on C-1
g — —— -
|
1 C1 C-2

lil. Transfer of analytes M-2

~ fromC-1to C-2
with volume M-2

IV. Separation of
analytes on C-2 M-2

Simultaneously

C1
100%

MeOH
V. Regeneration of C-1 C-1

M-1
Fig. 1. Principal events in an on-line clean-up with RPLC column switching. C-1 = first C,5 separation
column; C-2 = second C, separation column; M-1 = clean-up eluent of C-1; M-2 = mobile phase of C-2;

S1 and S2 = sample interferences; A = analytes; W = waste; D = detection (for further explanation see
Introduction).
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will decrease the peak volumes of the analytes which is favourable for the transfer of
small fractions to the second separation column (C-2). The separation of analytes will
mainly take place on C-2 (see Fig. 1), which means that the mobile phase composition
M-2 in a column-switching procedure is usually fixed in order to obtain a good
separation.

So far, in our applications [1-3] a clean-up solvent (M-1), containing 5-20% of
organic modifier, was found by “trial-and-error” to yield a sufficient clean-up
performance between the analytes (A) and the early-eluting sample interferences (S1).
However, similar to an off-line procedure [4], the residue determination of some
fungicides in fennel [5] required more clean-up steps. After considerable trial-and-error
effort an optimal clean-up was found using a three-step gradient elution on the first
column (C-1). This application illustrates the complexity of finding appropriate
on-line clean-up conditions to be used in RPLC column switching. In order to simplify
this procedure we investigated the chromatographic processes involved in column
switching. This type of elution can be regarded as a step-gradient elution, in which the
mobile phase composition on C-1 is changed discontinuously in such a way that the
eluotropic strength of each subsequent step increases.

Mathematical equations based on the observed retention volume (V,) of a solute
in an isocratic elution have been described [6-9] for the calculation of the optimal
composition and volume of the mobile phases used in step-gradient elution LC. On the
basis of a linear relationship between the isocratic capacity factor of a solute and the
volume fraction of the stronger eluent component, general equations were derived
predicting the retention for step-gradient elution in thin-layer chromatography (TLC)
[10-12]. Using TLC as a pilot technique, a simple graphical model was developed for
the optimisation of step-gradient elution in high-performance liquid chromatography
(HPLC) [13,14]. This model was then further evaluated, providing equations which
allow the search for an optimum gradient program by means of calculation [15] or by
simulation [16] with a computer program.

This paper describes the development of a computer program which accurately
predicts retention times and peak volumes of analytes eluting under step-gradient
conditions as applied in RPLC column-switching procedures. The determination of
procymidone and iprodione residues in fennel extracts was used as a model system for
the development of the proposed procedure.

METHOD DEVELOPMENT

General strategy

An important problem in developing an accurate model for the prediction of
solute retention under step-gradient conditions is caused by the practical execution of
this type of gradient as illustrated in Fig. 2. Compared to the profile (A) of an ideal step
gradient, two noticeable deviations always occur in the resulting elution profile (B)
obtained from a solvent-delivery system. When executing a step gradient, it takes some
time before the first change in solvent composition reaches the top of the column. This
first deviation is called the delay time (z4) of the gradient and is caused by the
connective tubing. The second deviation is the time needed to accomplish a new mobile
phase composition at the head of the column. This effect is caused by the volume of the
mixing chamber and is related to the time constant (z) of the mixing process. Both z,
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Fig. 2. Different gradient profiles of the same three-step-gradient-elution program, for which each step,
executed at time intervals of 0, S and 10 min, corresponds with an increase of 20% solvent A (0.1% acetone in
water) in solvent B (pure water). A = ideal step-gradient profile; B = step-gradient profile with a binary
gradient pump system; C = profile with the gradient pump in combination with a vaive-switching system
(see Fig. 3) and a stop-flow time of 5 min. B and C are recorded without a column and with UV detection at
254 nm.

and 7 of a step gradient obtained from a binary pump system are indicated in Fig. 2.

As was outlined in several studies [17-19], the most important deviation factors
for retention prediction in gradient elution are the mixing effect and the delay time of
the gradient. For linear gradient elution these effects are negligible if the steepness of
the gradient is kept small [17-19].

In a column-switching procedure (see Fig. 1), however, the steepness of the
gradient on C-1 during a step gradient elution is almost maximal (see Fig. 2) and
therefore the effects of mixing and gradient delay will play a dominant role in
the chromatographic process. The resulting disagreements between practical and
simulated values for retention in step-gradient elution have been ascribed to these
effects {16].

The development of our model will be explained in the next three sections.



SAMPLE CLEAN-UP IN PESTICIDE RESIDUE ANALYSIS 117

Firstly, the theory of step-gradient elution in relation to the transport of a solute under
column-switching conditions will be discussed. The following section will explain the
principles of the proposed model of chromatogram simulation to be used for the
prediction of retention times and peak volumes of analytes eluting under step-gradient
conditions. Finally, the different steps of the simulation procedure are summarized in
the last section.

Prediction of retention in step-gradient elution

Isocratic retention data. A first step in predicting retention times for solutes
eluting under gradient conditions is to describe the capacity factor, k, for each solute as
a function of the mobile phase composition. A simple linear relation often used for the
description of retention in RPLC [20,21] is:

logk = logk, — S¢ 0y

where k,, is the (extrapolated) capacity factor in pure water, ¢ is the volume fraction of
the organic modifier and S is a constant depending on the organic modifier used. This
linear equation appeared often not valid in the extreme regions of ¢ [21], normally used
in column-switching procedures, and therefore a quadratic In k vs. ¢ relationship was
preferred according to ref. 21:

Ink = ap® + bo + ¢ )

where the coefficients @, b and ¢ are experimentally determined constants.

An important parameter in the prediction of the retention times in column-
switching experiments is the length, L, of the first column (C-1). Separation on C-1 of
A from Si (see Fig. 1) must be completed by the time the compounds have travelled the
length of the column. Based on the general equations used in RPLC [22] for the
description of the retention time of a solute (#:) and the unretained compound (), an
equation can easily be derived which describes in isocratic elution the distance (4L in
mm) travelled by a solute during a time At as:

AL = [LI(1 + K))At/t, 3)

Using eqns. 2 and 3, the retention time of a solute occurring under ideal stepwise
gradient elution conditions (see Fig. 2) can be calculated. The solute elutes when the
sum of the different travelled distances (24L), obtained with different isocratic
elutions, equals the total length (L) of the first column (C-1).

Correction terms for retention prediction. For an accurate prediction of retention
in step-gradient elution two corrections must be made to eqn. 3. Correction for the
most obvious deviation, the delay time (t4), is simply carried out be measuring its value
and subtracting it from the time used in the step gradient.

Due to the delay of the next solvent front, a correction must also be made for the
position of the solute in the column. Normally in column switching, using two pumps
and a high-pressure switching valve, a one-step-gradient elution with two eluents (M-1
and M-2) on C-1 is applied, yielding a profile of the solvent front which corresponds
closely to the ideal profile. This is also illustrated in Fig. 2, showing the profile (C) of
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Lv HV

M-1 p

M-2
AS

Fig. 3. LC system for the execution of step-gradient elution and column switching. AS = autosampler;
LV = six-way low-pressure valve for the selection of different clean-up eluents. HV-1 and HV-2 = six port
high-pressure valves; C-1 = first Cyg separation column; C-2 = second C,g separation column; W-1 =
waste during a stop-flow on C-1 for the performance of an abrupt solvent change; W-2 = waste during
elution (clean-up) on C-1; P = LC-pump; D = UV detector; all flows are set at 1 ml/min (for further details:
see Theory, Experimental and Results and Discussion).

a three-step gradient obtained with the LC column-switching system presented in Fig.
3. In this figure, the combined use of a solvent-selection valve (LV) and a high-pressure
valve (HV-1) regulates an abrupt change in solvent composition by means of
a temporarily “stopped flow” on the first column (C-1).

Assuming unretained migration of the solvent front without distortion, two
equations were derived (see Appendix I) for more accurate prediction of retention in
column-switching experiments. For a one-step-gradient elution the retention is given
by the equation:

tp = to(1 + ky) + (ta + 1) [(k1 — k2)/k4] (4)
and the equation for the retention obtained with a two-step gradient corresponds to
f, = to(1 + k) + tal(ky — ka)/ka] + [ta(ky — kyks)lkika + t2l(k; — k3)/k2] *)

In these equations, k;, k» and k3 are the capacity factors of the solute at the three
different mobile phase compositions.

Design of the model for the prediction of retention and peak volume

Our model, developed for the prediction of retention and peak volume, is based
on the diffusion occurring during the transport of a solute in tubing and column. In
this model, schematically presented in Fig. 4, the migration of a solute is proposed to
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Fig. 4. Schematic representation of the migration (z) of a solute with an intensity 7 in a number () of

sections migrating through a column or tubing by means of a diffusion process. For further explanation, see
text.

be arranged by means of a number (n) of small interconnected sections (s) moving
through the chromatographic system. The position (n = 0) of the central section (s0) as
a function of time corresponds with the actual place of the solute in the column (or
tubing); the intensity in s, and the surrounding sections is determined by diffusion. The
schematic presentation of Fig. 4 shows the position of section 1, z,(1), and the intensity
in section n, 1,(1), of a solute durin g migration in five sections at the time intervals ¢ and
¢ + Ar. The cumulative displacement of a solute in the sections during a certain time
interval, 4¢, is given by its current place (z,) plus the travelled distance (4z) during A¢,

which can be expressed by the relation
Zy(t + Af) = z,() + Az (6)

In this equation a distance (4z) travelled in the tubing corresponds to

Az =y, At 7N
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and a distance (4z) travelled in the column is equal to
Az = U dt/(1 + k) ®)

in which t,, and u.,; stand for the linear velocity of the unretained compound in tubing
or column, respectively.

At the start of an elution, a solute will have a maximum intensity (concentration)
in section s,. After a time (417), the new intensity I,(t + A1), of the solute will be divided
over a number of sections at both sides of the maximum intensity in section zero (see
Fig. 4). Due to the open connection between the sections the new intensity of a solute in
each section is not only determined by the transport of solute zo the two adjacent
sections but also by the transport from the adjacent sections. The change in intensity of
a solute in a section during the migration can be seen as a diffusion process described
for each step (4¢) by the equation

I(t + 40) = 1(0) + D{{u+1() + L— () — 2L(1)}At/dpz} ©)

in which D is a diffusion coefficient and dp the average distance between two sections
corresponding to

dpn = [zn+1() = 2a-1(D)/2 (10)

Using the general relationship between H, the height of one theoretical plate of
a column, and the diffusion coefficient D derived by Giddings [23] as

H=2D/Lv (11

in which v is the migration velocity (mm/s) of a solute, the diffusion coefficient (D) of
eqn. 9 can be expressed as

D = Hugy,/[2(1 + k)] (12)

Applying (step-) gradient elution, the exact mobile phase composition (¢) during
elution must be known in order to predict accurate chromatographic values. The
calculation of ¢ as a function of z and ¢, including (i) a correction for solvent front
distortion (mixing effect), (ii) the position of the solute in the column and (iii) the delay
time (t4) can be described by the equation

0(t,2) = @o + 4p{1 — exp[—(1~[t; + ta + Z/ucal /2]} (13)

in which @, represents the value of ¢ at the start of the step gr’adient, Ao the size
(increase of @) of a step and ¢, the time of solvent change (switching time).

The value of the time constant, t, can be determined graphically from the step
gradient profile as illustrated in profile B of Fig. 2. Knowing the relation between k and
¢ (eqn. 2) the changing k value during step gradient elution can be calculated.
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Final computer-simulation procedure :

For the prediction of retention times and peak volumes of solutes eluting under
step-gradient conditions a computer program has been written in Lightspeed Pascal.
This program performs an iterative calculation, using eqn. 3 for transport, eqns. 9 and
12 for diffusion and eqn. 13 for the distortion of the solvent front.

Before the calculation takes place, the H value of the column, the delay time (¢4)
and the time constant (t) of the gradient, and the coefficients a, b and ¢ (eqn. 2) of the
solutes are introduced in the program by means of an input file. The latter parameters
must be determined experimentally from a minimum of three isocratic experiments.

A visual simulated chromatogram is obtained by transferring the data to
a graphic computer program which prints the peak intensities (D) against the elution
times. ,

In order to speed up the procedure, two selection criteria are added to the
computer program. The first one is the application of eqns. 4 and 5. These equations
rapidly provide the retention times of the compounds eluting under a selected one- or
two-step gradient. If the retention difference between adjacent peaks (4t,) is
promising, the simulation is started to provide complete chromatographic informa-
tion.

The second time-saving criterion is the simultaneous calculation of the
resolution, R = Anz/[2(c + 05)], between successive peak pairs in the simulated
chromatogram. Depending on the desired resolution, a decision can be made on
whether a graphical output of the chromatogram is made. The scheme of the final
rational optimisation procedure is given in Fig. 5.

Experiments for
Ink vs. @ relations

Input of constants

Input of variables: |

Isocratic, one-,
or two- step
gradient elution

Cther elutions pre-

calculation

Computer
program

Chromatogram
output

Experimental
verification

Fig. 5. Scheme of the rational optimisation procedure.
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EXPERIMENTAL

Reagents

The fungicides iprodione, l-isopropylcarbamoyl-3-(3',5"-dichlorophenylhy-
dantoin, and procymidone, N-(3,5'-dichlorophenyl)1,2-dimethylcyclopropane di-
carboximide), both with a purity > 99%, were obtained from Dr. S. Ehrenstorfer
(Promochem, Wesel, Germany). Analytical-grade dichloromethane was bought from
Merck (Darmstadt, Germany) and methanol and acetonitrile, both HPLC grade, were
purchased from Baker (Deventer, The Netherlands). Potassium bromide (KBr) and
anhydrous sodium sulphate (Na,SO,) were bought from Merck. Demineralised water
was purified in a Milli-Q (Millipore, Bedford, MA, U.S.A.) system to obtain LC-grade
water for use in eluents and standard solutions. The solvent compositions (v/v) of the
isocratic mobile phases were prepared by accurately weighing the necessary volumes of
water and organic modifier. Stock standard solutions of the fungicides were prepared
in acetonitrile and for the LC analyses dilutions were made in the mobile phase. RPLC
test mixtures, containing uracil and fluoranthene for the measurement of the retention
of an unretained compound and the efficiency (N) of a column, respectively, were
obtained from Chrompack (Middelburg, The Netherlands).

Equipment

The LC instrumentation consisted of the following components: an ASPI
232-401 autosampler (Gilson, Villiers-le-Bel, France) equipped with three program-
mable high-pressure valves (Type 7010, Rheodyne, Cotati, CA, U.S.A.) and one
programmable six-way solvent-selection valve (Type 5011, Rheodyne); two isocratic
pumps: one Model 9208 from Kipp Analytica (Delft, The Netherlands) and one Model
400 from Kratos (Ramsey, NJ, U.S.A.); one binary gradient pump Model 250 from
Perkin-Elmer (Norwalk, CT, U.S.A.) with a helium degassing system from Perkin-
Elmer equipped with air tight bottle connections from Omnifit (Cambridge, U.K.) for
delivering mobile phases to the pumps under light pressure (60 p.s.i.).

The flow valve scheme for executing a stepwise gradient clution with a solvent-
selection valve in combination with column switching is depicted in Fig. 3. All
flow-rates were set at 1 ml/min.

A 50 x 3 mm LD. column, packed with ChromSpher C,, 5 um-particles, from
Chrompack, was used as a first column (C-1) in combination with a 10 x 2 mm LD.
guard column packed with 40-um pellicular C,s material. A 100 x 4.6 mm LD.
column, packed with MicroSpher C, g, 3-um particles, from Chrompack, was used as
a second separation column (C-2). Detection (UV at 229 nm) was performed with
a LC-95 UV detector (Perkin-Elmer) equipped with a Kipp recorder.

A Macintosh McIT (Apple, Cupertino, CA, U.S.A.) personal computer was used
for calculation and simulation.

Preparation of fennel extracts

A 50-g aliquot of an homogenised blank fennel sample was weighed into a cup of
a Warring blender, together with 200 ml of dichloromethane and 100 g of sodium
sulphate. After blending for 3 min the mixture was transferred into a tube and
centrifuged for 5 min at 7000 g. A 100-m! volume of the dichloromethane phase was
dried over sodium sulphate and concentrated to 5 mlin a Kuderna Danish apparatus.
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For experiments 200 ul of extract, corresponding with 1 g of fennel, were pipetted into
a calibrated tube and made to dryness with a gentle stream of nitrogen. Prior to the LC
analysis, the residue was dissolved in 100 ul of acetonitrile and brought to a volume of
I ml with water (blank fennel extract) or with a suitable standard solution of
procymidon and iprodione in water (spiked fennel solution).

RESULTS AND DISCUSSION

Application of the computer-simulation program

The application of the optimisation procedure is schematically presented in Fig.
5. The program does not (yet) find optimal separation conditions automatically. At
this stage it should be applied by an analyst with a basic knowledge of RPLC. The
optimal separation conditions must be found step by step with the application of
different elution programs in a rational way. An important tool in selecting suitable
gradient-elution programs is the graphical interpretation of the resulting In & vs.
¢ plots. The first step is to enter, by means of an input file, into the computer program
the values of the parameters which will serve as constants for a particular application.
These are the a, b and ¢ coefficients of the quadratic In k vs. ¢ relations of the
compounds to be separated and the constants of the LC system. The relevant
parameters are the injection volume, the gradient delay time (14), the time constant (z)
for the distortion of the solvent front, the flow and the efficiency of the column (H).

The second step is to enter the variables for an elution program. The program
asks for the number of steps and the length (min) and fraction of modifier (o) of each
step.

After introducing the variables and constants, the program calculates first
rapidly the retention times of the solutes. Based on the resulting differences in retention
(41;) the analyst must decide to proceed with a simulation or to introduce new
step-gradient elution conditions (¢ and ¢ values).

After the simulation, the analyst must decide again, based on the calculated
resolutions (Ry), whether other elution conditions must be tried out to improve the
separation. This decision depends mainly on the type of application and the
concentration of the interferences (S1 or S2, see Fig. 1). In pesticides residue analysis
an obtained partial preseparation on a short first column (C-1) is normally sufficient
for the final separation on the highly efficient second separation column (C-2).

If the resolution seems appropriate, the data of the calculated intensities and
peak volumes are converted into a chromatogram rendering the exact volumes for
clean-up and transfer to be used in column-switching procedure (see Fig. 1).

The simulation time is mainly determined by the number of compounds and by
the step size of the iterative calculation procedure. Using an iteration step of 0.004 min,
the simulated chromatograms of the three compounds used in this application were
calculated within 2 min. The graphical display of a chromatogram containing three
solutes takes about 5 min.

Retention behaviour of iprodione, procymidone and fennel

The earlier described automated clean-up procedure of fennel extracts for the
determination of iprodione and procymidone [5] was performed with a three-step
gradient elution on a 15 x 3.2 mm LD. Cis precolumn. However, in this study, it
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appeared that the efficiency (N) of this precolumn and of other small columns tested
with a variety of C,5 materials decreased very rapidly on injection of fennel extracts.
Therefore this type of columns were not suitable for the purpose of this study.
Acceptable results in terms of stability were obtained with 50 x 3 mm LD. C;s
columns, in combination with small disposable guard columns directly connected to
the separation column (see Experimental). When replacing the low-cost guard column
every 2 days while analysing fennel extracts, the efficiency (N of the column) remained
constant (1750 + 250) for more than 7 days. -

The first step of the proposed procedure was the determination of the retention
behaviour of the compounds by establishing their In k vs. ¢ relations. In the fennel
extract, one major interference was found to elute closely to the two fungicides. The
retention of this fennel interference, denoted as “fennel”, and the retention of the two
fungicides iprodione and procymidone was measured in five different mobile phases
providing the In k vs. ¢ plots presented in Fig. 6. The crossing of the In k vs. ¢ lines
illustrates that this is an interesting clean-up (separation) problem. As explained in the
introduction (see Fig. 1), clean-up in an on-line column-switching procedure is
normally focussed on the removal of the first eluting sample interferences (S1).
However, in this application the situation is reversed. The clean-up eluent (M-1) must
prevent the elution of the fennel interference (S2 in Fig. 1) from C-1 during the transfer
of the analytes to the second column (C-2). In the next sections the computer program
will be applied to establish optimal clean-up conditions for this problem.

Prediction of retention and peak volume under isocratic conditions

The plots of Fig. 6 suggest that the clean-up can be performed with the use of
only one clean-up eluent (M-1) consisting of a high percentage of methanol (> 60%).
This solvent is also appropriate for the mobile phase (M-2) of the second column. To
confirm this, the performance of the computer program was first tested for isocratic
elutions. In order to compare the simulated chromatograms with experimental ones,
fennel extracts were spiked with approximately 50 ppm of iprodione and procymidone,

1 T T 1
0.2 0.4 0.6 0.8
¢ —MeOH

Fig. 6. Plots of In k vs. volume fraction of organic modifier (¢) in water for procymidone (0), iprodione (©)
and fennel (O) on a 50 x 3 mm I.D. C,3 column (C-1). MeOH = Methanol.
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rendering an equal UV response at 229 nm for the compounds involved.

The chromatographic results for simulated and experimental isocratic elutions
ona 50 x 3 mm LD. column (C-1) are listed in Table I. It must be mentioned that in
this study still the same column is used for the comparison between experiment and
prediction meaning that the calculated values are based on the input of the measured
values for retention.

The separations between procymidone and iprodione and between iprodione
and fennel, mentioned in Table I, are characterised by the resolution (R;). The
obtained resolutions at 40% methanol are disceptive due to the elution of fennel
between procymidone and iprodione at this mobile phase composition. The results of
Table I show that sufficient resolution (R, = 2) between fungicides and fennel can be
obtained at ¢ = 0.6 and also that the resolution increases with increasing eluotropic
strength. This is also demonstrated in Fig. 7, which shows the simulated and
corresponding experimental chromatograms of two different isocratic elutions with
¢ values of 0.65 (A) and 0.60 (B), respectively.

The good agreement between the simulated and experimental chromatograms
emphasises the usefulness of an accurate chromatogram simulation in selecting
clean-up conditions. For example, Fig. 7 illustrates that with a transfer fraction of 2.6
ml of 60% methanol or 1.6 ml of 65% methanol from the first column (C-1) to the
second column (C-2), only the fungicides will be transported to C-2 and the fennel (S2)
will be retained on C-1. Of course, the first 1 ml of 65% or the 1.5 ml of 60% methanol
of the chromatogram, containing the early-eluting interferences (S1), will be sent to
waste in a column-switching procedure. Based on these results it can be concluded that
an appropriate separation can be achieved with an isocratic heart-cutting procedure,
using a mobile phase in the range of 60 to 70% methanol.

TABLE I

COMPARISON OF SIMULATED (sim.) AND EXPERIMENTAL (exp.) VALUES FOR DIFFERENT ISO-
CRATIC ELUTIONS ON C-1

a = Peak volume at 0.6 of the peak height.

@ Procymidone Iprodione Fennel R
(Methanol)
I o t o t o Procymidone/  Iprodione/
(min)  (min) (min)  (min) (min)  (min) iprodione fennel
0.4 exp. 149 0.36 27.4 0.65 22.1 0.43 4.6 2.5
sim.  14.9 0.38 26.5 0.69 221 0.57 3.8 1.8
0.5 exp.  4.51 0.11 6.81 0.17 6.85 0.16 4.1 0.1
sim. 4,59 0.12 6.84 0.17 7.06 0.18 3.9 0.3
0.6 exp. 1.85 0.045 2.32 0.062 2.85 0.063 2.2 2.1
sim.  1.82 0.045 2.28 0.057 2.79 0.069 2.2 2.0
0.7 exp. 0.94 0.031 .02 0.031 1.38 0.035 0.7 2.7

sim.  0.94 0.025 1.02 0.026 1.39 0.035 0.7 3.1
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Fig. 7. Comparison of simulated and experimental isocratic chromatograms on C-1: A, 65% methanol and
B, 60% methanol as the mobile phase. Injection of a 50-u! fennel extract 0.1 g/ml) containing 50 ppm
procymidone (1), 65 ppm iprodione (2) and a fennel interference (3); UV detection at 229 nm; flow-rate,

{ mi/min.

Prediction of retention and peak volume in step-gradient elution

The computer program used to simulate step-gradient conditions was first tested
for a number of different one-step gradient elutions. The experimental values were
obtained under column-switching conditions with the gradient profile C of Fig. 2,
which has a delay time (z5) of 0.18 min and time constant (7) of 0.03 min.

The results of nine different one-step-gradient elutions are listed in Table II.
These data show a good agreement between prediction and experiment of chromato-
graphic values for the various one-step-gradient elutions. The deviations of the
retention times are less than 2% and the deviations of the peak volumes are generally
below 10%. Only in the last two gradients (d¢ > 0.35), three deviations of
approximately 25% in peak volume were observed.

Two examples, illustrating the good match of simulated and experimental
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TABLE II

COMPARISON OF SIMULATED AND EXPERIMENTAL VALUES FOR ONE-STEP-GRADIENT
ELUTION

exp. = Experimental with switching valves (Fig. 3); sim. = computer simulation with profile C of Fig. 2;
calc. = calculated with eqn. 4.

Elution programme Procymidone Iprodione Fennel

Time 17 t, a t o t o

(min) (Methanol) (min)  (min) (min)  (min) (min)  (min)

4 0.50 exp. 4.49 0.042 5.19 0.055 5.38 0.065

0 0.60 sim. 4.41 0.047 5.12 0.057 5.37 0.070
calc. 4.46 — 5.14 - 5.38 -

1.5 0.60 exp. 1.89 0.038 2.19 0.036 2.51 0.047

0 0.65 sim. 1.81 0.036 2.11 0.035 2.47 0.047
cale. 1.81 — 2.09 - 2.44 -

5 0.40 exp. 6.05 0.032 6.39 0.040 6.68 0.045

o0 0.65 sim. 6.07 0.031 6.41 0.036 6.71 0.048
calc. 6.08 — 6.4 - 6.69 —

2 0.40 exp. 3.25 0.033 3.58 0.042 3.88 0.038

0 0.65 sim. 3.31 0.031 3.57 0.036 3.95 0.048
calc. 3.29 — 3.54 — 3.92 —

5 0.40 exp. 6.38 0.045 7.01 0.055 7.28 0.065

o0 0.60 sim. 6.43 0.045 7.07 0.057 7.37 0.070
calc. 6.43 — 7.05 - 7.36 -

3 0.40 exp. 4.58 0.045 5.15 0.062 5.54 0.061

0 0.60 sim. 4.66 0.046 5.23 0.057 5.61 0.070
calc. 4.65 — 5.2 — 5.59 -

2 0.40 exp. 3.77 0.048 4.38 0.058 4.85 0.062

o 0.60 sim. 3.78 0.045 431 0.057 4.74 0.069
calc. 3.75 — 4.28 - 4.71 -

S 0.30 exp. 6.31 0.028 6.56 0.042 6.95 0.038

o] 0.65 sim. 6.39 0.028 6.64 0.036 7.02 0.048
calc. 6.36 — 6.59 — 6.98 -

S 0.30 exp. 6.01 0.021 6.12 0.032 6.42 0.032

© 0.70 sim. 6.09 0.023 6.21 0.024 6.53 0.034
calc. 6.06 — 6.16 - 6.49 —

chromatograms, are presented in Fig. 8. The chromatograms in this figure clarify that
with the use of a one-step gradient the separation between fungicides and fennel is poor
when using clean-up eluents of 50 or 60% methanol (Fig. 8A). Applying a one-step-
gradient elution, baseline resolution between fungicides and fennel can be achieved
with 30% methanol (for the removal of S1) and 70% methanol (to retain fennel as S2
on C-1) as clean-up solvents (Fig. 8B).

Finally, some two- and three-step-gradient elutions were investigated. As in
a column-switching procedure, the instantaneous solvent change was achieved by
stopping the flow on the column until the next solvent composition had reached the top
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A - 4 ml 50% MeOH B - 5 ml 30% MeOH
- elution with 60% MeOH - elution with 70% MeOH
1
1
2
3 -3
Simulation
! | — 1 ]
(] 5 ty(min) 10 0 5 ty(min) 10
-2
2 [_o—._osz AU 1
3
1 Experimental
-3
J
I | 1 I | 1
0 5 tp(min) 10 o 5 tr(min) 10

Fig. 8. Comparison of simulated and experimental one-step-gradient-elution chromatograms; conditions
as in Fig. 7. For discussion, see text.

(entrance) of the column (see Fig. 3). In order to predict peak volumes under this type
of multi-step gradient elution, the contribution to the peak volume (o) during
a “stop-flow” period must be known. For stop-flow experiments with time intervals of
1 to 5 min, using mobile phases of 40, 50 and 60% methanol, no significant
contribution to the peak volume ( < 1%) of the solutes was measured on the 50 x 3 mm
1.D. C, g column. This interesting result implies that the increase in peak volume during
a stop-flow is small. A diffusion coefficient of 0.001 mm?/min for each compound was
used in the computer program to account for this effect.

The obtained simulated and experimental results of one two-step- and two
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different three-step-gradients are summarised in Table III. The similarity between
predicted and experimental retention is again satisfactory. The predicted peak volumes
are somewhat smaller than the experimental values with deviations in the range
10-30%. The performance of the simulation program is illustrated in Fig. 9, showing
a good resemblance between a simulated and an experimental three-step-gradient
elution chromatogram.

The data on the last two lines of Tables- HI include the results of the three-step-

1
2
3
Simulation
t
I T T 1 l T T 1
0 s tr (min) 10
—
3
2
1 0.032 AU
Experimental
[ T T7 I T T
0 5 1y (min} 10

—_—

Fig.9. Comparison of a simulated and experimental three-step-gradient-elution chromatogram: 5 min 30%
methanol; | min 50% methanol; | min 60% methanol; elution with 70% methanol. P,~P5: stop-flow points

of 2.5 min to obtain the right mobile phase composition (see Fig. 3); further conditions as in Fig. 6. Peaks:
I = procymidone; 2 = iprodione; 3 = fennel.
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TABLE 1II

COMPARISON OF SIMULATED AND EXPERIMENTAL VALUES FOR TWO- AND THREE-
STEP-GRADIENT ELUTIONS

exp. = Experimental with switching valves (Fig. 3); sim. = computer simulation with profile C of Fig. 2;
calc. = calculated with eqn. S; exp.* = experimental with a binary pump system; sim.* = computer
simulation with profile B of Fig. 2.

Elution programme Procymidone Iprodione Fennel

Time 7] t g 1, o t o
(min) (Methanol) (min)  (min) (min)  (min) (min)  (min)
5 0.3 exp. 6.91 0.028 7.15 0.031 7.37 0.029
1.5 0.6 sim. 6.84 0.024 7.06 0.024 7.31 0.034
0 0.7 calc. 6.9 - 7.09 — 7.32 -

2 0.4 exp. 4.47 0.047 4.71 0.041 492 0.047
l 0.5 sim. 434 0.024 4.59 0.024 4.81 0.034
1 0.6

© 0.7

5 0.3 exp. 7.51 0.035 1.72 0.038 7.93 0.041
1 0.5 sim. 7.41 0.022 7.63 0.024 7.85 0.034
1 0.6

o0 0.7 exp.¥  8.48 0.045 8.95 0.051 9.15 0.051

sim*  8.64 0.035 9.04 0.035 9.28 0.044

gradient, but now executed with a binary pump possessing a gradient profile B as
shown in Fig. 2. It is remarkable that also in this situation with a delay time of 2.5 min
and a time constant of 1.3 min for the distortion of the solvent front, the predicted
values for retention and peak volume correspond very well with the experimental
values. Tables IT and III also contain the results of the retention predicted with eqns.
4 and 5. The calculated values for the step-gradient elutions are in good agreement with
the experimental and simulated values. Using these equations, the retention of solutes
for one- and two-step-gradient programs performed with column switching can be
determined very quickly.

Determination of procymidone and iprodione in fennel extracts

With the developed computer program two different clean-up procedures with
either isocratic elution (heart-cutting) or a step-gradient elution were found to be
suitable for the determination of procymidone and iprodione in fennel extracts. To
verify the predicted optimal clean-up conditions experimentally, realistic additions of
procymidone and iprodione at the 1-ppm level to fennel extracts were made and the
spiked samples were analysed with an RPLC column-switching system as described in
Fig. 3. In this set-up, a 100 x 4.6 mm I.D. column packed with MicroSpher Cyg,3 um,
was used as the second separation column (C-2). In a first experiment the two
separation columns, C-1 and C-2, were coupled on-line and a sample (50 pl) of a spiked
fennel extract (I g/ml) was analysed without clean-up using a mobile phase of 70%
methanol in water (1 ml/min). The resulting chromatogram, shown in Fig. 10A, seems
to illustrate that a clean-up procedure with column switching is not necessary.
However, it is not advisable to inject fennel extracts without clean-up onto analytical
columns.
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Chromatogram B of Fig. 10 demonstrates the result of a selected two-step-
gradient elution (result of Fig. 8B), using a clean-up on C-1 with 5 ml of 30% methanol
and 0.9 ml of 70% methanol, followed by a transfer of the fungicides containing
fraction from C-1 to C-2 with 0.3 ml of 70% methanol.

The last chromatogram (Fig. 10C) shows the predicted isocratic heart-cutting
clean-up on C-1 using 70% methanol for M-1 and M-2 (see Table I). An even more
“clean” chromatogram is obtained with this eluent using 0.85 ml for the clean-up on
C-1 and 0.3 ml for the transfer of the fungicides from C-1 to C-2.

So far, the solvent strength in our column-switching procedures was only varied
using one organic modifier. The good separation result with the proposed procedure is
in agreement with earlier studies [24,25], indicating that an accurate variation of the
solvent strength can result in useful changes in elution order favourable for the
separation of compounds with a similar molecular size and chemical nature. It is
well known that solvent optimization using different solvents (usually methanol,
acetonitrile and tetrahydrofuran) can be very successful for influencing the elution
order for maximum resolution of the sample compounds [21,26,27]. In future research
we will examine if this powerful option can be built into the prediction program.
However, in this study, the same retention behaviour of the involved compounds was
observed (similar to Fig. 6) using acetonitrile instead of methanol which made the
application of a second modifier not attractive for this study.

No clean-up: C-1 on-line C-2. Clean-up: - 5.0 m! 30% MeOH Clean-up: 0.85 mi 70% MeOH.
- 0.9 ml 70% MeOH. Transfer : 0.30 ml 70% MeOH.
Transfer: - 0.3 ml 70% MeOH.

-3 Ema AU

| U LW_)ULU&JWg

[ T ] | | 1 T I
0 5 te(min) 10 0 5 temin) 10 0 5 tr(min) 10
— — ——

Fig. 10. Final results of the clean-up performance of a fennel (3) extract (I g/ml) spiked with 1 ppm
procymidone (1) and 1.3 ppm iprodione (2). Injection: 50 ul on C-1; UV detection at 229 nm. For further
explanation, see text.
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CONCLUSIONS

A new approach for the prediction of retention and peak volume of compounds,
occurring under step-gradient RPLC conditions has been described. From the In k vs.
¢ relations of the involved compounds and the plate number () of the column,
accurate chromatograms are rapidly simulated with a computer program. Compared
to trial-and-error optimisation of column-switching procedures this approach yields
a significant time saving in finding optimal clean-up conditions with beneficial aspects,
such as reduced solvent consumption and extension of the column life.

Good performance of the simulation program has been demonstrated for the
residue analysis of procymidone and iprodione in fennel extracts.

The developed procedure, tested in this paper on column switching, is not
restricted by the dimensions of the column. Consequently, the computer program is
amendable for the optimisation of a separation problem on a high-efficiency column
applying step-gradient elution. Using sensitive UV detection, step-gradient elution will
provide more stable baselines in comparison to linear gradient elution [28]. This aspect
makes this type of elution very suitable for trace-level determination of pesticides
which we will examine in future research.
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APPENDIX 1

Derivation of equations for the prediction of the retention time of a solute, i, under one-
and two-gradient-elution conditions with correction for the place in a column

To derive an equation correcting the position of a solute for the changing solvent
fronts used in step-gradient elution, we consider an ideal one- or two-step gradient with
solvent fronts migrating through the column without deformation. Schematically the
involved steps are as follows:

t =0 tl tz

In this diagram ¢, and ¢, are the switching-time intervals after the start of the elution
program at ¢ = 0 and k4, k, and k3 are the corresponding capacity factors of the solute
at three different mobile phase compositions. During the first elution with a time #;, the
solute will travel a distance, 4L, which equals

AL = ut /(1 + ky) (Al)
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where u is the velocity of the unretained compound.

After the first change in composition the solute migrates with k£, until it is taken
over by the next front. The passing takes place at time tp1, When the position of the
solute corresponds to that of the front, according to the equation

thpl/(l + kl) = u(tm — 1t — td) (A2)

in which ¢, is delay time of the step gradient for reaching the top of the column.
Rearranging eqn. A2 gives

tor = {(1 + ku)fki} (11 + 1) (A3)
The travelled distance during the first step with correction for solvent delay is equal to
ALy = utyyJ(1 + ky) = (ufky) (11 + 10) (Ad)

For a one-step gradient the solute will elute from the column with the second solvent.
The distance to be travelled during this final step corresponds to

AL, = L — AL, (AS)
With L = utq (1, is the retention time of the unretained compound), the retention time

of the second step, 7,,, is obtained by dividing 4L, by the migration factor u/(1 + k)
which results in

tor = ulto — (t1 + ta)fk(] (1 + k2)/u (A6)
Eqn. A6 can be rearranged into
to2 = to(l + k2) = [(t1 + 1) (1 + k)/ky)] (AT)

The final retention time, #,, is obtained by adding the two retentions (¢,; + t,2) which
results in

te=to(l + ki) + (tg + 1) [(ky — k2)/ky] (A8)

This equation describes the retention time of a solute for one-step gradient elution.
For the prediction of the retention time occurring in a two-step gradient elution,
the process continues at eqn. A4, the travelled distance during the first elution with
correction for solvent delay. After the executing of the second switch, at time 7,, the
second solvent front will pass the solute at time lp2 according to the equation

(ufkr) (4 + ta) + u/(1 + k) {1, — [(1 + kolkd (1 + )} = u(tys — t; — t4) (A9)
Reorganising eqn. A9 renders

tor = [ty + to) (k2 — ki)lfkaky + [(12 + 1) (1 + ky))k, (A10)



134 E. A. HOGENDOORN et al.

The travelled distance of the solute during time #,, is then

ALZ = {u(lpz - lpl)}/(l + kz) (All)
Substitution of eqns. A3 and A10 ih eqn. A1l gives
ALy = [uf(1 + k)V{[(t1 + ta) (ko — ko))kaky + [(82 + 1a) (1 + k2)]/k2 —

[(1 + k)/ki] (11 + ta)} (A12)

Rearranging eqn. Al2 gives

ALy = (ufks) (12 — t1) (A13)
which is the travelled distance during the second elution with correction for the delay
of the solvent front.

The sum of the travelled distance is obtained by the addition of eqns. A4 and A13
rendering

ZAL = utgfky + t1(ky — ki)kaky + ta/ks) (A14)

After the two elution steps the solute will be eluted from the column with the third and
final elution solvent. The distance to be travelled during this last step corresponds with

ALy =L — 2AL (A15)

With L = ut,, the retention time of the third step, 1,3, is found by dividing AL by the
migration factor u/(1 + k3) which gives

tp3 = ufty — tafky — ti(ka — ki)fkaky — ta/ka) (1 + k3)fu (A16)

For the final elution time, #,, the retention time of the first two steps (#,2, eqn. A10)
must be added to the retention time of last step (¢p3, eqn. Al6)

1, = [(t1 + ta) (kg — k)fkaky + [(t2 + 1) (1 + k))/kz + to(1 + k3) —

[ta(1 + k3)/k ] — (ks — ki) (1 + k3)lfkaky — (1 + ka)lko  (ALT)
Reorganising eqn. A17 gives
te = to{l + k3) + tal(ky — k3)/k4] +b[t1(k1 — ko)kslfkiks + ik, — k3)fka]  (Al18)
which is the predicted retention time of a solute in a two-step-gradient elution.
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Production and use of capillary traps for headspace gas
chromatography of airborne volatile organic compounds
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ABSTRACT

The production of adsorption traps with activated charcoal particles embedded on the inside surface
of glass capillary tubes and of capillary traps containing thick (10-15 um) and ultra-thick (145 pm) films of
an apolar stationary phase is described. The application of these traps to the headspace detection of

organic volatiles in various gas samples and in air and the problems involved in the use of these traps are
discussed.

INTRODUCTION

Strictly, the determination of airborne volatiles released into the atmosphere by,
for example, living organisms or industrial processes is not a headspace analytical
problem. With certain adaptations the basic principles can, however, be applied
equally effectively to the determination of airborne volatiles in a gas that is not in
equilibrium with a liquid or a solid. This field of analytical work has been reviewed by
Niifiez et al. [1] and several books and monographs have appeared on the subject [2,3].

Automated systems for the routine determination of headspace volatiles are
commercially available. These systems perform fairly well in normal headspace
analyses, but the volumes of headspace gas that can be sampled are often relatively
small. The increasing awareness of the deleterious effects of some airborne volatiles on
the environment, and the threat to human health from even small concentrations of
hazardous chemicals in the atmosphere, have created the need for more sensitive
methods of detection in which volatiles can be concentrated from large volumes of air.
The trapping of volatiles on various adsorbents in packed traps has therefore become
popular. The trapped volatiles are normally desorbed thermally, swept from the trap
and transferred to the analytical column by the carrier gas. However, desorption with
a solvent, followed by conventional analysis of a sample of-the extract, can also be
done. Concentrating the volatiles on a trap in an off-line manner has the advantage
that samples can be taken at any time at short notice and can be stored for subsequent
analysis.

Packed traps, however, have serious disadvantages. One of these is that in many
applications such large amounts of adsorbent are used that the formation of artefacts
by decomposition during thermal desorption or by concentration from slightly impure
solvents cannot be avoided. As pointed out by Grob and Habich [4], packed traps were
developed for use in packed-column gas chromatography (GC) and, when applied to

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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capillary analysis, have given unsatisfactory results, the most serious problem being
incomplete transfer of the sample from the trap to the capillary column. This is due to
the difference between the flow-rate required for complete and rapid desorption from,
for example, a packed 3 mm LD. concentration trap and the flow-rate through
a capillary column. Grob and Habich approached this problem by using capillary
traps with approximately the same diameter as the capillary column, whereby the
linear flow-rate through the trap is increased to facilitate rapid and complete sample
desorption. Two trap types, a charcoal-coated open-tubular trap (COT) and a trap
coated with a thick layer of immobilized PS-255 (FT), were used with promising
results.

Unfortunately, Professor Kurt Grob died before he could complete his
pioneering work on these capillary traps. However, his enthusiasm for this work
prompted others to continue with the further development of the technique. Activated
charcoal traps were made by Burger et al. [5] and used for the GC—mass spectrometric
(MS) determination of plant volatiles. Conditions under which thermally labile
compounds could be desorbed from activated charcoal traps [6] and a method for the
desorption of such compounds with a suitable solvent [7] were developed, and
techniques for the introduction of the traps into the injector of the gas chromatograph
for the desorption of the volatiles were elaborated [8].

These traps, although suitable for the qualitative detection of organic volatiles n
air samples, have relatively low capacities for highly volatile substances. One way to
increase the capacity of a capillary trap is to increase its length. A device for the
desorption of volatiles from such a long (1 m) capillary trap was developed by Burger
and Munro [6], and the capacities of capillary traps coated witha stationary phase and
with a combination of stationary phase and several different adsorbents were
determined. Such long capillary traps were also used by Bicchi et al. [9] for the
determination of plant volatiles. Blomberg and Roeraade [10] succeeded in increasing
the capacity of these traps considerably by increasing the thickness of the stationary
phase film to about 100 ym by immobilizing a thick prepolymer film formed on the
column wall during dynamic coating.

Despite a considerable volume of research having been done on both the short
and long capillary traps, their application has been limited to use by a few groups with
the expertise and instrumentation for their production and use. This is an unfortunate
situation, because these traps lend themselves to the trapping of airborne volatiles in
emergency situations with which any analytical laboratory might be faced at any time.
It is the aim of this paper to give detailed descriptions of the production of various trap
types and the techniques for the trapping, desorption and analysis of volatiles from
a variety of gas samples.

EXPERIMENTAL

Instrumental

GC analyses were carried out with Carlo Erba Model 4160 and 5300 and
Siemens Sichromat 2 gas chromatographs equipped with flame ionization detectors,
using helium as carrier gas. All glass and fused-silica capillaries used for analytical
separations were coated by the Laboratory for Ecological Chemistry. Column
specifications and analytical conditions are given in Figs. 3-8. GC-MS analyses were
performed with a Carlo Erba QMD 1000 system.
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Production of activated charcoal capillary traps (COTs)

Capillary traps coated with a layer of activated charcoal particles were produced
by a method adapted from that used by Grob [l1]. Activated charcoal (SCIT;
Chemviron, Brussels, Belgium) was ground in a TS 250 swingmill (Dickie and
Stockler, Johannesburg, South Africa) for 1 min and elutriated through a series of
screens. The 25-38-um fraction was washed with 6 M nitric acid to remove heavy metal
ions and basic material, whereafter it was washed free from acid on a sintered-glass
filter. It was then stirred with distilled water for several days and finally filtered off,
dried in an oven at 120°C and stored in an air-tight bottle.

A glass-wool plug with a length of about 3 mm was inserted into a length of glass
capillary tubing (20cm x 1.16mm O.D. x 0.45mm L.D.) followed by a thin glass rod
(7cm x 0.35mm). The rod was used to push the glass-wool plug into the capillary and
was inserted into the capillary so that its tail-end was about 3 mm inside the tip of the
capillary, which was just sufficiently constricted in a flame to prevent the rod from
falling out. The tail-end of the glass rod had an uneven surface to prevent it from
forming a gas-tight seal with the constricted tip of the capillary.

Activated charcoal was filled into the capillary, which was dropped down a 3-m
length of glass tubing onto a hard surface to compact the charcoal until a column of
8 cm of activated charcoal had been obtained. A glass-wool plug followed by a thin
glass rod was then inserted from the upper end of the capillary and the capillary was
carefully bent at an angle of 90° about 5 cm above the glass-wool plug. This prevented
the glass rod from being moved upwards by gas expelled from the activated charcoal
when heated. The capillary was fastened along the aligned edges of a U-shaped
aluminium support (1.5 mm thickness) with bands of aluminium foil, which were in
turn firmly stretched over the capillary with the help of elastic insulating tape as shown
in Fig. 1. Vacuum (0.01 Torr) was applied to both ends of the glass capillary and the
activated charcoal was heated carefully with the flame from a small Bunsen burner,
starting from the top of the column of activated charcoal particles and moving
downwards. After this step had been repeated two or three times, the packed section of
the capillary was finally heated to red heat, again slowly moving downwards along the
capillary with the tip of the flame. The capillary was left to cool under vacuum and was
then removed from the U-shaped support and trimmed to the required length (ca.
7 cm). Activated charcoal particles not in contact with the glass were blown from the
capillary with a jet of nitrogen from a length of fused-silica tubing (0.1 mmI.D. x 0.17
mm O.D.). In some instances it was necessary to loosen particles by gently turning the
fused-silica tube. The sharp edges of the finished capillary were finally rounded with
a small diamond file.

Production of thick-film capillary traps (FTs)

Thick-film capillary traps were produced by coating borosilicate-glass or fused-
silica capillary tubing (ca. 0.3-0.35 mm I.D.) with a thick film of cross-linked, apolar
stationary phase. Traps with a 15-um film of cross-linked polydimethylsiloxane, for
example, were made by using a solution of 2.82 g of PS 255 (vinyl-modified
polydimethylsiloxane; Petrarch Systems, Bristol, PA, U.S.A.) and 85 mg of dicumyl
peroxide (DCUP) in 15 ml of pentane. Stationary phases such as SE-30 and SE-54
dissolve very slowly and the mixture of stationary phase, DCUP and solvent was
therefore left to stand in the dark for at least 1 day.
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Fig. 1. Production of an activated charcoal open-tubular trap (COT). 1 = Borosilicate capillary tubing;
2 = thin glass rod; 3 = fine glass-wool plug; 4 = activated charcoal particles; 5 = aluminium plate; 6 =
aluminium foil strip; 7 = elastic insulating tape; 8 = polyethylene connections to vacuum pump; 9 = flame
from small Bunsen burner.

Lengths of fused-silica capillary tubing (ca. 2-3m x 0.32mm L.D.) were coated
with the stationary phase by the static coating technique. To do this, one end of
a capillary had to be sealed before the vacuum was applied to the other end to
evaporate the solvent from the solution in the capillary. There are several methods to
seal off glass and fused-silica capillaries, one of which is to use a plug of hardened
waterglass. It must be taken into consideration, however, that waterglass will not
adhere to the fused silica in the presence of a highly concentrated solution of the
stationary phase. An intermediate plug of a solvent is therefore required. Capillaries
were therefore coated as follows: a plug of about 5 cm of pentane was carefully pushed
into a capillary using a conventional capillary filling vessel. The pressure was released
and the other end of the capillary was closed by inserting in into a piece of

. silicone-rubber such as a septum in order to prevent the solvent from flowing back out
of the capillary. The end of the capillary containing the solvent was then lowered into
the stationary phase solution, using another capillary filling vessel. Care was taken not
to introduce an air bubble into the capillary between the pentane and coating solution.
The stationary phase solution was pushed into the capillary, care being taken not to
exceed the maximum allowable pressure in the glass vessel. It is also good practice to
use a safety shield during this operation. As soon as the solvent had reached the other
end of the capillary the latter was stoppered with the rubber septum. The inlet end of
the capillary was removed from the coating solution, wiped clean and also stoppered
with a septum. The first septum was removed, the tip of the capillary dipped into
a waterglass solution and the longest possible section of the capillary warmed with the
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hand or with the help of a piece of cloth soaked in water at 35-40°C. This forced a small
volume of pentane out of the capillary. As soon as a few droplets of pentane had left the
capillary, the heat source was removed and a short plug of waterglass was sucked into
the capillary. The capillary was removed from the waterglass and laid down
horizontally in a draught-free location. Extreme care was taken to avoid temperature
fluctuations, for example by touching the capillary, to avoid the waterglass being
forced out of the capillary by the expanding liquid. The stopper at the other end was
removed and the capillary was left for 12-24 h to allow the waterglass to harden. To
avoid breakthrough due to the presence of microscopic bubbles in the coating solution
or solvent, the liquid in the capillary was pressurized with nitrogen at 1-2 kg/cm? for
a few hours. This normally does not remove tiny bubbles in the waterglass and it is
therefore advisable to use waterglass that has not recently been shaken or poured into
a smaller vessel, but rather to fill a convenient vessel with the waterglass a day or more
in advance.

Vacuum (ca. 20 Torr) was then applied to the open end of the capillary. This can
be done with the capillary in a water-bath, but care has to be taken to avoid any
moisture coming into contact with the waterglass, as it will soften and cause
breakthrough. We prefer to carry out the removal of the solvent with the capillary in
a horizontal position on the laboratory bench where it had been left for the waterglass
to dry. After all the solvent had been evaporated from the capillary, it was opened at
the other end and purged for several hours with nitrogen. Both ends were sealed with
septa, then the capillary was coiled and heated in a GC oven from 160 to 200°C at
0.3°C/min, whereafter it was opened, connected to the injector of a gas chromatograph
and conditioned at 270°C for several days. It was used as a long capillary trap or
divided into short (5-7-cm) traps.

Production of ultra-thick-film traps (UFTs)

Traps having linings of a cross-linked polysiloxane rubber with a thickness of ca.
145 um were prepared by stretching a polysiloxane-rubber tube (0.65 mm O.D. x
0.30 mm L.D., Silastic, medical grade tubing; Dow Corning, Midlands, MI, U.S.A.)
freezing it in liquid nitrogen and inserting it into a fused-silica capillary tube (0.53 mm
L.D.). On removal of the capillary from the liquid nitrogen, the rubber tube regained its
elasticity and expanded to fit tightly into the capillary, giving a capillary trap with
a 145-pym lining and an L.D. of 240 um. The finished product was conditioned at 270°C
for several days with a carrier gas flow of ca. 5 ml/min and used as a long (1-m)
capillary trap or divided into short traps. A detailed description of the production of
UFTs has appeared elsewhere [12].

Loading the traps

The headspace gas was drawn through the trap at a suitable flow-rate (see figure
legends), which was regulated by using a length of glass or fused-silica tubing as
a restriction. For applications requiring very long sampling times, such as the detection
of organic volatiles in the atmosphere or the trapping of semiochemicals in the field,
a portable vacuum bottle was made from a 14-1 light petroleum gas container fitted
with, inter alia, a vacuum meter and a needle valve. A T-picce was used for applications
requiring sampling in parallel with two traps or trap types. All connections down-
stream from the traps were made with polyethylene tubing (1.2 mm O.D. x 0.9 mm
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1.D.). In applications requiring the headspace gas to be forced through the traps,
nitrogen that had been purified by passing it through a column of activated charcoal
was used. In these analyses the traps were inserted into the headspace through
screw-caps fitted with PTFE-lined silicone-rubber septa. Determinations of the
organic volatiles in human breath were done by either drawing a sample of the breath
from an inflated PTFE gas sampling bag (BGI, Waltham, MA, U.S.A.) or, preferably,
by sampling the breath flowing through a glass breathing tube (2 cm I.D.) at
atmospheric pressure. The glass tube was fitted with a simple diaphragm type
non-return valve and the breath was withdrawn from the breathing tube through
a small hole just downstream from the non-return valve, about 15 cm from the person’s
mouth.

Owing to the strong adsorption of many compounds on glass and other surfaces,
the use of syringes to handle headspace gas samples was avoided except in basic studies
in which, for example, gas samples containing highly volatile compounds were used to
study the capacity of traps for different compounds.

Desorption of the trapped volatiles

Volatiles were desorbed from short traps in the injector of a gas chromatograph
as described by Grob and Habich [4], by inserting the trap into the injector from below
(Fig. 2). The column was fitted with a ferrule and the other hardware normally used for
its installation. The trap was connected to the column with a short length of shrinkable
PTFE tubing. In order to avoid thermal decomposition of the stationary phase in the
trap and possibly also in the column, the connection was pre-shrunk on glass
capillaries with the same outside diameter as the trap and column.

If a fused-silica capillary column is used, it is possible that the available PTFE
tubing will not shrink to the required diameter. It is then advisable to fit the column
with one half of a press-fit connector which is connected to the capillary trap with the
PTFE tubing as shown in Fig. 2.

In some gas chromatographs the injector has a very small hole which cannot be
widened to allow easy passage of the shrinkable PTFE connection between trap and
column. In some of these instruments it is possible to remove the septum cap, push the
capillary column upwards until it protrudes from the top of the injector, whereafter the
trap can be connected to the column. The trap can then be lowered into the injector, the
septum cap replaced and the ferrule-retaining nut tightened. If the carrier gas is left
turned on during this operation and the split valve is open, the introduction of air into
the capillary column is restricted to some extent. However, if the trap has to be
introduced into the injector from the top, the method recently described by Grob et al.
[8] will produce more reliable results. )

The desorption of volatiles from a long trap can be done by installing it in
a stainless-steel tube which can be ohmically heated [6]. The analyses in this study,
however, were carried out using a Siemens Sichromat 2 gas chromatograph. The trap
was installed in the first oven with the analytical column in the second. The live
switching device of the instrument was not used. The trap was connected to the
analytical column with a re-useable butt connector [13] or, in the case of a long
ultra-thick-film trap, by using a short length of thinner fused silica, one end of which
was permanently connected to the column with a press-fit connector and the other end
simply inserted into the trap, the silicone-rubber lining of the trap providing a gas-tight
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Fig. 2. Connection of capillary traps to a fused-silica capillary column for desorption of trapped volatiles in
the injector of a gas chromatograph. I = Injector; 2 = borosilicate glass with activated charcoal particles
embedded on its inside surface (COT); 3 = fused-silica capillary coated with a thick film of stationary phase
(FT); 4 = shrinkable PTFE tubing; 5 = one half of a press-fit connector; 6 = ferrule; 7 = fused-silica
column.

ST

connection. All connections were positioned in the first oven to reduce the effect of any
possible cold spots and dead volumes in the connections between trap and column. The
volatiles desorbed from the trap in the first oven were cryotrapped on the analytical

column by selecting an appropriately low temperature in the second oven, or by using
solid carbon dioxide.

RESULTS AND DISCUSSION

The production of activated charcoal open-tubular traps (COTs) was de-
monstrated by Professor Kurt Grob during a course at the University of Stellenbosch
in 1986. In principle the method consists in fusing activated charcoal particles into the
inside surface of a borosilicate glass capillary tube. This is done by packing the
capillary with the charcoal particles, applying vacuum to the open end of the capillary
tube and heating the capillary with a small Bunsen burner in order to force the charcoal
particles into the soft glass. The charcoal that has not been in contact with the glass is
subsequently blown out of the charcoal-coated capillary with a thin fused-silica
capillary tube. We have used the same method, but it was found that traps of about
6 cm could be produced only with difficulty as a sudden release of gas from the
activated charcoal towards the end of the process often caused the expansion of the
traps, which then had to be discarded. Another problem encountered at a later stage
was that the charcoal particles did not adhere properly to the glass surface and could
easily be blown out to leave an almost empty capillary with a rough inside surface.
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These two problems were solved by removing all traces of fine activated charcoal
dust from the material to be used in the traps, because restriction of the flow of gas
through the capillary was apparently responsible for the sudden expansion of
capillaries during the heating process. Fine dust particles sticking to the larger
activated charcoal particles apparently also prevented proper contact between these
particles and the glass surface. The only way to remove all the fine dust particles was to
wash the activated charcoal through a series of sieves with water. It was found that one
of the resulting fractions produced by this procedure and having a particle size of
25-38 um gave perfectly stable COTs. As a further precaution against the expansion of
the glass during heating, vacuum was applied to both ends of the capillary tube as
shown in Fig. 1.

Activated charcoal traps, although preferred for trapping the more volatile
compounds, have certain disadvantages. The first is the high catalytic activity of the
material, which often results in decomposition of thermally labile compounds,
resulting in the production of artefacts. This is illustrated by a comparison of the
results obtained with an FT (d; 10 um) and a COT (particle size 25-38 um) in the
headspace analyses of a white wine (Fig. 3). The COT clearly has a very high capacity
and even very volatile compounds such as ethanol (eluting at ca. 10 min) are retained
on the trap. However, with the exception of a few of the constituents normally present
in wine, all of the components eluting before ethanol (compare the expanded trace in
Fig. 3B) appear to be artefacts. These compounds are not present in the analysis
carried out with the FT (Fig. 3C) but, on the other hand, only relatively small amounts
of the other highly volatile headspace constituents of the wine were retained on this
trap. From a comparison of the gas chromatograms shown in Fig. 3 it appears that,
even allowing for a longer sampling time, the later eluting peaks produced by the FT
are larger than those produced by the COT. This may be due to irreversible adsorption
and/or decomposition on the COT, or otherwise to the preferential adsorption of
moisture by the activated charcoal which, consequently, gradually loses its ability to
retain the larger molecules. Organic volatiles are retained on the FT by dissolution in
the apolar phase layer, which is highly hydrophobic. The water therefore does not have
any appreciable influence on the retention of the organic volatiles on the FT.
Apparently neither of these traps is ideal for this specific analysis. However, if certain
highly volatile and thermally stable compounds have to be trapped, the COT may still
be the best trap for the purpose. The FT, again, may be ideal for the determination of
thermally labile heavy constituents in a headspace gas. As mentioned earlier, the
thermal decomposition of labile compounds can be avoided to a certain extent by
temperature-programmed desorption [6], or even more effectively by desorption with
solvent, followed by direct transfer of the solvent plus the volatiles to the capillary
column for analysis [7].

In some analyses of gas samples with a high moisture content, it was found that
the colour of the activated charcoal changed from a dull grey to shiny black,
presumably owing to the adsorption or condensation of moisture in the trap. Again
only limited amounts of highly volatile compounds were retained when this happened.
This is illustrated by an analysis with a COT and an FT in parallel of the air in
a chemical factory (Fig. 4).

In view of the often unpredictable behaviour of COTs, we prefer to use FTs in the
exploratory stages of an investigation. In principle, pieces of a thick-film fused-silica or
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Fig. 3. Chromatograms from the headspace gas of a white wine (Chenin blanc). Column, 30 m x 0.32 mm
L.D. fused silica, 0.25-um cross-linked Carbowax 20M; helium as carrier gas at 25 cm/s. (A) Volatiles trapped
from 11 ml of headspace gas drawn through a COT (particle size 25-38 um) at 3.4 ml/min, desorbed by
temperature programming the injector from 100 to 300°C at ¢ca. 20°C/min and cryotrapped on the column
with solid CO,; column held at 35°C for 10 min and then programmed from 35 to 180°C at 3°C/min. (B)
Expanded section of (A). (C) Volatiles trapped from 34 ml of headspace gas drawn through an FT (film
thickness 10 um) at 3.4 ml/min; desorbed in the injector of the gas chromatograph at 180°C for 5 min and
cryotrapped on the column with solid CO,; column held at 10°C for 5 min and then programmed from 30 to
180°C at 2°C/min. Data acquisition was started after completion of the desorption step. FID = Flame
ionization detection.

b

glass column can be used as short film traps. However, most applications require traps
having much thicker stationary phase films than those used in commercially available
columns and prospective users of this technique therefore have to be able to produce
traps in the laboratory. The problems involved in obtaining straight lengths of glass
capillary tubing with the correct dimensions, coating the tubing and coupling the trap
to the capillary column, are probably responsible for the apparent lack of interest in
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capillary trapping techniques. We prefer to prepare short capillary traps from straight
lengths of glass capillary tubing, as it is possible to seal off a filled glass capillary with
a tiny flame and to remove the small gas bubble that is formed during the process
within less than 1 min. In this paper the production of short traps from fused-silica
tubing is described, as this material is readily available. It is possible, however, that
shrinkable PTFE tubing that will shrink tightly onto fused silica with O.D. 0.45 mm
may not be available. This problem can be solved by increasing the diameter of the
column by making use of a press-fit connector cut in half. One half of the connector is
permanently connected to the column and the other half to the fused-silica trap,
whereafter the trap and column can be connected to each other with shrinkable PTFE
tubing in the usual manner (Fig. 2). It is advisable, however, to pre-shrink the
connecting PTFE tubing on the two sections of the press-fit connector before they are
fitted to the column and trap, to avoid damaging their stationary phase layers.
The limited capacity of short film traps was a serious problem until Blomberg
and Roeraade [10,14,15] developed short and long capillary traps with film thicknesses
of up to 100 um. These traps therefore have stationary phase layers that are about six
times as thick as those obtainable with static coating procedures. They used an
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Fig. 5. Quantitative analysis of the headspace gas from 20 g of the pulp of a yellow monkey orange
(Strychnos madagascariensis). Column, 40 m x 0.3 mm L.D. glass, 0.4-um OV-1701-OH; helium as carrier
gas at 28.6 cm/s; temperature programme, 40-250°C at 2°C/min. (A) Headspace gas (1 ml) was pushed
through two short (7-cm) ultra-thick-film traps (film thickness 145 um) connected in series to the 1-1 flask
containing the fruit at 0.5 mi/min; trapped volatiles desorbed at 220°C. Constituents determined: 1 =
L-butanol (0.7 pg); 2 = methyl butanoate (1.5 ug); 3 = ethyl 2-methylpropanoate (2.6 ug); 4 = ethyl
butanoate (29.8 pg); 5 = butyl acetate (1.4 ug); 6 = ethyl 2-methylbutanoate (i.1 ug); 7 = propyl
butanoate (1.6 pg); 8 = butyl propanoate (2.6 ug); 9 = methyl hexanoate (1.9 pg); 10 = butyl
2-methylpropanoate (16.2 pg); 11 = butyl butanoate (45.1 ug). Quantification was done by on-column
injection of a mixture of the synthetic compounds as external standards, The desorbed volatiles were not
cryotrapped, and the analysis was started directly after the traps had been instalied in the injector. (B) Gas
chromatogram of volatiles desorbed from the second trap; desorption at 220°C. (C) Blank analysis;
desorption at 250°C.
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ingenious technique to produce these traps, but it is unlikely that the expertise required
for the production of the traps will be available in many analytical laboratories. We
therefore devised a simple method of inserting a polysiloxane-rubber lining into
fused-silica capillaries in order to produce traps with a film thickness of 145 ym and
a final I.D. of 240 um. These traps were expected to have a high background owing to
the thermal decomposition of the very thick rubber lining. It was found, however, that
background peaks that could be expected to interfere with the detection of minor
constituents in a headspace gas, appeared only when the desorption was done at
250°C. In Fig. 5 a quantitative GC analysis is shown of the headspace gas of the fleshy
parts of the fruit of the tree Strychnos madagascariensis (yellow monkey orange tree).
The fruit has a flavour similar to that of the mango and is particularly rich in the esters
of butanoic acid. The flavour constituents were trapped under conditions that gave no
breakthrough to a second trap, connected in series to the first, and the analysis thus
gives an indication of the capacity of an ultra-thick-film trap. Despite the high capacity
of the trap, desorption of the esters at an injector temperature of 220°C was rapid
enough to give acceptable peak shapes even for the early-eluting constituents, without
having to resort to cryotrapping of the desorbed volatiles.

In initial experiments with long ultra-thick-film traps a desorption temperature
of 100°C was used in order to avoid the possible generation of background peaks. As
expected, the long desorption time of 25 min resulted in peak broadening of the more
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Fig. 6. Chromatogram of the organic volatiles trapped from the air in a synthetic organic chemistry
laboratory. Column, 25m x 0.32 mm I.D. fused silica, 0.75-um cross-linked PS 255; helium as carrier gas at
28.6 cm/s; temperature programme, 40-250°C at 4°C/min. The volatiles were trapped from 1.2 1 of air on
a 1-m ultra-thick-film trap (film thickness 145 ym) at a flow-rate of 13 ml/min, desorbed at 100°C for 25 min
and cryotrapped at 0°C.
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volatile constituents. This is illustrated by a chromatogram of the volatiles from the air
in a chemical laboratory shown in Fig. 6. In Fig. 7 two analyses of air sampled from
a street in Stellenbosch are shown, illustrating the improved peak shapes of the more
volatile compounds obtained by cryotrapping at a lower temperature. Cryotrapping

with solid carbon dioxide gave perfect peak shapes in the GC separation of the organic
volatiles in human breath shown in Fig. 8.
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Fig. 7. Chromatograms of the organic volatiles trapped at different times of the day from air on a street in
Stellenbosch. The volatiles were trapped from 1.3 1 of air on a I-m ultra-thick-film trap (film thickness 145
pm)at a flow-rate through the trap of 13 ml/min. Gas chromatographic conditions as in Fig. 6. (A) Volatiles
desorbed at 100°C for 25 min and cryotrapped at 0°C. (B) Volatiles desorbed at 100°C for 25 min and
cryotrapped at — 17°C. (C) Blank analysis: desorption at 100°C for 25 min; cryotrapping with solid CO,.
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Fig. 8. Chromatogram of organic volatiles trapped from 1.3 1 of human breath on a I-m ultra-thick-film
trap (film thickness 145 pym) at a flow-rate through the trap of 13 ml/min. The breath was drawn from
a breathing pipe fitted with a non-return valve. The volatiles were desorbed at 100°C for 25 min and were
cryotrapped on the column with solid CO. Chromatographic conditions as in Fig. 6.

CONCLUSIONS

COTs have a high capacity, and even highly volatile compounds can be
effectively trapped on them. However, they behave unpredictably when volatiles are
trapped from gas with a high moisture content or when long sampling times have to be
employed. Decomposition of thermally labile compounds during the desorption from
a COT is a problem. FTs are to be preferred in the exploratory stages of a headspace
analytical investigation. Highly volatile compounds are, however, not effectively
retained and may be present in the resulting gas chromatogram only in low
proportions. Work on the application of UFTs to headspace analytical problems is
still in an early stage. The capacity of these traps is expected to be about ten times that
of the FTs, but more research has to be done to determine their capacity for specific
compounds and compound types, and to establish optimum conditions for their
desorption. Fortunately they have a remarkably low bleed in spite of the thickness of
the polysiloxane-rubber lining. Except when the headspace contains highly volatile or
relatively involatile constituents, it should be possible to analyse almost any headspace
gas with these traps.
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ABSTRACT

Four diamide chiral stationary phases (CSPs), undecenoyl-L-valine-(S)-a-phenylethylamide
(CSP-1), OV-225-L-valine-tert.-butylamide (CSP-2), XE-60-L-valine-tert.-butylamide (CSP-3) and poly-
cyanoethyl vinyl siloxane 25% cyanoethyl-L-valine-fers.-butylamide, were cross-linked within both glass
and fused-silica capillary columns with dibenzoy! peroxide (DBP) as the cross-linking reagent. The effects
of the CSP skeleton on the degree of cross-linking and racemization (decrease in enantiomeric excess) of
the stationary phase during cross-linking were investigated. The performance of the cross-linked columns
in terms of enantioselectivity, thermal stability, acid—base characteristics and column efficiency were deter-
mined and compared. The results show that the CSP skeleton may have considerable effects on both
cross-linking and racemization.

INTRODUCTION

Since the first paper on the direct separation of amino acid enantiomers by gas
chromatography (GC) [1], the development of novel chiral stationary phases has
attracted wide attention. In GC, the direct separation of enantiomers is more efficient,
sensitive, accurate and faster than indirect separation. The performance of direct GC
separation depends to a large extent on the performance of the CSPs or the chiral
columns used. Usually cross-linked capillary columns have more stable films and can
even be used in supercritical fluid chromatography (SFC) [2,3]. Great efforts have been
made in preparing cross-linked chiral capillary columns in recent years. Several
methods for the immobilization of CSPs within capillary columns have been suggested
[4-7], but in the cross-linking of diamide CSPs racemization effects have been observed
[6]. : .
It was the purpose of this work to investigate the effects of CSP skeletons and
cross-linking conditions on the performance of cross-linked chiral capillary columns in
terms of the degree of cross-linking, decrease in enantiomeric excess (e.e.), etc.

EXPERIMENTAL

Chemicals and materials
CSP-1 was synthesized in our laboratory [8]. CSP-2, CSP-3 and CSP-4 were

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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synthesized according to Frank ez al. [9] and Saeed ef al. [10] with some modifications
[11]. OV-225, XE-60 and SE-54 were obtained from Chrompack, PEG 20M from
Fluka, amino acids from Sigma, polycyanoethyl vinyl siloxane from Jiling Chemical
Industry Co. and blank fused-silica capillary columns from Yongnian Optical Fibre
Manufacturer.

Preparation of columns

Unless stated otherwise, the columns were statically coated with a 1% (w/v)
dichloromethane solution of the stationary phase and a 6% (w/w, based on the
stationary phase) solution of DBP. After static coating, the columns were conditioned
under a carrier gas flow. Cross-linking was carried out with temperature programming
from 40 to 190°C, the final temperature being maintained at 190°C for 2 h. The
columns were then rinsed successively with pentane, dichloromethane and water. All
the columns were tested in a GC RIA gas chromatograph equipped with a split injector
and a flame ionization detector, before and after rinsing.

Determination of racemization

In order to determine the racemization of the stationary phase during
cross-linking, the cross-linked columns were filled with 6 M hydrochloric acid, both
ends were sealed and the stationary phases in the columns were hydrolysed at 110°C
for 20 h [6]. After cooling the hydrolysates were collected, dried, derivatized and then
analysed on a cross-linked CSP-4 column. Racemization was expressed as the decrease
in ee.:

D(ee) = 1 — [A(L) — AD)]/[A(L) + A(D)]
[2 AD))/[A(L) + A(D)] ‘ )

where D (e.e.) is the decrease in the enantiomeric excess and A(L) and A(D) are the peak
areas of L- and D-Val, respectively, in the hydrolysates.

Derivatization
Amino acids were derivatized as N(O,S)-trifluoroacetyl isopropyl esters ac-
cording to McKenzie and Tenaschuk [12].

RESULTS AND DISCUSSION

The structures and basic performances of the CSPs are listed in Table 1.

TABLE I ,
STRUCTURES AND BASIC PERFORMANCES OF THE CHIRAL STATIONARY PHASES

CSpP Structure M.p. °C) [a]3° in Maximum
CH,(Cl, temperature
limit (°C)
CSP-1  Undecenoyl-L-Val-(S)}-o-NHCH(CH;)CqH;  101-103  —36.0 180
CSP-2  OV-225-1L-Val-NHC(CH3); - 73 190
CSP-3  XE-60-L-Val-NHC(CH,) 107 180

CSP-4  Polycyanoethyl vinyl siloxane-L-Val-NHC(CH;); — 8.8 180
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TABLE II
EFFECTS OF DBP/CSP RATIO ON CROSS-LINKING AND RACEMIZATION

CSP DBP (%)

1 2 6 12 20 100

d(%) e(h) d(%) e(%) d(%) e(%) d(%) e(%) d(%) e (%) d(%) e(%)
CSP-2 40 20 65 26 62 30 60 38
CSP-3 12 3 23 7
CSP-4 39 2 43 2 68 2 60 4 55 10

“ Degree of cross-linking (%).
* Decrease in e.c. (%) of the stationary phase.

CSP-1 is a stationary phase with vinyl groups, but its molecular weight is low
(386) and it can only be co-cross-linked with polymeric molecules such as PEG 20M or
SE-54 to obtain sufficient cross-linking. However, after adding polymeric molecules,
the enantioselectivity of the CSP was decreased and the polarity changed [13].

The effects of the DBP/CSP ratio on the degree of cross-linking (%) and
racemization of CSP-2, CSP-3 and CSP-4 are listed in Table II.

CSP-2is a stationary phase with a polycyanopropyl siloxane skeleton (OV-225).
A degree of cross-linking of 65% can be obtained, but with pronounced racemization
(decrese in e.e. = 26%) (Table II).

CSP-3 and CSP-4 are stationary phases with a polycyanoethyl skeleton.
Although the degree of cross-linking of CSP-3 is not satisfactory, the decrease in e.e. is
only 7% even with 100% (w/w based on CSP-3) of DBP. CSP-4 also contains

i
(2) (&)

| o

— Il i L A 1 PR — | i H | L

0 2 4 6 8 10 min 0 1 2 3 4 5 min
Fig. 1. Chromatograms of the test mixture in cross-linked columns. Columns.(20 m x 0.25 mm L.D.): (a)
cross-linked CSP-2 fused silica; (b) cross-linked CSP-4 fused silica. Temperature, 130°C; carrier gas,
hydrogen. Peaks: | = dodecane; 2 = 2-octanone; 3 = tridecane; 4 = I-octanol; S = naphthalene;
6 = 2,6-dimethylaniline;, 7 = 2,6-dimethylphenol.
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TABLE 111
BASIC PERFORMANCE OF THE CROSS-LINKED COLUMNS

Stationary phase d (%) e (%)Y CE (%) Acid/base’  Maximum
temperature
fimit (°C)

CSP-1 + PEG 20M 50 75 1.02 190

CSP-1 + SE-54 50 75 1.04 190

CSP-2 65 26 80 1.02 210

CSP-3 12 3 55 1.01

CSP-4 68 2 85 1.02 210

“ Degree of cross-linking (%).

b Decrease in e.e. (%) of the stationary phase.

¢ Coating efficiency; sample, alanine; temperature, 120°C.

4 Ratio of peak area per unit weight of 2,6-dimethylphenol to 2,6-dimethylaniline at 140°C.

vinylgroups, and gives good results with respect to both degree of cross-linking (68%)
and racemization (decrease in e.e. = 2%) in comparison with the other CSPs studied.
For CSP-2 and CSP-4, 6% DBP is optimum in preparing the cross-linked columns;
a higher proportion did not increase the cross-linking but increased the racemization
(Table II).

Fig. 1 shows the chromatograms of a mixture of apolar, polar, acidic and basic
compounds with known composition by the cross-linked columns. The peaks in the
chromatograms are almost symmetric.

TABLE 1V
a-VALUES OF AMINO ACID ENANTIOMERS ON THE CROSS-LINKED COLUMNS

Amino acid CSP-1 + PEG 20M  CSP-2 CSP-4
o T (°C) o T (°C) o T (°C)

Ala 1.030 100 1.089 100 1.133 100
Val 1.042 100 1.069 100 1.096 100
Thr 1.026 100 1.048 {10 1.088 100
a-lle 1.046 100 1.053 120 1.114 100
lle 1.044 100 1.047 120 1.100 100
Leu 1.050 100 1.107 100 1.187 100
Pro 1.013 100
Ser 1.020 100 1.034 130 1.062 120
Asp 1.009 130 1.026. 130 1.034 130
Met 1.031 130 1.039 150 1.079 140
Phe 1.030 130 1.033 150 1.067 140
Glu 1.023 130 1.034 150 1.069 140
Orn 1.029 190 1.037 190
Tyr 1.023 190 1.028 190
Lys 1.026 190 1.033 190
Trp 1.021 190 1.028 190
n-Val 1.038 110 1.078 120 1.148 100

n-Leu 1.038 110 1.066 120 1.154 100
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TABLE V
THERMAL STABILITY OF WALL-COATED AND CROSS-LINKED CSP-4 COLUMNS

Sample: alanine. Test temperature: 130°C.

Wall-coated Cross-linked

Temperature (°C) Time (h) o Temperature (°C)  Time (h) o
190 4 1.087 190 2 1.085
190 14 1.087 200 12 1.083
190 24 1.086 200 22 1.081
190 44 1.082 200 42 1.080

The basic performances of the cross-linked capillary columns are listed in Table
III. It can be seen that CSP-4 gives the best results with respect to both degree of
cross-linking and racemization among the four CSPs studied.

The separation factors (a-values) of amino acid enantiomers on the cross-linked
columns are listed in Table IV. Table V shows the thermal stablity of both wall-coated
and cross-linked CSP-4 columns. The cross-linked column can be used up to at least
200°C without noticeable bleeding and racemization.
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Fig. 2. Enantiomeric separation of amino acids by GC in cross-linked columns. Columns (20 m x 0.25mm
1.D.): (a) cross-linked CSP-2 fused silica; (b) cross-linked CSP-4 fused silica. Temperature, 100°C (6 min),
programmed at 4°C/min to 190°C; carrier gas, hydrogen. Peaks: I = Ala; 2 = Val; 3 = Thr; 4 = a-Ile;
5 =lle;6 = Gly; 7 = Leu; 8 = n-Leu; 9 = Ser; 10 = Pro; 11 = Cys; 12 = Asp; 13 = Met; 14 = Gly;
15 = Phe; 16 = Orn; 17 = Tyr; 18 = Lys; 19 = Trp (D-enantiomers eluted first).

TABLE VI v 7
REPRODUCIBILITY OF CROSS-LINKED CSP-4 COLUMNS

Column o k'(L)° d(%) e(%) CE(%) Acid/base®
1 1.133 459 68 2 85 1.02
2 1.134 464 69 2 87 1.02
3 1.133  4.65 69 2 82 1.02
4 1.133 479 71 2 80 1.03

o, k'(L) (capacity factor of L-alanine) and CE were tested at 100°C. Sample: alanine.
b See Table II1.
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Fig. 3. Enantiomeric separation of amino acids by SFC in a cross-linked CSP-2 column. Column, 20
m x 0.10 mm LD., glass; mobile phase, carbon dioxide, 8.0 MPa (60 min) increased at 0.05 MPa/min;
column temperature, 60°C; detector, flame ionization (250°C). Peaks: 1 = val;2 = a-lle; 3 = Tle; 4 = n-Val;
5 = Leu; 6 = Ser; 7 = Asp; 8 = Met (p-enantiomers eluted first).

Good reproducibility of the preparation of the cross-linked chiral capillary
columns was obtained. Table VI gives the data for four cross-linked CSP-4 columns .
with 6% DBP.

Fig. 2 shows chromatograms for the separation of amino acid enantiomers with
the cross-linked columns. Fig. 3 shows the chromatogram of some amino acid
enantiomers obtained with a cross-linked CSP-2 column using SFC.

CONCLUSION

The CSP skeleton may have a large effect on both the degree of cross-linking and
racemization with DBP as the cross-linking reagent. CSP-4 has both a polycyanoethyl
siloxane skeleton and vinyl groups and gives the best results in terms of degree of
cross-linking and enantioselectivity (a-values) among the four CSPs studied.
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XIX. The use of antioxidants to delay the oxidation of
polyoxyethylene glycol stationary phases
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ABSTRACT

The sensitivity that polyoxyethylene glycols (PEG) show towards oxidative degradation at elevated
temperatures is well known. Experiments have been conducted to investigate the possible use of antiox-
idants as stationary phase additives to prevent this oxidation. It has been shown that significant differences
in antioxidant efficiency exist, depending on whether the activity is determined under static or dynamic
conditions. This difference has been shown to be due to the volatility of the antioxidants in the carrier gas
stream.

In view of the above findings, a novel antioxidant based on the PEG 400 molecule has been syn-
thesized and evaluated. This compound is markedly less volatile than the conventional antioxidants and
inhibits significantly the oxidation of PEG phases.

INTRODUCTION

The polyoxyethylene glycols (PEGs) are a ubiquitous group of compounds
which, among other uses, have been employed for many years as polar stationary
phases in gas-liquid chromatography [1]. Applications of these phases are legion and
include the separation of alcohols (2], aldehydes [3], ketones [4] and fatty acids [5].
PEGs are extremely sensitive to aerial oxidation, especially at elevated temperatures
and this can lead to serious difficulties in analysis, due to stationary phase degrada-
tion.

The oxidation of polyoxyethylene glycols has been studied by various workers
who have identified several compounds as degradation products, which include for-
mic acid [6], formaldehyde [7] and acetaldehyde [8]. In contrast, litte work is publish-
ed of the non-volatile products arising from aerial oxidation. However, it is known
that when PEGs are oxidised as thick films or blocks, shorter chain PEGs are formed
as non-volatile products [9]. Previous studies have also suggested that the degradation
proceeds, at least in part, by a free radical mechanism [10].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Free-radial scavengers are commonly used to protect foodstuffs [1 13, rubbers
and plastics [12] from the deleterious effects of aerial oxidation. Accordingly, it was
decided to test the efficiency of such compounds as oxidation inhibitors in PEG
stationary phases. The results of this work are now reported.

MATERIALS AND METHODS

Instrumentation

The gas chromatograph used was a Pye Model 104 (Pye-Unicam, Cambridge,
UK), equipped with glass columns (6 ft. x 0.25in. 1.D.) and flame ionisation detec-
tion.

The column packing comprised of 10% PEG 400 or PEG 20M supported on
6080 mesh Chromosorb W AW prepared and packed in the conventional manner
[13].

The output of the gas chromatograph was interfaced with a Spectra-Physics
(Hemel Hempstead, UK) System 4 integrator to yield retention data.

Sylvester apparatus

The apparatus was constructed in-house and is shown in Fig. 1. The compound
under test (0.1 g) was dissolved in the appropriate stationary phase, generally PEG
400 (10 ml). The mixture was transferred to a 100-ml conical flask fitted with a B14
ground glass joint and the adaptor tube fitted. The assembly was filled with pure
oxygen gas and the rubber tube connection to the manometer quickly fitted to the
adaptor. The completed apparatus was placed, as indicated in Fig. 1, in an oil bath
which was maintained at 100°C. The oxygen uptake was measured by the movement
of the float.

A typical trace of oxygen uptake versus time is shown in Fig. 2. Generally, an
induction period is observed, even for pure materials, followed by a rapid exponential
increase. Eventually, an upper limit is approached, at which the rate of uptake de-
creases to zero.

Mechanical link
to recorder

Stirred L Fioat
Sample
Z| 2
< =
+ 7
Constant temperature M
° - Mercur
bath (100°C) mu%%n!eler

Fig. 1. Sylvester apparatus used in oxygen uptake experiments.
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Fig. 2. Typical trace from Sylvester apparatus.

Materials

The support and stationary phase materials used were supplied by Greyhound
Chemicals (Liverpool, UK). All other chemicals were purchased from BDH (Poole,
UK) except the Tonex 220, which was obtained from Shell Industries (Sittingbourne,
UK). All chemicals were analytical grade (A.R.) or the purest available, and all were
used without further purification.

Hydrogen and oxygen-free nitrogen were supplied by British Oxygen (London,
UK) and the helium by Air Products (London, UK). The compressed air was sup-
plied from an in-house compressor, freed from oil droplets by a simple trap and
passed through a carbon filter before use.

The following compounds were used to determine the Kovats indices of the
stationary phases: iodobutane, dioxane, 1-butanol, pyridine, toluene, octan-2-yne,
chlorobenzene, hexan-2-one and 2,4-dimethylpentan-3-ol.

Preparation of the novel antioxidant based on PEG 400

3,5-Di-tert.-butyl-4-hydroxybenzoic acid (1 g, 0.004 mol) was heated under
reflux with thionyl chloride (5 ml, 0.005 mol) using an oil bath for | h at 120°C. After
this time, the reaction had moderated and the excess thionyl chloride was distilled to
waste.

The crude acid chloride was an orange oil at the temperature of the oil bath; no
attempt was made to characterise the product. Polyoxyethylene glycol 400 (5ml, 0.08
mol) was then added to the hot acid chloride via the reflux condenser. Initially, two
layers were formed but there followed a rapid evolution of acidic gases and the
contents of the flask became homogeneous.

The solution was heated at 120°C for a further 30 min, then allowed to cool.
Chloroform (30 ml) was added to the flask and the resultant extracted with saturated
sodium hydrogen carbonate solution (3 x 20 ml) and then washed with water 3 x
20 ml). The organic phase was separated, dried over anhydrous sodium sulphate and
the chloroform removed by evaporation under nitrogen to yield 2.0 g of PEG 3,5-di-
tert.-4-hydroxybenzoate. Details of the purification and characterisation of the prod-
uct are given elsewhere [14].
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RESULTS AND DISCUSSION

A range of conventional antioxidants, listed in Table I, was investigated for their
ability to delay the oxidation of PEGs under static conditions, using the Sylvester
apparatus and PEG 400 as the test compound. A concentration of 1% was chosen
and, as the results, shown as Table I, indicate, all the compounds were effective in
delaying the uptake of oxygen, and hence the onset of oxidation, for at least 2 h,
whilst the control sample of PEG 400 started to degrade after about 30 min and that
of the PEG 20M within 1 h.

The experiment was then repeated under dynamic conditions, by incorporating
each antioxidant at a 1% concentration into a series of 10% PEG 400, Chromosorb
W AW column packings. Air was used as the carrier gas at 150°C at a flow-rate of 50
ml/min and the oxidation monitored by the periodic chromatography of the test
compounds. Appropriate hydrocarbons were included in the calibration solutions to
enable the Kovats retention indices of the test compounds to be determined as a test
of phase polarity [15,16]. The results, a representative example of which is shown as
Fig. 3, indicate that little or no protection against aerial oxidation was afforded by
any of the antioxidants under the conditions investigated.

As may be seen from Fig. 3, the k' values showed a rapid decrease, indicating
that the mass of the stationary phase within the column was decreasing. There was,
however, no concomitant change in the retention index (/) values for the test com-
pounds, as shown in Table I1, suggesting that the chemical structure of the remaining
stationary phase was little changed during oxidation, in agreement with evidence
based on high-performance liquid chromatographic studies {14]. A similar result was
found when PEG 20M was substituted for PEG 400, but, as might be expected, the
rate of degradation was somewhat slower.

During these experiments, it was noticed that the antioxidant ethoxyquin has a

TABLE 1

THE EFFECTIVENESS OF CERTAIN ANTIOXIDANTS, INCLUDING A NOVEL PEG BASED
ANTIOXIDANT, IN DELAYING THE ONSET OF OXIDATION OF PEG 400 AND PEG 20M,
UNDER STATIC CONDITIONS

Antioxidant " Time before onset of oxidation (h)
PEG 400 PEG 20M
Control 0.5 1.0
BHT” 2.0 2.0
BHA® 2.5 2.8
Tonex 220° 10.0 10.5
4-Hydroxy-3,5-di-tert.-butylphenol 18.0 - 20.0
4-Hydroxy-3,5-di-tert.-benzoic acid 5.5 6.0
Ethoxyquin® 11.0 12.5
PEG based antioxidant >26.0 >26.0

¢ BHT = butylated hydroxytoluene or 4-methyl-2,6-di-tert.-butylphenol.
b BHA = butylated hydroxyanisole or 4-methoxy-2-rert.-butylphenol.

¢ Ionex 220 = 4,4'-methylene-bis-di-zert-butylphenol.

4 Ethoxyquin = 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline.
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Fig. 3. The effect of oxidation upon a column packed with 10% PEG 400 with 1% BHA coated on
Chromosorb W AW. The plot shows the variation of capacity factor (k') with time. Carrier gas: air at
150°C at a flow-rate of 50 ml/min. (J = Octan-2-yne; O = dioxane; & = 1-butanol; @ = chlorobenzene.

native fluorophore when illuminated with radiation at 380 nm. By examining a col-
umn packed with PEG 400 and ethoxyquin on Chromosorb W AW under such con-
ditions at various times during the oxidation, it was found that the fluorescence was
rapidly lost from the column, with the loss starting at the injector end and moving
steadily through the column. This observation strongly supports the hypothesis that
the antioxidants investigated were rapidly lost from the column under dynamic con-
ditions, thereby explaining their apparent lack of protection. A similar observation
also has been reported by Evans and Newton [17] during an investigation of hindered
phenols as antioxidants by inverse chromatography with squalene as the stationary
phase. »

These findings suggest that the conventional antioxidants investigated were of
little practical value under dynamic conditions due to their volatility. Attempts were
therefore made to prepare an antioxidant compatible with PEGs that might be ex-
pected to be less volatile than the materials so far examined. After a consideration of
a number of possibilities, it was decided to use PEG 400 as the base material and to
introduce antioxidant groups by esterification of the terminal hydroxyls by a hinder-
ed phenol, namely 3,5-di-tert.-4-hydroxybenzoic acid.

The PEG 400 ester antioxidant proved to be relatively simple to prepare, as

TABLE 1I

THE EFFECT OF OXIDATION UPON A COLUMN PACKED WITH 10% PEG 400, INCORPO-
RATING 1% BHA COATED ON CHROMOSORB W AW

Variation in retention index measurements. Air as carrier gas 150°C and a flow-rate of S0 ml/min.

Compound Time (h)

0 0.5 1.0
Octan-2-yne 1062 1058 1057
Dioxane 1140 1138 1145

1-Butanol 1234 1236 1238
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Fig. 4. The effect of oxidation upon a column packed with 10% PEG 400 and 1% PEG based antioxidant
on Chromosorb W AW. The plot shows the variation of capacity factor with time. Carrier gas: air at 150°C
at a flow-rate of 50 ml/min. 0 = Octan-2-yne; O = dioxane; & = l-butanol; B = chlorobenzene.

Fig. 5. The effect of oxidation upon a column packed with 10% PEG 400 and 1% PEG based antioxidant
on Chromosorb W AW. The plot shows the variation of retention index with time. Conditions and sym-
bols as in Fig. 4.

described earlier. In addition to structural characterisation, the novel compound was
subjected to a COSHH hazard assessment, which included an Ames test for potential
mutagenicity [18]. This revealed the material to be a very weak mutagen and reason-
ably safe.

The PEG 400 antioxidant was evaluated under static conditions using the Syl-
vester apparatus and found to be very efficient in delaying the onset of oxidation of
PEG 400 and PEG 20M, the results being shown in Table I. These results show the
compound to be as efficient as the other antioxidants investigated.

The evaluation under the dynamic conditions showed it to be extremely good at
delaying the oxidation of PEG 400 at 150°C, again with air as the carrier gas with a
flow-rate of 50 ml/min, as demonstrated by the data shown in the oxidation curves in
Figs. 4 and 5. '

The k' and I values were found to be fairly constant for about 150 min, com-
pared with the BHT control, where the &’ values showed a decrease after 30 min.
After the delay period, the rate of degradation, as indicated by the change in the k'
values, was similar for both the PEG antioxidant and the control columns.

When the experiment was repeated at 175°C, the novel antioxidant delayed the
onset of oxidation for PEG 400 for about 10 min. These results should be compared
with the other antioxidants, where no protection was observed and degradation start-
ed immediately. Similar results were obtained when PEG 20M was used as the sta-
tionary phase, suggesting that the antioxidant was not affected by the molecular
weight of the stationary phase. :

CONCLUSIONS

The potential use of antioxidants to prevent, or at least delay, the onset of
oxidation of PEG stationary phases has been investigated. It has been shown that,
under static conditions, the antioxidants investigated do delay the onset of oxidation
but this effect is not found under the dynamic conditions of gas chromatography. The
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difference between static and dynamic systems has been shown to be related to the
volatility of the antioxidant in the carrier gas stream.

In view of this finding, a novel antioxidant based on the PEG 400 molecule has
been synthesised and the compound tested. The results of static and dynamic tests
show that this novel antioxidant delays the oxidation of PEG stationary phases for
significant periods of time and offers a significant advantage over conventional anti-
oxidants at moderate operating temperatures. Further work is in progress desi gned to
yield PEG based antioxidants with improved thermal stability.
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ABSTRACT

Treatment of diatomaceous supports by the naturally occurring 1,2-diol batyl alcohol is shown to
prevent problems due to the adsorption of polar analytes, at the liquid-solid interface, in packed column
gas-liquid chromatography. The addition of small quantities of batyl alcohol is found to deactivate diato-
maceous supports effectively, as judged by peak symmetry measurements and a study of the dehydration of
tertiary aliphatic alcohols by stop-flow chromatography. The protection provided by batyl alcohol is
shown to be equivalent to that afforded by diglycerol, although not as efficient at elevated temperatures.
Batyl alcohol is found to be more effective as a deactivator than the equivalent n-alkanol behenyl alcohol.
The relative merits of n-alkanols, alkane-1,2-diols and polyoxyethylene glycols are considered and the
deactivation process discussed.

INTRODUCTION

In gas-liquid chromatography the adsorption of solute molecules at the liquid—
solid interface can lead to shifts of retention [1], with concomitant peak asymmetry,
and in extreme cases solute isomerism or decomposition [2]. The detrimental effects of
this phenomenon upon the reliability of analytical results has long been appreciated
and a number of methods have been developed for the deactivation of diatomaceous
support materials, including: (i) acid [3] or base [4] washing; (ii) coating with carbon (51,
a noble metal [6] or an inert polymer [7]; (iii) partial sintering at elevated temperatures
[8]; (iv) chemical deactivation of the active sites by conversion to apolar silyl ethers [9];
(v) saturation of the surface adsorptivity by a surfactant [10]; and (vi) deposition of
a non-extractable film of Carbowax 20M [1 1].

When carried out under carefully controlled conditions each of these methods is
capable of preventing solute adsorption. However, on a routine laboratory scale it has
been our experience that the use of surfactants is capable of reliable results more
consistently than the other methods. In particular, outstanding results have been
achieved with the use of polyols, such as diglycerol [12].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Batyl alcohol, DL-3-octadecyloxy-1 ,2-propanediol, is a contaminant of naturally
occurring squalene, which is the precursor of the commonly used apolar phase
squalane. During the hydrogenation of squalene, and the subsequent cleanup of the
product, the batyl alcohol is completely removed [13]. Batyl alcohol is structurally
related to diglycerol, thus it would seem that a potential tail-reducer provided by
nature is inadvertently lost. In order to test this hypothesis the work, now to be
described, was performed.

EXPERIMENTAL

Equipment

Gas chromatography was performed using a Series 204 gas chromatograph
equipped with glass columns and flame-ionization detection (Philips Analytical,
Cambridge, U.K.). The columns (2 m x 4 mm I.D.) were packed with 20% (wjw)
mixtures of stationary phase (for details see text) and non-acid-washed 60-80 BS mesh
Chromosorb P (Phase Separations, Deeside, Clwyd, U.K.). The packings were
prepared by a two-stage slurry technique [12] and purged at 20°C with nitrogen prior to
use. The following operating conditions were employed: column temperature, 100°C
(except where stated); injection temperature, 120°C; detector temperature, 150°C; and
carrier gas nitrogen, at a flow-rate of 40 ml/min. Mixtures of test solutes and n-alkane
standards, dissolved in an inert solvent, were introduced by means of SGE
microsyringes (Scientific Glass Engineering, Milton Keynes, UK).

Stop-flow chromatography

In order to monitor the dehydration of rert.-alkanols the chromatograph was
modified by the introduction of a simple Hoke toggle valve into the carrier gas
pipework, between the nitrogen cylinder regulator and the pressure control module.
Mixtures of tert.-alkanols and n-alkane standards were introduced into the chromato-
graph and the carrier gas flow stopped, by closure of the toggle valve, once the solutes
were judged to be half-way down the column.

After a predetermined time the flow of nitrogen was resumed and chromato-
grams were recorded in the normal way. Generally it was found to be necessary to
re-ignite the hydrogen flame of the detector on resumption of the carrier gas flow.

Materials

The stationary phases used were obtained from Jones Chromatography
(Hengoed, U.K.). The test solutes and n-alkanes were obtained from BDH (Poole,
U.K.) or Aldrich Chemicals (Gillingham, U.K.) and were used as supptied. The batyl
and benenyl alcohols, used as deactivators, were obtained from Aldrich Chemicals,
neither were further purified before use.

RESULTS AND DISCUSSION

Previously it has been suggested that the deactivator molecule should be capable
of directing polar functional groups towards the active sites on the support surface
whilst presenting an apolar surface towards the liquid phase [12], as illustrated in
Fig. 1.
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Fig. 1. Direction of polar functional groups. A = Silanol, SiOH, active sites on the surface of diatomaceous
supports; B = pendant polar groups (amino, carboxyl, hydroxyl, nitrile, nitro) strongly bonded to active
sites; and C = apolar groups (methyl, methylene, phenyl), weak association with stationary phase (D).

n-Alkanols and alkane-1,2-diols would be expected to yield protective films due
to strong hydrogen bonding between the hydroxyl groups and the acidic silanol groups
on the support surface (Fig. 2).

Diglycerol has been found to be particularly effective as a support deactivator,
however, excess diol can cause significant shifts of retention, particularly for
hydroxylic analytes. Batyl alcohol, which possesses a terminal 1,2-diol group together
with a long alkyl chain, might be expected to be as effective as diglycerol as
a deactivator but with less effect upon the overall selectivity of the column.

In order to assess the tail-reducing properties of batyl alcohol a series of
experiments were performed as follows: (i) measurement of peak asymmetry values for

C18H37_(CH2)3_TH2 behenyl alcohol

[0):4

— O T e e

Si
171717

C,qH,,-0-CH, —(IZH—(!ZH2 batyl alcohol
OH OH
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H
|
0
I
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1111117

Fig. 2. Hydrogen bonding between hydroxyl groups of behenyl and batyl alcohol, respectively, and silanol
groups of the solid support.
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a range of polar solutes as a test of support adsorptivity; (i) determination of the
degree of decomposition of compounds, which readily undergo acid-catalysed
elimination reactions, by stop-flow chromatography; (iii) study of the thermal stability
of the protective film; and (iv) investigation of the retention characteristics of the
deactivated columns, in particular variations of retention with changes of deactivator
concentration.

Study of peak symmetry

The adsorption of solute molecules at the liquid—solid interface results in the
distortion of the normally symmetrical peaks typical of linear non-ideal chromato-
graphy. When the liquid—solid adsorption is characterised by a convex isotherm, as is
normally the case, a distinctive tailing peak is observed. The degree of peak distortion
may be defined quantitatively by the peak asymmetry factor [14]}, viz.,

W, — W,
Pasym. =

Wi+ W,
where W, and W, are the component peak widths at base (in order of increasing
retention) measured either side of a perpendicular through the peak maximum. Thus
a P,qym. value of zero corresponds to a symmetrical peak, a positive value to a leading
peak and a negative value to a tailing peak. Furthermore, the greater the numerical
value the more severe is the peak distortion.

Of the commonly available diatomaceous supports the firebrick type are the
most adsorptive [15]. Accordingly, squalane columns were prepared using Chromo-
sorb P, deactivated by pretreatment with either batyl alcohol or behenyl alcohol, and
P,qym. values measured for solutes possessing a range of polar functional groups. In
order to achieve a meaningful comparison of the adsorptivity of the various columns,
steps were taken to ensure the introduction of the test solutes at a constant on-column
sample size.

As expected the column prepared using untreated Chromosorb P gave highly
distorted peaks for all solutes with the exception of #-alkanes. On the other hand, that
treated with batyl alcohol gave substantially symmetrical peaks, in all cases, indicating
that the surface silanols had been effectively deactivated. In contrast the more polar
solutes gave rise to tailing peaks with the equivalent behenyl alcohol column, as
illustrated by the peak asymmetry data in Table I. As can be seen, even when the
concentration of behenyl alcohol was increased to give the equivalent hydroxyl content
to that of the batyl alcohol treated column the peak tailing persisted. At first sight the
results for 2-methylpentan-2-ol appear to be inconsistent. This we believe could be
associated with partial on-column decomposition occurring on the behenyl alcohol
column leading to perturbation of the P, values.

On the evidence of the peak symmetry experiments it would seem that batyl
alcohol is a more efficient deactivator than behenyl alcohol. Presumably because it is
able to cope more effectively with vicinal silanol groups.

Study of on-column reactions
The adsorption of solute molecules upon the support surface can lead to solute
isomerisation or decomposition. This phenomenon has been used to compare the
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TABLE 1

PEAK ASYMMETRY VALUES FOR BATYL ALCOHOL AND BEHENYL ALCOHOL TREATED
SQUALANE-CHROMOSORB P COLUMNS

Columns: I = 20% squalane, 1% batyl alcohol, Chromosorb P; Il = 20% squalane, 1% behenyl alcohol,
Chromosorb P; TI = 20% squalane, 2% behenyl alcohol, Chromosorb P.

Solute Posym.
I Il I

Anisole 0.00 --0.05 0.00
n-Butyl acetate -0.07 -044 —0.11
n-Butyl cyanide 0.00 —0.67 —0.30
Hexane-2-one 000 -055 -0.08
Isopropylbenzene 000 —0.07 -0.03
2-Methylpentan-2-0l  4+0.09 —0.18 —0.23
Pentan-1-o0l -0.08 -048 —0.09

adsorptivity of support materials, and the effectiveness of deactivation procedures
through: (i) detection of additional peaks due to volatile decomposition products
together with measurements of peak distortion [16]; (ii) measurements of changes of
peak areas, relative to those of n-alkanes, with elevation of column temperature [15];
(iif) monitoring the on-column decomposition of compounds, susceptible to acid-
catalysed reactions, by stop-flow chromatography; and (iv) spectroscopic analysis of
the solute before and after chromatography [2].

In our experience the third of these methods is the most reliable and is applicable
equally well to gas chromatography, normal-phase liquid chromatography and
packed-column supercritical fluid chromatography [17]. Accordingly the respective
efficiency of batyl alcohol and behenyl alcohol deactivation was tested by a study of
the acid-catalysed dehydration of 2-methylpentan-2-ol and 3-methylpentan-3-ol,
which proceeds via an initial protonation followed by the elimination of water to yield
alkene mixtures [18].

Test mixtures of the tertiary alcohols and n-octane as internal standard were
chromatographed and relative peak areas measured for a range of column residence
times. With the untreated squalane, Chromosorb P column the alcohol peaks
disappeared rapidly with residence time, due to on-column reaction. In contrast the
tert.-alkanols remained unchanged on the batyl alcohol column for residence times up
to 60 min, as shown by the results in Table I[. With the beheny! alcohol column
evidence of on-column decomposition was discernible after only 10 min, even with the
2% loading.

As expected peak widths increased with column residence time as indicated by
the relative plate values shown in Table ITT. Whereas with open-tubular columns peak
dispersion during stop-flow chromatography can be a problem [19], in the case of
packed-columns the peak dispersion is much less than might have been expected for
a gaseous mobile phase. For this reason packed-column gas chromatography would
appear to be an ideal vehicle for the study of a wide range of chemical reactions by the
stop-flow technique. '
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TABLE 11

INVESTIGATION OF THE EFFICIENCY OF BATYL ALCOHOL AND BEHENYL ALCOHOL
PROTECTIVE FILMS BY THE STOP-FLOW CHROMATOGRAPHY OF rert-ALKANOLS

Columns: I = 20% squalane, 1% batyl alcohol, Chromosorb P; II = 20% squalane, 1% behenyl alcohol,
Chromosorb P; 111 = 20% squalane, 2% behenyl alcohol, Chromosorb P.

Solute Residence Peak area ratio®
time” (min)
1 11 111

2-Methylpentan-2-ol 0 .00 1.00 1.00
10 1.00 0.60 094
20 1.01 040 0.84
30 1.02 024 077
40 .01 0.19 0.66
50 .01 — 0.61
60 1.00 - 0.52
3-Methylpentan-3-ol 0 1.006 1.00 1.00
10 1.02 053 0389
20 099 038 0.80
30 1.00  0.17 0.76
40 1.00  0.12  0.68
50 1.00 - 0.61
60 1.01 - 0.57

@ Residence time correspond to the period of time during which the carrier gas flow was stopped.
b p-Octane used is internal standard. Peak area ratios expressed relative to the value for zero residence time.

TABLE II1

DEPENDENCE OF COLUMN PLATE VALUE UPON RESIDENCE TIME IN STOP-FLOW GAS
CHROMATOGRAPHY

Columns: I = 20% squalane, 1% batyl alcohol, Chromosorb P; [1 = 20% squalane, 2% behenyl alcohol,
Chromosorb P.

Solute - Residence Relative plate number?
time® (min)
1 11
n-Octane 0 1.00 1.00
S0 - 0.81 0.79
20 0.75 0.76
30 0.67 0.70
40 0.59 0.61
50 0.52 0.54
60 043 048 -

“ Residence time corresponds to the period of time during which the carrier gas flow was stopped.
b Relative plate numbers expressed relative to the value for zero residence time — initial plate numbers 1971
and 1652, respectively.
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Thermal stability of the protective film

The thermal stability of a gas chromatographic liquid phase may be determined
by thermogravimetry [20], measurement of detector standing current [21] or relative
retention measurements [22]. Each of the methods was used to determine the stability
of diglycerol deactivated supports [12] and it was concluded that the third was the most
appropriate. Accordingly the respective stabilities of the batyl alcohol and behenyl
alcohol protective films were determined by retention index measurements [22], using
a thermally stable silicone fluid as stationary phase.

As described previously [12], the columns were cycled daily between 100 and
200°C and the retention characteristics monitored by recording chromatograms of
appropriate calibration mixtures at 100°C. In contrast to diglycerol deactivated
columns, both the batyl alcohol and behenyl alcohol treated columns displayed shifts
of retention indicative of the loss of the protective film.

At 150°C, however, the batyl alcohol deactivated column gave satisfactorily
stable columns, as illustrated by the data in Table IV. The thermal stability of the
behenyl alcohol protected column was somewhat inferior. With the hydroxylic solutes
the values for retention index were found to decrease, pass through a minimum value
and then increase. Since these increases of retention index were accompanied by peak
tailing it would seem that the loss of behenyl alcohol was sufficient to give analyte
molecules access to surface silanols.

TABLE IV

INVESTIGATION OF THE THERMAL STABILITY OF BATYL ALCOHOL AND BEHENYL
ALCOHOL SURFACE COATINGS

Temperature: 150°C. Columns: I = 17% OV-17, 3% batyl alcohol, Chromosorb P; 11 = 17% OV-17,3%
behenyl alcohol, Chromosorb P.

Solute Column  Retention index®

Oh S5h I0h ISh 20h 25h 30h

Isopropyl acetate I 721 721 721 720 7200 720 721
2-Methylpropan-1-ol 1 21 725 725 724 725 724 122
3-Methylbutan-2-one 1 748 747 746 746 746 746 745
Butan-1-ol 1 770772769 770 771 766 770
Pentan-1-ol I 882 832 882 884 885 885 884
n-Butyl cyanide [ 906 906 906 905 905 905 904

Isopropyl acetate 11 721720 719 722 723 723 725
2-Methylpropan-1-ol 1T 74 712 711 714 717 720 724
3-Methylbutan-2-one 1T 748 745 745 746 748 748 749
Butan-1-ol 11 763 759 762 768 776 183 792
Pentan-1-ol Il 872 867 869 874 884 889 898
n-Butyl cyanide I 901 900 900 902 904 906 909

“ Retention index calculated using the expression:

log R, —log Ry
I=100N+ 100n —m——
log Ry+, —log Ry

where R,, Ry and Ry 4, are the adjusted retentions, obtained using methane as void volume marker [23], of
the analyte and n-alkane standards containing N and N + n carbon atoms, respectively.
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TABLE V

THE EFFECT OF BATYL ALCOHOL DEACTIVATOR CONCENTRATION UPON THE RETEN-
TION BEHAVIOUR OF SQUALANE COLUMNS

Columns: I = 18% squalane, 2% batyl alcohol, Chromosorb P; I = 16% squalane, 4% batyl alcohol,
Chromosorb P.

Solute Retention index

1 11 81 &It

Toluene 763 769 6 1
4-Methylpent-3-en-2-one 765 784 19 4
1,2-Dibromethane 800 811 11 3
Chlorobenzene 837 846 9 1
3-Bromopropan-1-ol 900 954 54 54
Benzonitrile 927 951 24 10
Phenetole 963 974 11 1

51 = Ipe — Iy
¥ §I' = change in retention index for equivalent diglycerol columns.

The differences between the thermal stability of the diglycerol, batyl alcohol and
behenyl alcohol protected columns may be explained in terms of the potential points of
attachment between deactivator and support. With diglycerol both diol groups may
act as ligands, so that to remove the protective film up to four hydrogen bonds need to
be broken, whereas with batyl alcohol and behenyl alcohol only two hydrogen bonds
and a single hydrogen bond, respectively, need to be cleaved.

Effect of batyl alcohol pretreatment upon the retention behaviour of apolar columns

On the evidence of previous work [1] batyl alcohol pretreatment might be
expected to affect the retention behaviour of apolar columns in either of two ways,
depending upon the activity of the support and the deactivator concentration, firstly,
by preventing the adsorption of solute molecules and secondly by contributing to the
partition process.

In order to determine the magnitude of the latter effect, which from an analytical
standpoint is the more important, squalane columns were prepared using batches of
Chromosorb P coated with 2 and 4% (w/w), respectively, of batyl alcohol. After
careful conditioning the retention behaviour of each column was determined by
measuring the values for the retention index of a range of solutes. The results obtained,
which are shown in Table V, indicate that the addition of baty! alcohol has little effect
upon phase selectivity, except towards hydroxylic solutes. In general-the shifts of
retention are slightly greater than those observed with diglycerol but less than those for
amine antioxidant deactivated columns [24]. These observations suggest that batyl
alcohol approaches the behaviour of the ideal deactivator by providing a compact
polar layer on the support surface with an apolar overlayer in contact with the
stationary phase.
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CONCLUSIONS

Pretreatment of diatomaceous supports with hydroxylic compounds has been
found to lead to apolar columns equally suitable for the analysis of both apolar and
polar solutes. In general alkane-1,2-diols, such as batyl alcohol, appear to be more
effective than monohydroxyl compounds, presumably because the former are able to
chelate more effectively the surface silanols. On this evidence it is interesting to
speculate about the apparent efficiency of polyoxyethylene glycols [25] as support
deactivators. Because of their low hydroxyl content, interactions in addition to those
involving the terminal hydroxyl groups need to invoked. One possibility is the
interaction between segments of the polyoxyethylene chain, oriented in the form of
acrown ether, and alkali metal ions held electrostatically on the support surface. Work
is in progress to test this hypothesis and the results will be presented in a later
communication.
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ABSTRACT

The modification of gas chromatography (GC) supports and adsorbents by glow discharge is of
practical interest as it is a method of producing changes in particular surface properties. The adsorption
properties of the surface of Silochrom CX-1 modified in a high-frequency low-temperature plasma with
argon and benzene vapours were investigated using GC. The thermodynamic characteristics of series of
aliphatic and aromatic hydrocarbons and oxygen-containing compounds were measured. The modified
silica adsorbents were used for the separation of structural isomers and other mixtures of organic com-
pounds. The modifications of silica described here improve the uniformity of the adsorbent surface and
hence the separation properties, increasing the selectivity of the silica supports. This will expand the field of
application of silica adsorbents. '

INTRODUCTION

Silica adsorbents are often subjected to geometrical and chemical modification
[1]. A very promising approach is to treat the sorbents in a high-frequency low-
temperature plasma (HFLTP). This method, in an argon medium, has been used
successfully to improve the gas chromatographic (GC) properties of several supports,
including diatomite covered with a liquid phase [2-4], glass balls and capillary col-
umns [5], adsorbents covered with monolayers of different compounds [6-8] and
polymers [4].

The use of a HFLTP in polymer formation [9] offers the possibility of combin-
ing thermal treatment and the following co-polymerization with the formation of thin
films on the sorbent surface which are resistant to aggressive media.

This paper reports a study of the application of chemical treatment in an
HFLTP as a method of modifying silica adsorbents for use in GC.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

The silica adsorbent Silochrom CX-1 (specific surface area 32 m?/g by nitrogen
and 28 m?/g by krypton absorption; pore volume 1.24 cm?/g) was studied as a col-
umn packing before and after plasma treatment. It was found that after 1 and 3 min
of plasma action the specific surface area measured by the adsorption of nitrogen was
33 and 35 m?/g, respectively.

Before being modified, the Silochrom CX-1 was washed with concentrated hy-
drochloric acid to remove iron impurities and with distilled water to remove chloride
ions.

The treatment in the HFLTP was carried out in an argon atmosphere as de-
scribed previously [10,11]. The Silochrom CX-1 was impregnated with benzene as a
modifying agent and then subjected to the action of the HFLTP in a benzene vapour
medium.

The GC analyses were carried out on a Tswett gas chromatograph equipped
with flame ionization detection and glass columns (25-100 cm X 3 mm 1.D.); nitro-
gen was used as the carrier gas.

The retention volumes (V) (per gram of adsorbent) and the relative retention
volume (V) were calculated. The initial differential heats of adsorption (q,) at low
surface coverings were determined from the slope of the linear relationship log (V,) =
f(1/7), where T is the column temperature. The measurements of V, were carried out
within a temperature range in which the compounds gave symmetrlca] chromato-
graphic peaks and the retention times did not depend on the amount of sample ‘used.

RESULTS AND DISCUSSION

1t is well known that adsorption on silica depends on the geometrical structure
of the surface [12]. For this reason the influence of the argon plasma on the properties
of the Silochrom CX-1 surface was studied.

Some chromatographic characteristics of Silochrom CX-1 treated for different
periods of time in the argon HFLTP are given in Table 1. These values were derived
from chromatograms of compounds of different polarities, V., values (related to V,
of n-nonane) and coefficients of symmetry K, (measured at one tenth of the height of

TABLE I

CHROMATOGRAPHIC CHARACTERISTICS OF SILOCHROM CX-1 TREATED FOR VARIOUS
TIMES IN THE ARGON HFLTP

Adsorbate T, Untreated HFLTP treated
O
Via K, 1 min 3 min
Vrel Kas Vrel Kas
n-Heptane 60 0.19 1.0 0.19 1.0 0.19 1.0
Benzene 60 0.89 1.0 0.89 1.0 0.93 1.0
Toluene 60 2.98 1.6 2.98 1.3 3.08 1.3

Diethyl ether 100 19.65 1.7 18.76 1.3 20.03 1.3
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TABLE II

THERMODYNAMIC CHARACTERISTICS OF ADSORPTION ON TREATED SILOCHROM
CX-1 IN ARGON HFLTP

Column temperature 7, = 100°C.

Adsorbate Untreated Treated in HFLTP for | min
Vg Vrel q Vg Vrcl q
(cm?/g) (kJfmol)  (cm?fg) (kJ/mol)
nHeptane 2.2 0.29 38 3.8 0.29 ~
n-Octane 4.0 0.54 4?2 7.2 0.54 43
n-Nonane 7.4 1.00 46 13.2 1.00 45
Ethylbenzene 28.8 3.90 53 44.2 335 55
1,3,5-Trimethylbenzene 84.7 11.40 64 127.4 9.65 65
Toluene® — 7.30 - -~ 6.20 -
Ethylbenzene® - 7.20 - - 6.10 -

“ Relative retention with respect to n-heptane.
b Relative retention with respect to n-octane.

the chromatographic peak) [13]. As seen from Table I, the results were optimal when
the samples were treated in the HFLTP for 1 min. The lowest values of ¥, and K,
for polar toluene and diethyl ether show that in these instances the modified surface is
less specific and more uniform. It is suggested that after a 3-min plasma treatment an
erosion effect increases the silichrom surface and its geometrical ununiformity and
Vel increase too.

The differential heats of adsorption of n-aliphatic and aromatic hydrocarbons

log Vg

19
17
15 1
13
11

0S8

27 28 29 30 __1r_ 10° K

Fig. 1. Plot of log V, versus 1/T. 1 = n-Octane; 2 = ethylbenzene; (®) = untreated Silochrom CX-1;
(A) = Silochrom CX-1 treated in argon HFLTP. Column, 70 x 0.25 cm; particle size, 0.160-0.250 mm.
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TABLE 111

RETENTION VOLUMES ¥, ON UNMODIFIED AND ON BENZENE- MODIFIED SILOCHROM
CX-1 TREATED IN THE HFLTP

Adsorbate T, Untreated Treated in HFLTP with benzene
O
Vg KC!S Vg KilS
(cm®/g) (cm?/g)
n-Hexane 60 6.4 1.0 7.9 1.0
n-Heptane 60 15.0 1.0 18.3 1.0
Benzene 60 69.4 1.0 48.9 1.0
Toluene 60 231.0 1.6 98.0 1.0
Diethyl ether 80 381.3 1.7 109.4 1.0
Acetone 80 746.4 1.8 211.5 1.1

(Fig. 1 and Table IT) were determined from the retention volumes Silochrom CX-1.
Treatment in the argon HFLTP leads to an increased specific retention of the hydro-
carbons compared to retention on untreated Silochrom CX-1. The decrease in the
relative retention volumes of the aromatic hydrocarbons on treated adsorbents shows
decrease in the amount of adsorption due to specific interactions (according to the
classification of Kiselev [14]. This could also be explained by the removal of hydroxy
groups from the adsorbent surface as a result of the action of plasma (Table II). The
values of the heats of adsorption of the hydrocarbons on untreated and treated
Silochrom CX-1 do not significantly change.

The modification in the HFLTP was carried out in various organic vapours to
achieve changes in the chemistry of the silica adsorbent surface. In this investigation
benzene was chosen as a modifying agent as it polymerizes under the action of the
plasma and covers the surface with a hydrocarbon film [9]. Using a gravimetric meth-
od it was found that after impregnation with benzene and treatment in the HFLTP
with benzene vapour, the Silochrom CX-1 sample contains 1.2% of a carbon prod-
uct.

A comparison of the values of K, and V¥, (Table III) of compounds with vari-
ous polarities shows that the modification leads to changes in the surface properties.
There is a significant improvement in the symmetry of the chromatographic peaks
and a decrease in the values of ¥, of the compounds under investigation. This in-
dicates that the surface homogeneity was also improved. .

The surface of an adsorbent is sensitive to the structural differences of isomeric
aromatic hydrocarbons (Fig. 2). Polymethylbenzenes are always retained to a greater
degree on modified Silochrom CX-1 than the corresponding isomeric alkylbenzenes.
Similar differences in the retention of alkylbenzenes have been observed on adsor-
bents of different polarities and on Silochrom C-120 [15].

The modification of the surface leads to an increase in the retention of n-
alkanes, the adsorption of which is based on dispersion forces. Aromatic hydrocar-
bons are retained on the surface of the HFLTP-modified Silochrom CX-1 less than on
the unmodified surface. In this instance it can be assumed that most of the silanol
groups are removed by the plasma action or are covered by a modifying layer. The
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Fig. 2. Relationship between log ¥, and the number of carbon atoms at 100°C. (a) Unmodified Silochrom
CX-1; (b) modified Silochrom CX-1. (®, A) = n-alkanes; (O, A) = alkylbenzenes. Column as in Fig. 1.

specific interaction between silanols and the m-electrons of the aromatic ring will
decrease as well as the retention volumes.

The relative retentions and heats of adsorption of n-alkanes (C5~C 10), aromatic

TABLE IV

RETENTION VOLUMES V, AT 120°C AND INITIAL DIFFERENTIAL ADSORPTION HEATS ¢ ON SILO-
CHROM CX-1

Adsorbate Vv, Untreated Modified in HFLTP with benzene
(em?/g)
' Vreln q qsp Vg Vrel q
(kJ/mol) (cm3/g) (kJ/mol)

n-Octane 2.1 0.58 42 - 4.0 0.56 41 -
n-Nonane 3.6 1.00 46 - 7.1 1.00 45 -
n-Decane 6.8 1.90 51 - 12.6 1.80 50 -
Ethylbenzene 13.5 3.70 53 It 10.5 1.50 49 8
n-Propylbenzene 21.4 5.90 59 13 20.2 2.80 51 6
n-Butylbenzene 394 10.90 64 13 37.6 5.30 54 4
Diethyl ether 394 10.90 61 33 15.8 2.20 57 29
Di-n-propyl ether 81.2 22.50 66 28 389 5.50 62 25
Di-n-butyl ether 226.0 62.8 71 24 117.5 16.50 67 22
Ethyl acetate 107.0 29.70 62 29 42.0 5.90 59 26
n-Propyl acetate 186.0 51.7 65 27 79.9 11.10 62 25
n-Butyl acetate 489.0 135.8 67 25 149.0 21.00 65 24

 Relative retention time with respect to n-nonane.
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hydrocarbons (Cg—C10), some ethers and esters on benzene- modified and unmodified
Silochrom CX-1 were determined (Table 1V).

The retention of those adsorbate molecules which interact specifically with the
surface, is decreased on the modified Silochrom CX-1 whereas the retention of n-
alkanes increases as they are not adsorbed specifically on the surface. A similar effect
was observed when a pyrocarbon film covered the Silochrom CX-1 surface [16]. A
comparison of the values of Vi of modified and unmodified Silochrom CX-1 con-
firms this statement.

In contrast to the retention data the heats of adsorption of the n-alkanes do not
change significantly when Silochrom CX-1 is modified with benzene in the HFLTP.
However, the modification leads to a decrease in the heats of adsorption of hydrocar-
bons and oxygen-containing compounds and to a decrease in the percentage contri-
bution of specific interactions (Table IV) in the total adsorption energy [14]. This
effect is more predominant when alkylbenzenes are adsorbed onto the modified Silo-
chrom CX-1.

The adsorption energy of alkylbenzenes increases with the carbon chain length
of the molecule. This is due to an increase in dispersion interactions, which means
that the share of g, (calculated as the difference between an alkane and an alkylben-
zene with an equal number of carbon atoms) on unmodified Silochrom CX-1 is
insignificant for alkylbenzenes (11-13 kJ/mol). Their adsorption on the modified

mV

mV

min

Fig. 3. Separation of dialkyl ethers. Peaks: (1) = diisopropyl ether; (2) = dipropyl ether; (3) = diisobutyl
ether; (4) = dibutyl ether; (5) = diisopropyl ether; (6) = dipentyl ether. (a) Unmodified Sitochrom CX-{;
(b) modified Silochrom CX-1. Column as in Fig. 1; column temperature, 120-150°C.
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Fig. 4. Chromatogram of a mixture of: (1) 2,2,4-trimethylpentane, (2) trans-1,2-dimethylcyclohexane and
(3) cis-1,2-dimethylcyclohexane. (a) Unmodified Silochrom CX-1; (b) Silochrom CX-1 modified with ben-
zene vapour in HFLTP. Column as in Fig. [; column temperature 50°C.

Silochrom CX-1 surface is characterized by a decrease of g, with an increase in the
number of methylene groups (from 4 to 8 kJ /mol).
[t is likely that during the modification of the Silochrom CX-1 with benzene in

the HFLTP a hydrocarbon film is formed which has a shielding effect on the active
adsorption centres on the surface.

CONCLUSIONS

It can be concluded that this modification leads to an increase in the surface
uniformity of Silochrom CX-1 and significantly changes the energy of specific interac-
tions between the adsorbent and adsorbate (compared to the adsorption of unmod-
ified Silochrom CX-1. As a results of this, the selectivity of the Silochrom CX-1
surface towards isomeric compounds increases. Chromatograms of the two different

test mixtures on unmodified and modified Silochrom CX-1 are shown in Figs. 3 and
4.

The results of the experiments show the possibility of changing the surface
properties of Silochrom CX-1 by treatment with an HFLTP in the presence of ben-
zene. This will expand the field of applications of silica adsorbents.
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Live retention database for identification in multi-step
temperature-programmed capillary gas chromatography

YAFENG GUAN* and LIANGMO ZHOU

Laboratory of Analytical Chemistry, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
P.O. Box 100, Dalian 116012 (China)

ABSTRACT

A calculation procedure for multi-step temperature programmed gas chromatographic retention
times and that was investigated over diverse temperature programme conditions is described. Thermo-
dynamic parameters of components, calculated from their Kovits retention indices and the isothermal
retention times of n-alkanes, are utilized in the procedure. The influence of column dead time and var-
iations of Kovats retention indices is examined. The calculation accuracies are better than 1% in most

instances. A live retention time database for multi-step temperature programming was constructed using
this procedure.

INTRODUCTION

Calculation of temperature-programmed retention times or indices from
isothermal data has been reported in the past using different approaches [1-9]. The
correct way for such a conversion is through thermodynamic theory [1-4]. The
ultimate goal of the calculation is to replace standard samples in qualitative analysis
using capillary gas chromatography. It is therefore critical that the calculation
accuracy is compatible with the overall accuracy of the gas chromatograph. It is also
vitally important that the isothermal retention data used for the calculation are gasy to
measure and to document, and to be transferrable between laboratories.

The type of isothermal retention data and their accuracy will undoubtably affect
the calculation accuracy. The thermodynamic quantities 45 and 4H of a component
on a given stationary phase have been proposed as basic data for intercolumn data
transfer [1,3]. It was found, unfortunately, that 4S and AH are dependent on the
stationary phase film thickness, phase ratio (B) and column temperature [1,4],
although the agreement between Kovats retention indices on the columns tested is
better than 0.5 index unit.

Calculation of linear temperature-programmed retention indices with high
accuracy had been described in a previous paper [4]. As most of the temperature-
programmed analyses involve initial and final hold times, or even several programming

steps, the calculation of retention time in multi-step temperature programming is more
demanding.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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In this work, Kovats retention indices at two temperature were chosen as the
basic data. Retention times of n-alkanes at two temperatures were used to characterize
the column and carrier gas flow. They were also used to calculate, in combination with
Kovats retention indices, the thermodynamic parameters of components. The
calculation accuracies for different classes of compounds under diverse temperature-
programmed conditions were demonstrated.

CALCULATION

The entropy and enthalpy terms of each component on a column are determined

by
AH - j L2k
-~ - (Ink(i,Ty) — Ink(i,T2)] <ﬁ> ;
% = exp[ln k(i,T) — %] 7

where o = exp(4S/R).

The deduction of eqns. 1 and 2 is the same as described previously [4], the film
thickness or phase ratio dependence of the thermodynamic parameters being corrected
automatically without the need to know them.

The calculation of the multi-step temperature-programmed retention time of
each component is achieved by solving the following numerical integration equation:

L5

dr
—1 3)
‘LO[T(I)][I ¥ gexp<_AH>]

B~ P\ RT()

where T(f) = To + Y r()(@); i =0,1,2,...

The r(i) value can be positive, negative or zero, corresponding to upward
temperature programming, downward programming and a plateau, respectively.
There is no limitation to the number of steps or the function type of the programming
rate.To ensure calculation accuracy, the time interval of the integration should be
<0.0051(T).

When a series of n-alkanes can be mixed into the sample, a temperature-
programmed retention index, as defined by Van den Dool and Kratz[10], can provide
better accuracy for compound identification, as it tolerates instability of the gas
chromatograph to a greater extent. '

EXPERIMENTAL

A Model GC-R1A gas chromatograph (Shimadzu, Kyoto, Japan) was used for
all experiments. An external thermometer was used to calibrate the oven temperature
under ‘isothermal conditions. Four cross-linked fused-silica columns coated with
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TABLE I
COLUMN SPECIFICATIONS

Column  Stationary Length LD. Film thickness ~ Manufacturer

No. phase (m) (mm)  (um)

1 OV-1 50 0.31 0.52 Hewlett-Packard

2 SE-54 25 0.25 0.3 Dalian Institute of Chemical Physics

3 PEG-20M 25 0.25 0.2 Dalian Institute of Chemical Physics
4 FFAP 30 0.20 0.32 Lanzhou Institute of Chemical Physics

different stationary phases from different manufacturers were randomly selected for
the test. Their specifications are listed in Table 1.

Samples containing hydrocarbon, phenols, alcohols, esters, ketones, aromatic
hydrocarbons and amines were used in the experiments. Hydrogen was used as the
carrier gas. The splitting ratio of the injection was 1:50. The temperatures of the
injection port and detector block were 250°C. An IBM AT-class microcomputer with
math coprocessor was used for computation. Software was written in Quick-Basic
V.4.0 (Micro-Soft). The typical calculation time for a 22-component sample with
a 35-min chromatogram was 13-20 s.

RESULTS AND DISCUSSION

The calculation accuracy of the retention time, according to eqn. 3, is affected by
the errors of thermodynamic parameters, column dead time and temperature. We use
AS/R — Inf as one term (entropy term) instead of AS. For columns with the same
stationary phase and reproducible Kovats retention indices but different film
thicknesses and dimensions, their entropy and enthalpy terms AH/R are different [1,4).
One way to obtain accurate values of these terms is to measure all the components on
the column used [1-3,5]. It is a tedious task and often impossible to carry out. Another
procedure, as we propose, is to use the Kovats retention indices, either measured or
published, to calculate the isothermal terms. The only additional experimental data
needed in the calculation are the retention times of n-alkanes measured at two
temperatures on the column to be used.

The calculated and experimental results are given in Table II for an OV-1
column. There is excellent agreement for even multi-step temperature programming.
The chromatographic conditions are listed in Table ITI. Tabulated Kovats retention
indices, most of them from published data [11], were used in the calculation as this
column was well defined.

Tables IV, VI and VIII further demonstrate the fitness of the calculation and
observed results for three columns with different polarities and under diverse
temperature programming conditions. The differences between the calculated and
measured retention times is less than 1%, regardless of the steps of temperature
programming and the properties of the stationary phases.

For polar phase columns from different manufacturers, the reproducibility of
the Kovats retention indices if poor and published data can hardly be used at the
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TABLE 11
RETENTION TIME CALCULATION FOR COLUMN 1

Component Programme A Programme B Programme C Programme D

Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas.

Decane 5.78 5.73 8.57 8.55 6.11 6.13 5.98 5.96
0-Cresol 6.29 6.26 9.17 9.21 6.75 6.80 6.50 6.50
p-Cresol 6.71 6.68 9.68 9.68 7.33 7.30 6.94 6.94
2,6-Xylenol 7.55 7.51 10.48  10.41 8.51 8.53 7.84 7.82
Undecane 7.95 7.92 10.90  10.82 9.19 9.21 8.30 8.28
2,4-Xylenol 8.44 8.40 1132 11.26 10.02  10.03 8.87 8.86
2,5-Xylenol 8.48 8.45 11.36  11.30 10.10  10.12 8.93 8.92
3,5-Xylenol 8.90 8.87 11.72 11.66 10.87  10.89 9.45 9.44
2,3-Xylenol 9.13 9.10 11.91 11.84 11.26  11.26 9.75 9.74
3,4-Xylenol 9.48 9.45 12.19 12.12 11.89 1190 10.21 10.20
Dodecane 1035 1034 12.87 1279 13.51 13.48 11.46  11.45
o-tert.-Butylphenol 11.45 11.45 1370 13.65 1556 1547 13.07 13.05
1-Decanol 11.67 11.66 13.87 13.80 16.11 16.04 13.40 13.37
2,3,5-Trimethylphenol 1195  11.97 14.09  14.06 16.64  16.55 13.76 13.75
Tridecane 1276 1279 1477 1475 1820 18.14 14.84 14.83

2-tert.-Butyl-4-cresol 1343 1346 1535 1538 19.31 19.26 15.69 15.69
6-tert.-Butyl-3-cresol 1370 13.74 15.59  15.64 19.70  19.67 16.01 16.03

Tetradecane 15.53 15.53 17.18 17.27 2224 2222 17.94 18.01
Pentadecane 10.43 19.35 20.55 20.87 — - 21.05 21.25
TABLE 111

TEMPERATURE PROGRAMMING CONDITIONS FOR COLUMN 1

Condition Step Temperature Hold time Programming rate
No. °C) (min) (°C/min)
A 1 97.5 3.0 6.0
2 155.0 Hold
B 1 77.0 5.0 10.0
2 158.0 Hold
C 1 97.5 2.0 2.0
2 109.0 2.0 4.0
3 125.0 2.0 6.3
4 150.0 2.0 8.0
5 220.0 Hold
D i 77.5 0.0 10.0
2 98.0 0.0 4.0
3 118.0 0.0 2.0
4 128.0 0.0 8.0
5 144.0 0.0 4.0
6 164.0 0.0 2.0
7 170.0 0.0 3.0
8 200.0 Hold
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TABLE IV
RETENTION TIME CALCULATION FOR COLUMN 2

For temperature programming conditions see Table V.

Component Programme A Programme B Programme C Programme D

Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas.

Decane 2.32 2.35 — — [.88 1.90 2.60 2.63
0-Cresol 3.57 3.50 3.53 3.50 2.68 2.62 4.04 4.05
p-Cresol 4.10 4.04 3.95 3.94 3.01 2.94¢ 4.60 4.62
Undecane 3.91 3.92 3.81 3.81 291 2.94¢ 4.39 4.39
Dodecane . 6.59 6.60 5.54 5.55 4.88 4.88 7.33 7.34
I-Decanol 8.55 8.53 6.85 6.84 7.12 7.13 10.57 10.56
Tridecane 9.07 9.09 7.22 7.22 7.84 7.90 11.48 11.49
Tetradecane 11.21 11.20 8.76 8.76 I1.1S 11.21 15.82 15.82
Methyl undecanoate 11.76 11.75 9.15 9.15 12.06 12.09 16.75 16.73
Pentadecane 13.53 13.52 10.17 10.17 14,74 14.79 18.72 18.72
Methy! dodecanoate 4.3t 14.29 10.55 10.57 15.97 15.99 19.33 19.34
Hexadecane 16.98 16.94 [1.78 11.81 2023 20.22 20.80  20.84
“ Peaks overlap. -

present stage. In view of this difficulty, measured Kovats retention indices were used in
the calculations for columns 3 and 4. The data in Tables VI and VIII demonstrate the
accuracy of the procedure for polar phase columns. Their temperature programming
conditions are listed in Tables VII and IX, respectively.

For apolar stationary phases, columns with highly reproducible Kovats
retention indices are commercially available. It is feasible to use published standard
Kovats retention indices for the calculations. However, for each individual column, its
Kovats retention indices will certainly show some deviation from the standard values.
To simulate the real situation, the Kovats retention indices of some arbitrarily selected
compounds were varied deliberately by +0.5 index unit and were used for the

TABLE V
TEMPERATURE PROGRAMMING CONDITIONS FOR COLUMN 2

Condition Step Temperature Hold time Programming rate
No. ()] - (min) (°C/min)
A | 87.0 5.0 8.0
2 137.0 Hold
B I 87.0 3.0 10.0
2 157.0 Hold
C 1 97.5 5.0 4.0
2 127.5 Hold
D 1 82.5 2.0 2.0
2 90.0 2.0 42
3 107.0 2.0 8.0
4 200.0 Hold
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TABLE VI
RETENTION TIME CALCULATION FOR COLUMN 3

Component Programme A Programme B Programme C Programme D

Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas.

Decane 1.33 1.34 1.39 1.40 1.29 1.29 1.29 1.17
Ethylbenzene 1.53 1.53 1.62 1.62 1.50 1.50 1.36 1.33
Undecane 1.67 1.69 1.82 1.83 1.68 1.69 1.47 1.45
Dodecane 2.24 2.25 2.61 2.60 2.41 2.44 1.98 1.97
2-Octanone 2.33 2.34 2.70 2.71 2.50 2.52 2.08 2.04
Tridecane 311 3.29 3.81 3.77 3.58 3.57 2.85 2.81
Octyl acetate 421 4.20 5.35 5.33 5.01 5.00 3.97 3.90
Tetradecane 4.29 4.24 5.52 5.47 5.17 5.15 4.06 4.03
1-Octanol 5.37 5.31 7.22 7.20 6.74 6.69 5.20 5.13
Pentadecane 573 5.66 7.70 7.66 7.20 7.18 5.59 5.62
[-Pentadecene 6.50 6.42 8.65 8.62 8.08 8.03 6.47 6.45
[-Nonanol 7.00 6.92 9.35 9.32 8.65 8.57 7.01 6.97
Hexanecane 7.33 7.27 9.87 9.84 9.05 9.03 7.38 7.45
1-Decanol 8.70 8.64 12.04 12.04 10.79 10.72 8.76 8.74
Heptadecane 8.99 9.06 12.52 12.53 11.18 11.19 9.03 9.10
2,6-Xylidine 10.22 10.22 14.60 14.68 12.70 12.67 10.10 10.07
Octadecane 10.62 10.66 15.80 15.91 13.34 13.40 10.46 10.51
TABLE VI1

TEMPERATURE PROGRAMMING CONDITIONS FOR COLUMN 3

Condition Step Temperature Hold time Programming rate
No. O (min) (°C/min)

A 1 85.0 0.0 6.0
2 220.0 Hold

B i 81.5 20 6.5
2 94.5 2.0 9.5
3 113.5 2.0 4.0
4 122.0 2.0 1.5
5 125.0 2.0 5.0
6 200.0 Hold

C 1 82.0 2.0 6.0
2 94.0 0.0 20
3 98.0 0.0 9.5
4 117.0 0.0 20
5 121.0 0.0 4.0
6 129.0 0.0 6.0
7 200.0 Hold

D 1 91.0 2.0 6.5
2 104.0 0.0 4.0
3 112.0 0.0 7.0
4 126.0 0.0 9.0
5 143.0 0.0 7.0
6 200.0 Hold
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TABLE VIII
RETENTION TIME CALCULATION FOR COLUMN 4

Component Programme A Programme B Programme C

Calc. Meas. Calc. Meas. Calc. Meas.

Decane 1.1t 1.12 1.06 1.06 1.08 1.07
Ethylbenzene 1.34 1.33 1.28 1.25 1.31 1.27
Dodecane 2.01 2.03 1.91 1.91 1.96 1.94
Tridecane 297 2.96 2.78 2.75 2.84 2.80
Octyl acetate 4.30 4.24 3.77 3.74 3.85 3.79
Tetradecane 4.58 4.61 396 3.96 4.03 4.03
1-Octanol 5.99 6.00 4.89 4.89 5.0t 498
Pentadecane 6.87 6.90 5.61 5.60 5.81 5.80
1-Pentadecene 7.79 7.82 6.52 6.53 6.80 6.80
1-Nonanol 8.16 8.17 6.94 6.94 7.19 7.18
Hexadecene 8.92 8.94 7.92 7.86 8.01 8.02
1-Decanol 10.05 10.08 9.58 9.59 9.44 9.44
Heptadecane 10.68 10.72 10.59 10.56 10.47 10.46
2-Ethylhexanoic acid [1.39 11.42 11.64 11.64 [1.66 11.60
Octadecane 12.23 12.30 1320  13.18 13.70 13.66
2,6-Xylidine 1296  13.00 1430 14.30 15.52  15.42
TABLE IX

TEMPERATURE PROGRAMMING CONDITIONS FOR COLUMN 4

Condition Step Temperature Hold time Programming rate
No. °C) (min) (°C/min)
A | 99.5 5.0 7.9
2 200.0 Hold
B [ 99.5 2.0 6.0
2 111.5 0.0 1.9
3 119.0 0.0 4.0
4 137.0 0.0 7.5
5 152.0 0.0 3.0
6 158.0 0.0 8.5
7 175.0 0.0 5.0
8 200.0 Hold
C I 99.5 2.0 6.0
2 111.5 20 7.8
3 127.0 2.0 2.0
4 131.0 20 4.5
N 140.0 20 6.0
6 200.0 Hold
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TABLE X
EFFECT OF VARIATION OF KOVATS RETENTION INDEX ON CALCULATED RESULTS

Calculated on column 1 with temperature programme C.

Component Increment of all Kovats retention indices
0iu. —0.5iu. +0.5 in.
Meas. Calc. Calc. Calc.
0-Cresol 6.80 6.75 6.72 6.7
p-Cresol 7.30 7.33 7.30 7.34
2,6-Xylenol 8.53 8.51 8.48 8.53
2,4-Xylenol 10.03 10.02 9.98 10.04
2,5-Xylenol 10.12 10.10 10.06 10.13
3,5-Xylenol 10.89 10.87 10.83 10.90
2,3-Xylenol - 11.26 11.26 11.22 11.29
3,4-Xylenol 11.90 11.89 11.85 11.92
o-tert.-Butylphenol 15.47 15.56 15.51 15.59
1-Decanol 16.04 16.11 16.06 16.13
2,3,5-Trimethylphenol ~ 16.64 16.55 16.59 16.66
2-tert.-Butyl-4-cresol 19.26 19.31 19.27 19.33
6-tert.-Butyl-3-cresol 19.67 19.70 19.66 19.72

calculation of retention time. A comparison between the calculated values using the
standard and varied Kovats retention indices and the measured values is shown in
Table X. The results show that the relative deviations of the calculated retention times
and the Kovats retention indices are of the same order of magnitude.

In the measurement of n-alkane retention times at two isothermal states, the
retention times of methane are used as the column dead time [¢o(7)], which always has
the highest relative deviation. The error in the £o(T) determination will influence the

TABLE XI
CALCULATION USING DIFFERENT ¢, VALUES ON COLUMN 2

Component Programme C Programme D

Measured ¢, Extrapolated 7o Measured ¢ Extrapolated ¢

Decane 1.88 1.79 2.60 2.16
0-Cresol 2.68 2.55 4.04 341
p-Cresol 3.01 2.87 4.60 3.94
Undecane 2.91 2.78 4.39 3.76
Dodecane 4.85 4.65 7.33 6.63
1-Decanol 7.12 6.96 10.57 10.03
Tridecane C o 7.84 7.70 11.48 11.03
Tetradecane 11.15 11.12 15.82 15.67
Methyl undecanoate 12.06 12.05 16.75 16.65
Pentadecane 14.74 14.76 18.72 18.68
Methy! dodecanoate 15.97 16.01 19.33 19.30

Hexadecane 20.23 20.30 20.80 20.73
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calculated results, particularly the earlier eluting components. Table XI gives the
calculated results on column 2 using measured and extrapolated [12] column dead
times. The influence is dependent on the programming conditions.

The above procedure leads to an easy and reliable database for identification in
multi-step temperature-programmed capillary gas chromatography. Isothermal runs
and linear temperature programming are the simplest forms or a step unit in multi-step
programming, and are included in the procedure and the database.
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ABSTRACT

Glass and fused-silica capillary columns (100 um 1.D.) were precoated with a very thin layer of
graphitized carbon black and then coated with polar liquid phases. The layer of carbon black in the inner
walls increased the wettability of the capillary columns and, consequently, a very uniform coating was
obtained. The polymeric polar liquid phases were also more strongly retained on the carbon black, and
these microcapillary columns showed a much hi gher temperature stability. Columns coated with free fatty
acid phase, Carbowax 20M, 40M and 600M were prepared. The columns were tested with a mixture of
polar compounds.

INTRODUCTION

Capillary columns with internal walls modified by a thin layer of graphitized
carbon black (GCB) have been used in gas chromatography (GC) for a long time.
They have been the object of many studies since they present very high efficiencies, are
simple to prepare and because it is possible to change their selectivity by varying the
stationary phase charge, thus allowing operations in both gas-liquid chromatograph-
ic and gas—solid-liquid chromatographic contexts [1-13].

Until now research has been carried out mainly with graphitized columns with
an LD. of 200-500 pm, although promising results have+been obtained with columns
of 150-160 um 1.D. [6,7]. Microcapillary columns (I.D. < 200 um) are, as has recent-
ly been shown, characterized by a large number of theoretical plates (N) per metre
and per second. Moreover, they present mass transfer resistance values (C) such as to
allow analytical separation even at high linear velocity values. The main constraint on
their use has been the insufficient rate of response of detectors and recorders, which
may by now be largely regarded as outdated by modern equipment standards. At
present, the only hindrance to their use is the sampling rate. In fact, when such high
values per second for theoretical plates are reached (N/s = 10%), with columns of 50
pm 1.D. the sampling rate becomes a strongly limiting factor, especially for the sep-
aration of substances having low retention time [14-28].

This study describes the technique for preparing microcapillary columns pre-
coated with Carbopack A, of 100 um LD., and then coated with polar stationary
phases, reaching high efficiency. Some complex-mixture separations are reported.

0021-9673/91/803.50  © 1991 Elsevier Science Publishers B.V.
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Moreover, particular attention has been devoted to the possibility of using these
microcapillary columns for aromatic and aliphatic amines, given the promising re-
sults obtained on classical capillary columns precoated with GCB [29].

EXPERIMENTAL

Equipment

Two DANI gas chromatographs were used, Model 3900 and Model 6500
(Monza, Italy), equipped with a flame ionization detector and split injector with 1:500
split ratio, and connected to a Shimadzu CR3A integrator—recorder.

Preparation of microcapillaries

Glass capillaries with 100 um 1.D. were obtained from Duran glass tubes
cleaned with a solution of sulphuric acid (96%)-0.1 M potassium dichromate for 48
h, washed extensively in water and acetone and then dried. After this treatment, the
tubes were drawn using a Carlo Erba GCDM 60 drawing machine. The 100 ym 1.D.
glass capillaries thus obtained were washed in dichloromethane and dried under ni-
trogen flow. The fused-silica capillaries were supplied by SGE (Australia).

The columns were precoated with a solid support, Carbopack A (Supelco, Bel-
lefonte, PA, U.S.A.), a GCB having a surface area of around 12 m?/g. The dynam-
ically deposited support increased the surface area with respect to the smooth capil-
lary, increasing stationary phase wettability. This allowed a uniform deposit of the
stationary phase to be obtained. Support depositing was carried out with a GCB
suspension prepared with 50 mg GCB, 25 ml carbon tetrachloride, 25 ml dichloro-
methane and then exposing to ultrasonic waves for about 30 min. Approximately 2
ml of this suspension were made to flow at high speed (ca. 60 cm/s) through the
capillary for four times in succession, each time reversing flow direction and waiting
for solvent evaporation. The support layer of GCB obtained inside the capillary was
then thermically treated with Carbowax 20M (C 20M). This pretreatment was carried
out by statically depositing C 20M from a 0.2% solution in dichloromethane. After
conditioning in a flow of hydrogen for about 10 min at a temperature of 240°C, the
column was put into the oven at a temperature of 280°C for one night, after having
sealed both ends under a flame. The column was cooled to room temperature and
thén washed with dichloromethante. Pretreatment with C 20M probably increases the
wetability of capillary internal surface for polar stationary phases, deactivates the
walls and makes the GCB surface uniform.

After undergoing this treatment, the column is statically coated with the sta-
tionary phase. Using a concentrated solution enabled the desired film thickness to be
obtained. The columns were conditioned by programming the temperature to in-
crease by 3°C min from 50°C to 240°C and keeping the column at the latter temper-
ature for 90 min under hydrogen flow. Microcapillary columns were prepared using
different stationary phases: C 20M, C 40M, C 600M and free fatty acid phase
(FFAP). Assessment of GC parameters of the columns was carried out by GC of a
mixture of n-octanol, 2,6-dimethylphenol (DMF) and 2,6-dimethylaniline (DMA) at
90°C. In the reported analysis hydrogen, as carrier gas, is used with a linear gas
velocity of the values given in Table I.
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TABLE I
COLUMN CHARACTERISTICS (I.D. 100 um)

C = Carbowax; FFAP = free fatty acid phase; DMA = 2,6-dimethylaniline, DMF = 2,6-dimethyl-
phenol.

Column Phase Length D, k' Ut H.. NJs UTE  Test

No. (m) (um) (cm/s)  (mm) (%) substance
1 C20M 5.7 0.10 52.2 52.6 0.109 4830 87 DMA
2 C20M 16.0 0.07 SE1 54.2 0.091 5960 100 DMA
3 C 40M 5.5 0.10 57.9 50.2 0.116 4330 82 DMA
4 C 40M 5.5 0.20 87.0 55.0 0.110 5050 87 DMA
5 C 40M 4.6 0.10 85.2 54.0 0.116 4660 81 DMF
6 C 40M 7.2 0.10 45.1 51.1 0.087 5870 100 DMA
7 C 600M 6.0 0.07 49.3 57.3 0.103 5560 93 DMA
8 C 600M 15.0 0.07 49.3 56.6 0.094 6020 100 DMA
9 C 600M 10.0 0.07 61.9 54.3 0.088 6130 100 DMA

10 FFAP 8.5 0.07 58.9 60.7 0.115 5280 82 DMF

¢ Fused silica.

RESULTS AND DISCUSSION

Fig. 1A and B shows the effects due to pretreatment with C 20M. The gas
chromatograms were obtained at 90°C by injecting the mixture of DMF, DMA and
n-octanol on two glass columns with stationary phase C 40M. The chromatogram in
Fig. 1A was obtained on a column not pretreated with C 20M, while the one in Fig.
1B was obtained on a column pretreated with C 20M. As may be observed in Fig. 1A,

-U\ML JU\JLJL,

— —_—
0 6 min 0 6 min

Fig. 1. Gas chromatograms of polar compounds on two columns: (A) not pretreated by C 20M; (B)
pretreated by C 20M at 90°C. Peaks: 1 = n-octanol; 2 = DMA: 3 = DMF.
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Fig. 2. Van Deemter plot of DMA at 90°C. Column 7 of Table 1.

the octanol peak is considerably deformed and the DMF peak shows a slight tail. In
Fig. 1B, all the peaks are symmetrical.

Table I shows the GC characteristics of some columns that were pretreated and
coated with a polar stationary phase. Theoretical plate height (H;,), capacity ratio
(k"), liquid film thickness (D), optimum linear velocity (U,y), utilized theoretical
efficiency (UTE%) and number of plates per second (N/s) are reported for each
column. From the results in the table, all the columns show UTE values that lie
between 82 and 100%, H,;, values ranging from 0.08 to 0.116 mm, with optimum
linear velocities between 50 and 60 cm/s and N/s values between 4400 and 6000.

6
2 35|

—_— -
0 10min

Fig. 3. Olive oil analysis on column 3 of Table I (C 20M), fatty acid methyl esters. Peaks: | = palmitic; 2 =
palmitoleic; 3 = stearic, 4 = oleic; 5 = elaidinic; 6 = linoleic acid. Temperature 180°C.
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Fig. 4. Gas chromatogram of free fatty acid mixture. Column 9 of Table I. (FFAP) Peaks: | = acetic; 2 =
propionic; 3 = butyric; 4 = valeric; 5 = caproic; 6 = heptanoic; 7 = caprylic; 8 = pelargonic; 9 = capric;
10 = undecenoic; 11 = undecylenic; 12 = lauric; 13 = myristic; 14 = palmitic; 15 = stearic acid.

Fig. 2 shows the Van Deemter curve obtained on column, 7 of Table I at a
temperature of 90°C. Note that, even if linear velocity is considerably increased,
efﬁmency still remains high. In fact, the mass transfer term (C) of this column is 15 -
107 s. The temperature stability of these columns is higher than that of the columns
coated with the same phases without GCB precoating and is similar to that obtained
with the same bonded phases [30].

Some examples of complex mixture analysis carried out on these microcapillary

2'C£n/
0t

22

BT

0 5 10 20 70 min

2457 15 17 1920

21

Fig. 5. Lemon petit grain oil, column 7 of Table I (C 600M). Peaks | = a-thujene; 2 = o-pinene; 3 =
camphene; 4 = B-pinene; 5 = sabinene; 6 = myrcene; 7 = limonene; 8 = y-terpinene; 9 = p-Cymene;
10 = methyleptanone; 11 = nonanal; 12 = 3-octanol; 13 = citronellal; 14 = linalool; 15 = p-caryophyl-
lene; 16 = humulene; 17 = neral; 1§ = a-terpineol; 19 = geranial; 20 = neryl acetate; 21 = geranyl
acetate; 22 = nerol; 23 = geraniol.
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Fig. 6. Gas chromatograms of high-boiling amines on column 3 of Table 1. Peaks: (A) 1 = o-phenyl-
enediamine; 2 = p-phenylenediamine; 3 = o-nitroaniline; 4 = m-nitroaniline; 5 = 4-biphenylamine; 6 =
p-nitroaniline; (B) 1 = 4-metroxyphenyl-1,2-ethylaminopropane; 2 = N,N-dimethyl-1,2-diphenylmethoxy-
ethylamine; 3 = N-methyl-3,3-diphenylpropylamine; 4 = ketocaine; 5 = N-methyl-1,2-diphenylmethoxy-
ethylamine; 6 = cyclizine; 7 = 2-diphenylmethoxyethylamine, 8 = adiphenine.
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Fig 7. Gas chromatogram of aliphatic amines on column of Table 1 Peaks: (A) 1 = dipropylamine; 2 =

pentylamine; 3 = dibutylamine; 4 = heptylamine; 5 = octylamine; 6 = decylamine; 7 = undecylamine;
8 = dodecylamine; (B) 1 = ephedrine; 2 = y-ephedrine; 3 = norephedrine; 4 = y-norephedrine. Temper-
ature 125 °C.
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columns are reported. Fig. 3 shows the chromatogram obtained by analysing a mix-
ture of fatty acid methyl esters, prepared by transesterification of an olive oil. Analy-
sis was carried out with a C 20M column (column 2 in Table I) and with analysis time
under 10 min. Fig. 4 shows the results obtained using a column of FFAP (Table I,
column 10) in analysing a mixture of free acids ranging from acetic acid to stearic
acid. In particular, it is possible to observe the separation (saturated--unsaturated) of
undecenoic acid from undecylenic acid. Fig. 5 shows a typical example of essential oil
analysis. The chromatogram was obtained by analysing an essential oil of lemon petit
grain on column 7 (Table I).

Fig. 6 and 7 show four examples of amine analysis carried out on two C 40M
columns: column 3 with D¢ = 0.1 ym and column 4 with Dy = 0.2 um. Both columns
may be used to analyse amines, but the lower phase charge of column 3 allows a
reduction in the analysis times of high-boiling amines, while the greater phase charge
makes column 4 more suitable for analysing low-boiling amines. Fig. 6 shows two
analyses of high-boiling amines carried out on column 3, the first aromatic (A) and
the second (B) of aliphatic type. In contrast, Fig. 7 shows to analyses of amines
carried out on column 4. Fig. 7A is a mixture of aliphatic amines from pentyl to
dodecylamine. Fig. 7B is a separation of ephedrines carried out isothermally at 125°C.

From the above, it is possible to note that all the columns present good effi-
ciency with symmetrical peaks. Thus, it can be concluded that, even with reduced-
diameter columns, GCB precoating does not reduce the typical characteristics of
these microcapillary columns, namely high efficiency, low analysis times and lower
operating temperatures, compared with classical capillary columns.
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Modern approach to the quantitative determination of
volatiles in solid samples

Multiple headspace extraction gas chromatography for the
determination of cyclohexanone residues in soil
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Laboratorio Tossicologia Applicata, Istituto Superiore di Sanita, Viale Regina Elena 299, 00161 Rome
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ABSTRACT

The application of multiple headspace extraction gas chromatography to the quantitative determina-
tion of volatiles in soil samples has been studied by means of a simulated system represented by cyclohexa-
none absorbed on a soil. An example of fast and accurate determination is reported. It has been experi-
mentally demonstrated that this technique may overcome the problems linked to the handling of a solid
matrix contaminated by volatiles, because it is not required to reproduce the solid matrix to perform a
quantitative determination, it being sufficient to obtain complete vaporization of the calibration standard.

INTRODUCTION

The importance of environmental monitoring with respect to ubiquitous conta-
minants, has long been recognized, and this has led to the availability of standardized
monitoring methods and reference materials [1].

A different situation pertains in the field of the accidental contamination of the
environment caused by unforesecable events, such as spillages, illegal waste, or acci-
dents in chemical plants, ships, tanktrucks etc. In almost all such cases, besides the
environmental “first aid” measures, it is necessary to perform quantitative determina-
tions of the substances accidentally present in the environmental matrices. It is quite
common to deal with volatile organic substances; their analysis is not too difficult in
air, by means of absorbent tubes [2], and in aqueous samples, by means of static or
dynamic headspace techniques [3-5]. When the polluted matrix is the soil, however,
many difficulties arise. It is very difficult to carry out accurately liquid-solid extrac-
tions when the substances are volatile. Also, headspace techniques, calibrated by the
usual methods, such as standard additions, internal standard or external calibration,
rarely produce accurate results. This inadequacy is due to the practical impossibility
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of overcoming matrix effects that dramatically influence partitioning of the volatile
between the soil and the headspace [6], leading to highly inaccurate results [7].

A modern solution to these problems is an improvement of the automated
headspace gaschromatographic analysis, a discontinuous gas extraction technique,
calles multiple headspace extraction (MHE-GC).

This technique is a repeated withdrawal of headspace in equilibrium with a
solid sample, followed by a GC separation of the components in the headspace. If
repeated extraction steps are performed the resulting chromatogram shows a series of
peaks decreasing in their areas according to a logarithmic law. Theoretically extrac-
tion could be carried out until all the volatiles had been removed. However, after few
steps (from six to nine) a mathematical extrapolation may be applied, to obtain the
total amount of the compound to be determined. In fact, as extensively described by
Kolb [8], it can be assumed that the chromatographic peak area is proportional to the
concentration:

Ay = Ayelt Tk (1)

where 4, is the peak area of the n'" step, and k* is a constant including both chemical
and instrumental parameters.
Eqn. 1 can be treated as a geometrical progression:

ZA, = Aj(1+e™"* + g7 2kx 4 o3k ()
and calculated according to:
24, = Af(1-e™*¥) A3)

Therefore, the total amount of a volatile in a vial is obtained from Eqn. 3, where
A; 1s the experimental value of the peak area of the first MHE step. The value of k*
can be experimentally obtained by plotting the natural logarithms of the area values
versus the number # of extraction steps (injections); in fact, at equilibrium, a straight
regression line is obtained and the regression coeflicient of this straight line corre-
sponds to k*.

To perform an accurate quantitative determination, calibration is carried out
by submitting a vial containing only few microlitres of the volatile to the MHE
procedure under the same instrumental conditions adopted for the solid matrix. By
multiplying the response factor obtained from the standard by the total area value of
the analyte peaks in the sample, the amount of the volatile in the sample can be easily
obtained.

The suitability of this procedure for the fast quantitative determination of resid-
ual volatiles in contaminated soils has been experimentally studied by means of a
simulated system of contamination. This system consists of a soil contaminated by a
known amount of a volatile substance. Cyclohexanone was chosen as the volatile
substance, and garden soil as representative of a common soil.
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EXPERIMENTAL

Contaminated soil sample :
A 30-g sample of the soil was accurately weighed and placed in a glass flask wit
a ground glas stopper. Then, 30 ul of an aqueous cyclohexanone standard solution
(9420 mg/1) were added by means of a microsyringe, and the flask was slowly shaken
mechanically, to allow the cyclohexanone to be absorbed homogeneously by the soil.

The sample was shaken for 2 h at room temperature. The concentration of cyclohexa-
none in the soil was 9.42 ug/g.

Analytical samples

A 1-g sample of the contaminated soil was placed in a 20-ml headspace vial, 100
pl distilled water were added, and the vial was sealed with an open-centre aluminum
cap and PTFE-faced butyl rubber septum. A small amount of water was added to
promote the release of the volatile. This addition will be further discussed later. Six
replicate soil samples were prepared. A blank sample was prepared by placing 1 g of
uncontaminated soil and 100 ul of distilled water in a headspace vial.

Calibration standard

A 1-pl volume of the aqueous cyclohexanone standard was placed in an empty
headspace vial, through the septum of an already sealed vial, by means of a 1-ul
microsyringe. This calibration vial contained 9.42 ug of cyclohexanone in 1 ul of
water. Three replicate calibration standards were prepared.

Instrumentation

The GC system consisted of a Perkin-Elmer 8500 gas chromatograph, equipped
with a Perkin-Elmer HS101 automatic headspace sampler and a flame ionization
detector. Data collection and handling were performed with an Epson PCAX2 and
Perkin-Elmer Nelson 2600 chromatography software. ‘

Operating conditions

The fused-silica column (10 m x 0.53 mm I.D.) was CP-Sil-19 CB, with film
thickness, 2 um (Chrompack, the Netherlands). The GC operating conditions were as
follows: oven temperature, 60°C (isothermal); injector temperature, 160°C; detector
temperature, 220°C; carrier gas, nitrogen; headpressure, 40 kPa; run time, 6 min. The
MHE operating conditions were as follows: thermostat temperature, 100°C; needle
temperature, 110°C; transfer line temperature, 120°C; injections per vial, 9; thermo-
statting time, 45 min (soil samples), 15 min (standards); pressurization time, 1 min;
injection time, 0.10 min; withdrawal time, 0.20 min; number of vents, 1. It must be
stressed that thermostatting times are different between samples and standards. In
fact, to perform an accurate MHE determination, it is of fundamental importance to
evaporate the calibration standard totally. Therefore, some preliminary tests were
carried out by analysing identical standards after increasing thermostatting times; it
was observed that 15 min were sufficient, at the selected temperature, to ensure the
complete vaporization of cyclohexanone standard.
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Fig. 1. Chromatograms from a nine-step MHE determination of cyclohexanone in a contaminated soil
sample.

MHE-GC determination

Analytical samples, calibration standard and blank samples were submitted to
the nine-step MHE-GC determination of cyclohexanone in contaminated soil, under
the above described conditions. The chromatograms obtained from a contaminated
soil sample are shown in Fig. 1.

RESULTS

Computing of the results

By plotting the natural logarithms of the peak area versus the number of the
injection, straight regression lines were obtained for both the standards and the sam-
ples. Fig. 2 shows the plot of two straight regression lines obtained from the averaged
standards and from one of the six replicate soil samples.

The straight regression line calculated from the standards was:

In area = —0.35 (number of injection) + 7.79

with a linear correlation coefficient r,, = 0.9999.
The value of k* (0.35) obtained for the standard was inserted into eqn. 3,
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Fig. 2. Straight regression lines from MHE determinations of cyclohexanone in standards () and in a
contaminated soil sample (@).

together with the experimental 4, value (1777.2), and the total area value for cyclo-
hexanone standard was computed:

A, = 1777.2/1—e™°35 = 6078.7

The total area value corresponding to 9.42 ug of cyclohexanone yields a response
factor of amount per unit peak area, i.e.:

9.42 1g/6078.7 area unit = 0.0015

TABLE 1
RECOVERY OF CYCLOHEXANONE FROM CONTAMINATED SOIL SAMPLES BY MHE-GC

Cyclohexanone added to soil, 282.6 ug per 30 g; soil aliquot submitted to MHE determination, 1 g;
cyclohexanone theroretically present in I-g soil aliquot 9.42 pg; number of replicate determinations, 6.

Sample Cyclohexanone Recovery Total area
(%)

Theoretical Experimental

(ug) (1g)
1 9.42 10.08 107.0 6505.9
2 9.42 8.98 95.3 5794.8
3 9.42 9.76 103.6 6298.1
4 9.42 8.74 92.8 5639.9
5 9.42 9.83 104.4 6343.3
6 9.42 8.76 93.0 5652.8
Mean values 9.42 9.36 99.4 6039.1

S.D. 0.6 6.4 386.2

R.S.D. (%) . 64 6.4 6.4
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Fig. 3. Effect of increasing addition of water on the recovery of cyclohexanone from contaminated soil: (@)
no addition, 4% recovery; (A) 0.005% (v/w) addition, 48% recovery; (M) 0.01% (v/w) addition, 99.4%
recovery; (O) standard, theoretical amount of cyclohexanone.

The same procedure was followed for the samples, and the total area values were
computed. By multiplying these values by the above-reported response factor, the
amount of cyclohexanone in the samples was easily obtained. The results from the six
replicate samples, the corresponding recovery percentages, and the total area values
are shown in Table I.

DISCUSSION

As described in Experimental, small amounts of water were added to the sam-
ple, to promote the release of cyclohexanone from the soil. This system is typical of a
medium-polar compound absorbed on a strongly polar matrix. In these cases, small
amounts of another polar compound, with a greater affinity for the matrix than the
analyte, will facilitate the release of the absorbed compound, and also enhance the
analytical recovery from the sample.

In this study, it was experimentally observed that the addition of increasing
amounts of water to the soil samples led to the optimization of the recovery of
cyclohexanone. This effect is illustrated in Fig. 3, which shows four straight regression
lines corresponding to the addition of increasing amounts of water: 0%, 0.005%, and
0.01% v/w. The fourth line is that of the reference standard. Tt can be seen that the
addition of 0.01% water led to quantitative recovery of cyclohexanone, and the corre-
sponding regression line is superimposed on that of the standard. Therefore, the
addition of 0.01% water was deemed essential to carry out the determination.

The analytical procedure was applied to six replicate soil samples; in all the
tested samples, the recovery of cyclohexanone was practically quantitative. The
amount of cyclohexanone theoretically present in the 1-g soil aliquots submitted to
the MHE-GC determination was 9.42 ug; the amount found was 9.36 ug (mean value
from six determinations; range, 8.74-10.03 pg).
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The repeatability of the developed method, expressed as percentage relative
standard deviation (R.S.D.) was 6.4%. This relatively high value may be explained
taking into account the inhomogeneity of cyclohexanone in the soil and the intrinsic
variability due to handling of volatiles. However, this situation reflects what may
actually happen in authentic samples of a contaminated soil. On the other hand, the
study was aimed at solving analytical problems linked to the handling to contaminat-
ed soils.

The addition of a small amount of water may be reasonably proposed as a
systematic step in the determination of volatiles in a contaminated soil sample, when
the determination is extremely urgent, as in the case of accidents, spillages, etc. In
fact, if the contaminating compounds have a good affinity for soil (i.e. with polar
groups in their structure, and not too high a volatility), they will be better released to
the headspace by the action of water. In contrast, if the compounds have poor affinity
for soil (i.e. non-polar structures, high volatility) they will not remain strongly ab-
sorbed by the soil and are likely to escape to the atmosphere. Therefore, there is a low
probability of finding large amounts of this type of compound in soil. In any case, a
small amount of water is very unlikely to interfere with the determination of non-
absorbed compounds; on the other hand, if the time available for the determination if
not too short (i.e. soil-monitoring programs, routine procedures, ezc.) it is advisable

to evaluate the water content of the soil samples before defining the correct amount of
water to add.

CONCLUSIONS

The developed procedure may be considered as a validated example of a rapid
and simple quantitative determination of volatiles in a contaminated soil sample. By
and large, MHE-GC appears to be the most convenient technique to use when a solid
sample has to be tested; it requires minimal sample handling, minimal consumption
of materials and, most important of all, it is unnecessary to reproduce the matrix to
perform accurate determination of volatiles. It is sufficient to ensure the complete
vaporization of the calibration standard.
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ABSTRACT

High-resolution gas chromatography-mass spectrometry of polychlorinated biphenyl congeners in bi-
ological samples

A study is performed on polychlorinated biphenyl (PCB) congener residues in samples of human
blood and milk as well as in falcon and pigeon eggs.

Most of the PCB congeners found in these biological samples were quantified by high-resolution gas
chromatography (HRGC). A PCB technical mixture —namely, DP6 (Phenochlor)— was used for the
calibration as its composition was previously determined by HRGC-mass spectrometry.

The usefulness of such a congener analysis is outlined.

It is the first time to the best of our knowledge that a Phenochlor mixture is used for standardization.

INTRODUCTION

L’analyse des résidus de biphényles polychlorés (PCBs) débute par leur
extraction de la matrice originelle; I'extrait ainsi obtenu est soumis, aprés purification,
a la chromatographie en phase gazeuse (CPG) avec détection a capture d’électrons
(ECD).

L’utilisation des colonnes capillaires dans le domaine de ’analyse des PCBs
a permis Pobtention d’une information qualitative détaillée de la composition des PCB
[1-5]. Le pouvoir de séparation et la haute résolution de ces colonnes de chromato-
graphie ont révélé que les PCBs, dans les mélanges techniques, étaient représentés par
- prés d’une centaine de composés [6] et que dans les produits environnementaux,
I'empreinte des PCBs pouvait varier d’'une matrice a ’autre.

L’incertitude sur la mesure, exprimée en équivalent de mélange technique, est
d’autant plus importante que le profil des PCBs différe de celui des produits de
réference. Ce fait est particulierement frappant dans le cas de matériel biologique
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provenant d’organismes supérieurs (oiseaux, mammiféres) [7-9] pour lesquels les
composés fortement chlorés sont amplifiés, ce qui conduit & une surestimation de la
quantification en termes d’équivalent de mélanges techniques.

Les limites de ce mode de quantification apparaissent ainsi doublement. D’une
part, la réduction des nombreuses données contenues dans un chromatogramme a une
seule grandeur qui est I'expression de la concentration en PCBs totaux, fait perdre
I'information qualitative sur la contamination [10,11]. D’autre part, ’'expression de la
mesure en équivalent de mélange technique ne permet pas une appréciation
satisfaisante des processus discriminants vis-d-vis des différents chlorobiphényles.

Ces méthodes quantitatives utilisées dans la détermination des PCBs ont été
critiquées dés 1975 [11].

Dans ce contexte, la quantification par congénére trouve toute sa justification,
elle permet une meilleure approche du comportement des PCBs et de leurs effets sur
I'environnement. En effet, il est important, notamment sur le plan de la toxicité, de
préciser quels sont les composés retenus par la matiére vivante et quels sont les
processus intervenant dans cette sélection [12,13].

La méthode de quantification par congénére est plus précise car elle s’adresse
effectivement a la concentration réelle du composé présent dans Pextrait étudié.
Souvent, le probléme a résoudre concerne la disponibilité des congénéres purs
nécessaires a la réalisation des solutions étalons et la sélection des composés a prendre
en considération pour le dosage résiduel des PCBs. Or, la plupart des congénéres ne
sont pas disponibles commercialement et lorsqu’ils existent, leur coit rend difficile
lacquisition des 209 composés.

Pour pallier a ces difficultés, nous proposons dans le présent travail une méthode
de quantification des congénéres de PCB basée sur I'utilisation d’un mélange technique
de Phénochlor (DP6) dont la composition est préalablement déterminée par CPG
haute résolution (CPG-HR)-spectrométriec de masse (SM) [14]. Les facteurs de
réponse des congéneres sont déterminés par CPG-ECD. Dans ces conditions, la
quantification se fait de la fagon classique, composé par composé.

Diverses études ont utilisé I’Aroclor [15] et le Clophen [16] comme référence pour
la quantification des congénéres de PCB mais c’est la premi¢re fois, a notre
connaissance, que le Phénochlor DP6 est pris comme étalon pour ce type de dosage.

Les échantillons étudiés, sont: le lait maternel, le sang d’adulte et les oeufs de
faucon et de pigeon.

PARTIE EXPERIMENTALE

Matériels et conditions opératoires

Les échantillons d’oeufs de Faucon et de Pigeon proviennent d’un lot qui a fait
I'objet d’une étude précédente quant a la concentration globale en PCBs [17-19].

Quant aux échantillons de lait maternel et de sang d’adulte, ils proviennent d’un
lot d’une centaine de donneurs qui a fait lui aussi, de son c6té, I'objet d’un travail
précédent [20].

Les échantillons objet de la présente étude ont été choisis pour représenter une
grande variété de concentrations en PCBs.

La CPG sur colonne capillaire a été menée sur un chromatographe Varian 3700
équipé d’un détecteur a capture d’électrons (Ni 63). Une colonne capillaire en silice
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Fig. 1. (a) Chromatogramme du mélange technique DP6; (b) chromatogramme d’un échantillon de lait
maternel; (¢) chromatogramme d’un échantillon d’ceuf de faucon; (d) chromatogramme d'un échantitlon de
sang d’adulte; (¢) chromatogramme d’un échantillon d’oeuf de pigeon. Appareil: Varian 3700 équipé d’un
détecteur a capture d*électrons (Ni 63). Colonne: capillaire (WCOT), en silice fondue, 25 m x 0,32 mm D.L,
paroi interne recouverte d’un film (0,12 gm) de CP-Sil 5. Conditions chromatographiques: voir texte.
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fondue, de 25 m de long et de 0,32 mm de D.I., de paroi interne recouverte de la phase
CP-Sil 5 dont I’épaisseur du film est de 0,12 um, est utilisée dans ce travail.

Pour I'analyse chromatographique des échantillons de lait maternel, d’oeuf de
faucon et de sang d’adulte, la température du four est programmée a la vitesse de
3°C/min de 150 4 200°C avec un palier de 4 min a la température initiale. Quant
a analyse de Iextrait d’oeuf de pigeon, la température de la colonne est programmee
de 1304 200°C 4 la vitesse de 3°C/min. D’autre part, les températures du détecteur et de
Iinjecteur sont respectivement 300 et 260°C. Le volume injecté est de 1 ul (injection
directe). La pression du gaz vecteur, 'hydrogéne, est fixée a 17 p.s.i. Le débit du gaz
additionnel (azote U) est de 30 ml/min. Les temps de rétention, les aires des pics et le
calcul des concentrations sont fournis par un calculateur intégrateur CDS 111.

La CPGHR-SM utilisée pour la détermination de la composition du mélange
DP6 a été menée sur un chromatographe de type Girdel série 32, équipé de la colonne
capillaire CP-Sil 5 précédemment décrite, et couplé & un spectrometre de masse
Nermag 10-10C muni d’un systéme de traitement des données Spectral 30. Les spectres
de masse ont été enregistrés en mode impact électronique (IE) avec une énergie
d’ionisation de 70 eV et une température de source de 200°C.

Méthode de quantification

L’injection du DP6 sur la colonne capillaire CP-Sil 5 (détection par capture
d’électrons) donne un chromatogramme révélant 27 pics (Fig. 1a). Pour les composés
majoritaires, a chaque pic du chromatogramme correspond un composé. Cependant,
quelques groupements —paires voire triplets— de composés demeurent non résolus;
on obtient au total 17 pics correspondant a des chlorobiphényles identifiés avec une
confortable marge de confiance et que I'on peut, en outre, quantifier. Ces congénéres
représentent 84% en masse du DP6. Ils ont été identifiés au moyen des indices de
rétention mesurés par rapport aux rn-alkyltrichloroacétates et de plus, déduits par le
calcul selon la régle de Sisson et Welti [21] qui veut que I'indice de rétention d’un PCB
soit égal a la somme des demi-indices de rétention de chacune de ses demi-structures.
Les indices de rétention mesurés sont donnés par I'expression:

I. = 100(TR; — TR)/TR, . — TR,) + 100,

dans laquelle 7, est I'indice du congénére x, TR, est le temps de rétention du
n-alkyltrichloroacétate dont le pic émerge immédiatement avant celui du soluté x et
dont le nombre d’atomes de carbone du radical n-alkyle est z. TR, ., est le temps de
rétention du n-alkyltrichloroacétate, immédiatement élué aprés le soluté x, dont le
nombre d’atomes de carbone du radical n-alkyle est z+1.

Quant a la fraction massique x;, du congénere i, dans le DP6, elle est déduite de
I'analyse par CPGHR~-SM. Ainsi la valeur x; et la masse spécifique m; du congénére
i sont liées a la masse (m,) du DP6 injecté par la relation:

m; = m,x,-/lOO
(m, est généralement exprimée en ng). v
Par détection en capture d’électrons, le facteur de réponse E; d’un congénére

i nécessaire pour le dosage résiduel est alors exprime par la relation:

E; = Ai/m;
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TABLEAU 1

POURCENTAGE MASSIQUE ET FACTEURS DE REPONSE DES CONGENERES DE PCB DANS
LE DP6

No. IUPAC % massique F.R.R. (ECD)* No. [UPAC % massique F.R.R.(ECD)"

52 0,48 N.E*/ 134 N.D.¢ N.E“
49+47 0,26 N.E*f 1314143 0,38 N.E¢
42+44 0,15 N.E* 132 N.D. N.E?
37 0,02 N.E.! 153 18,65 0,497
41472 0,10 N.E* 1414179 1,67 N.E°
70 0,15 N.Ef 138 16,79 0,642
66+95 0,45 N.Ef 129 0,12 0,987
80+89 0,12 N.E* 187 1,21 1,132
92+84 0,30 N.E* 128 4,38 1,174
79+101 2,20 NE* 159 N.D. N.E“
99 0,29 0,532 173 0,83 2,122
97 0,39 0,590 174 0,59 0,346
87 0,84 0,980 156 +177 2,90 N.E*
136+85 0,55 N.E’ 180 14,50 1,177
110 2,21 0,755 170 18,40 0,842
151 0,53 0,532 201 1,50 0,953
106 + 196 0,85 1,142
118+ 149 6,10 N.E* 195 0.67 0,542

* F.R.R.: facteur de réponse par rapport 4 l'aldrine (F.R.R. = | pour un ng d’aldrine).
b Non détecté en ECD.

¢ Coélués sur CP-Sil 5.

4 Non détecté en SM.

¢ N.D. = non décelé.

J N.E. = non évalué.

dans laquelle A; représente I'aire du pic du congénére i.

Afin d’¢tablir la courbe de calibration pour chaque congénére a doser, des
solutions étalons de DP6 de différentes concentrations ont été injectées. Ainsi a été
déterminée la gamme de concentration pour laquelle le _plus grand nombre de
congeneres détectés par SM présentent une réponse linéaire en détection par capture
d’¢lectrons (Tableau I). Il apparait sur ce tableau, & la concentration optimale de
travail, que certains congénéres quantifiés par SM ne sont pas décelés en ECD. Par
ailleurs, comme a chaque congénére de PCB correspond un facteur de réponse en
ECD, en cas de coélution des composés, cette grandeur ne peut plus étre évaluée.
Drailleurs, une nette disparité des valeurs du facteur de réponse E; pour les congénéres
isomeres heptachlorés et hexachlorés a été mise en évidence (Tableau I). Ce résultat
a €te, du reste, déja signalé par Mullin ez al. [22]

RESULTATS ET DISCUSSIONS

Sur le Tableau II figurent les teneurs résiduelles des PCBs détectés dans les
échantillons de lait maternel, de sang et d’oeufs de faucon et de pigeon. Pour tous ces
échantillons, Pempreinte des PCBs en CPG différe de celle du mélange technique DP6
(Fig. 1b, ¢, d et e). Ce résultat montre bien que, lors de I’évaluation des teneurs en PCBs
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totaux, lutilisation d’'un mélange technique de référence pourrait conduire a des
résultats discutables.

Les types d’échantillons selectionnés (lait, sang et oeufs) permettent d’apprécier
des niveaux de présence des PCBs dans des proportions bien différentes. En effet la
présence de contaminants dans la maticére vivante est la résultante d’un ensemble de
processus, différents d’une espéce a l'autre; processus d’absorption (régime alimen-
taire), de redistribution intracorporelle (réle des lipides), de transfert et d’élimination
de polluants (métabolisme),.. . Les facteurs environmentaux et biologiques influent sur
ces processus [23,24] et il semble & premiére vue normal que des différences de
concentration apparaisent pour ces congénéres dans les types d’échantillons étudiés.

La contamination du lait, du sang et des oeufs de faucon et de pigeon est
marquée par la prédominance des chlorobiphényles: 153, 138, 180 et 170. Donc, ces
congénéres apparaissent comme peu métabolisables par les organismes étudiés et par
14, accumulables dans leurs tissus. Une propriété commune de ces molécules est que les
deux groupements phényles de chaque congénére comporte Pun des détails de
structures suivants: trichloro-2,4,5-phényle, trichloro-2,3,4-phényle et tétrachloro-
2,3,4,5-phényle.

Quant aux congénéres 194, 195, 196 et le 201 octachloré, qui se rencontrent a une
teneur appréciable dans nos échantillons, leur présence pourrait de plus s’expliquer par
leur degré de chloration élevé qui les rend réfractaires a I’élimination [25].

Certains congénéres présents dans le DP6 ne se rencontrent que: dans le sang
uniquement pour les congénéres 87 et 97; dans le lait uniquement pour les congénéres
151; et dans ces deux fluides d’origine humaine: 99.

Tous ces composés ont I'un des groupements phényles substitués en position 2,5
ou 2,3,6.

Les congénéres qui ont été décelés dans cette étude dans le lait et le sang humains
ont £té aussi récemment rapportés dans le tissu adipeux a ’exception du congénére 201
[26].

CONCLUSION

La détermination des résidus de congénéres de PCB peut étre menée par
CPGHR en utilisant des solutions standards issues des mélanges techniques de
Phénochlor dont les compositions ont été préalablement déterminées. Ainsi une
solution étalon de DP6 se révéle convenable pour la quantification de la plupart des
congéneres de PCB détectés dans les fluides biologiques et les oeufs. La méthode
proposée, comparativement aux analyses classiques de dosage des PCBs, pourrait,
a notre avis, permettre une meilleure compréhension des mécanismes de bioaccumula-
tion et de persistance de ces composés dans la biosphére et 'environnement.

RESUME

La plupart des résidus de congénéres de PCB présents dans des échantillons de lait maternel, de sang
d’adulte, d’oeufs de faucon et de pigeon ont été quantifiés par chromatographie en CPGHR. Pour la
calibration, on a utilis¢ un mélange technique de PCBs, le Phénochlor DP6, dont la composition a été
déterminée au préalable par CPCGHR-SM. L’intérét de 'analyse des PCBs par congénére est par ailleurs
discuté.
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ABSTRACT

Analysis of Phenochlor technical mixtures by high-resolution gas chromatography-mass spectrometry

The composition of polychlorinated biphenyl (PCB) congeners in Phenochlor technical mixtures,
viz., DP3, DP4, DP5 and DP6, was determined by high-resolution gas chromatography (HRGC). The
analysis was performed on two capillary columns, OV-101 and CP-Sil 5. Around S0 congeners were
identified by means of their retention indices and quantified by both flame ionization detection and
HRGC-mass spectrometry. The response factors of the PCB congeners at various chlorination levels were
obtained by electron impact mass spectrometry.

INTRODUCTION

Les biphenyles polychlorés (PCBs) sont produits par chloration du biphényle.
Cette réaction conduit a un mélange technique dont le degré de chloration conditionne
les propri¢tés physico-chimiques. En théorie, on peut aboutir ainsi 4 la formation de
209 composes distincts communément appelés congénéres. Pour les désigner, on
a recours a la nomenclature de Ballschmiter et Zell [1].

Les PCBs sont caractérisés par une grande stabilité chimique et thermique, une
ininflammabilité, une résistivité et une constante diélectrique élevées.

Commercialement, il existe diverses marques déposées pour les mélanges de
PCBs: Aroclor (Etats Unis), Phénochlor (France), Clophen (R.F.A.), Kanéchlor
(Japon), Sovol (U.S.S.R.) et Fenchlor (Italie).

Jusqu’a un trés récent passé, beaucoup de travaux ne rapportaient que la teneur
globale des PCBs (pourcentage des PCBs totaux d’un échantillon).

Compte tenu des performances de la chromatographie sur colonne capillaire
pour la résolution des PCBs, on peut a I’heure actuelle dans la plupart des cas, surtout
pour les composés majoritaires, admettre qu’a chaque pic du chromatogramme

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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correspond un composé; il n’en demeure pas moins cependant quelques groupements,
paires ou triplets de composés, non résolus. Dans ces conditions, la quantification se
fait de la maniére classique en ayant recours a des solutions d’étalonnage. Dans son
principe, cette méthode est plus précise, comparativement a celle permettant
d’atteindre la teneur globale en PCBs, car il s’agit effectivement de concentrations de
composés présents dans D'extrait étudié. Le probléme & résoudre concerne la
disponibilité a ’état pur des congénéres nécessaires & la réalisation des solutions
étalons et le choix des composés 4 prendre en compte pour exprimer la contamination
par les PCBs.

Divers travaux rapportent une évaluation des PCBs dans Penvironnement en
terme d’indice de similitude par rapport 4 un mélange technique de PCBs pris comme
étalon. De maniére évidente, I'incertitude sur I’expression globale des PCBs augmente
avec les écarts de composition des extraits étudiés par rapport a ceux des mélanges
techniques. Le séjour des PCBs dans I'environnement entraine une évolution de leur
composition d’ott la prédominance des composés les plus persistants. Un écart notable
par rapport 4 la composition généralement observée constituerait une information sur
la bicaccumulation et la biotransformation sélective des PCBs [2].

Cependant si la chromatographie en phase gazeuse (CPG) sur colonnes
capillaires permet la résolution de la plupart des congénéres de PCBs, elle n’en pose pas
moins le probléme de leur quantification.

La quantification des PCBs au moyen de la détection & capture d’électrons
(ECD), spécifique des composés organohalogénés, nécessite impérativement une
calibration au moyen de solutions étalons du fait de ’absence de relation entre la
réponse de ce détecteur et la structure chimique d’un congénére de PCBs donné. En
outre, pour le détecteur a ionisation de flamme, les facteurs de réponse, de chaque
composé de degré de chloration donné, sont directement proportionnels a la masse
molaire du congénére de PCBs considéré. Cette proportionnalité a été notamment
vérifiée par Albro et al. [3,4]. Ainsi, la composition des mélanges techniques de PCBs
peut étre exprimée par les pourcentages molaires; ils seront donc utilisés comme
standards secondaires pour la calibration en capture d’électrons [5].

La contamination de ’environnement en Tunisie par les PCBs est patente du fait
des résidus détectés dans des matrices aussi diverses que les moules, les oeufs de
Faucon, le sang et le lait maternel comme le montre les travaux de notre laboratoire
[6-8].

11 était dés lors intéressant d’étudier dans le détail la composition de ces PCBs
d’autant que, si dans la littérature, on reléve de telles études pour I’Aroclor [9,10] et le
Clophen [11-13] il n’en est pas de meme, a notre connaissance, pour ce qui est des
Phénochlors.

Dans le présent travail, nous proposons une méthode d’analyse par congénere de
PCBs pour les mélanges techniques de Phénochlor type DP3, DP4, DP5 et DP6. Cette
méthode, basée sur la séparation par CPG sur colonnes capillaires CP-Sil 5et OV-101,
utilise d’une part les indices de rétention pour Tidentification et d’autre part la
détection a ionisation de flamme (FID) et la spectrométrie de masse (SM) pour la
quantification.

Sur un total de 82 pics apparaissant sur le chromatogramme des PCBs, une
cinquantaine ont été identifiés et quantifiés.

La distribution des groupes d’isomeéres é€lucidés, par les deux modes de
quantification, concerne environ 80% en masse pour chaque mélange.
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PARTIE EXPERIMENTALE

Les solutions de mélanges techniques de Phénochlor analysées, DP3, DP4, DP5
et DP6 (Rhone Poulenc, France) ont été préparées dans "hexane (qualité pour analyse,
Merck). Elles ont été utilisées, pour I’'analyse CPG haute resolution (CPGHR), a une
concentration de 1 ug/ul en FID et de 10 ng/ul en ECD. Quant a la concentration
utilisée pour Panalyse CPGHR-SM, elle est de 50 ng/ul.

Pour la quantification des PCBs par SM nous avons utilisé le naphtaléne
deutérié (CgDyg, Supelco) comme étalon interne. Les facteurs de réponse des PCBs de
divers niveaux de chloration, par rapport a I’étalon interne, ont été déterminés sur une
solution de 10 congénéres de PCBs (Supelco) (Tableau I). La réponse de I’étalon
interne a été calibrée sur une gamme de concentration de 10 a 50 ng/ul.

Les n-alkyltrichloroacétates caractérisés par leur grande stabilité thermique et
leur limite de détection en capture d’électron de 'ordre du picogramme, ont été utilisés
comme référence pour la détermination des indices de rétention des PCBs. Nous les
avons préparés par estérification des n-alcools correspondants Cy d C ¢, (Fluka) avec
I’acide trichloroacétique (Merck) en milieu benzénique (Prolabo), I'acide sulfurique
(Merck) étant le catalyseur [14].

La chromatographie sur colonne capillaire a été réalisée sur un chromatographe
Varian 3700 équipé d’un détecteur a capture d’électrons (Ni 63) et 4 ionisation de
flamme. Les temps de rétention, les aires des pics et le calcul des concentrations sont
fournis par un calculateur intégrateur CDS 111 associé au chromatographe. Deux
colonnes capillaires de type WCOT ont été utilisées dans cette étude, 'une en silice
fondue, de 25 m de long et de 0,32 mm de diamétre intérieur; 'épaisseur du film de la
phase CP-Sil 5 (Chrompack, Pays-Bas) recouvrant sa paroi interne est de 0,12 um.
L’autre colonne est en verre; elle mesure 25 m de long et 0,25 mm de diamétre intérieur,
sa paroi interne est recouverte d’un film de la phase OV-101 (Varian, France) dont
I’épaisseur est de 0,20 um. La température de la colonne CP-Sil 5 est programmée a la
vitesse de 3°C/min de 150 a 200°C avec un palier de 4 min a la température initiale. La
colonne OV-101 est utilisée en mode isotherme a 200°C. D’autre part, les températures

TABLEAU I

FACTEURS DE REPONSE (FR), RELATIF A C4Dy, DES CONGENERES DE PCBs, A DIVERS
NIVEAUX DE CHLORATION, DETERMINES PAR SM

Structure . [UPAC No. FR
CgDg 1,000
Cl, -2 1 1,281
Cl, -3,% 11 1,023
Cly -2,4,5 29 0,956
Cl, 22,244 47 0,765
Cls -2,3,4,5,6 121 0,670
Clg -2,2.3,3.,6,6' 136 0,621
Cl, -2,2'.3,4,5,56 185 0,478
Clg -2,2'.3,3 4,455 194 0,334
Cly -2,2',3,3.4,4,5,5.6 206 0,312

Clio 2,23,3,44.55.66 209 0,280
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du détecteur et de I'injecteur sont respectivement 300 et 260°C. La pression de
I’hydrogéne (gaz vecteur) en ECD est fixée 4 17 p.s.i. et le débit du gaz additionnel
(azote U) est de 30 ml/min. Le gaz vecteur en FID est ’hélium 4 la pression de 20 p.s.i.
Le volume injecté est de 1 ul (rapport de division: 1:10).

L’analyse CPGHR-SM a été réalisée sur un spectrométre de masse quadru-
polaire Nermag R10-10C couplé & un chromatographe Girdel 32C équipé de la
colonne capillaire CP-Sil 5 précédemment décrite. La CPGHR-SM est munie d’un
systéme de traitement des données Spectral 30. Les spectres de masse ont été
enregistrés en mode impact électronique (IE) avec une énergie d’ionisation de 70 eV et
une température de source de 200°C. La gamme de balayage des spectres est de m/z 100
a mfz 500 et couvre ainsi tous les degrés de chloration des congénéres de PCBs.

METHODE ANALYTIQUE

Analyse qualitative

Pour identifier les PCBs apparaissant sur les chromatogrammes des mélanges de
Phenochlor (Fig. 1), nous avons déterminé les temps de rétention des congénéres de
PHENOCHLOR DP3

a)
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Fig. 1. Chromatogrammes des mélanges techniques de Phénochlor; (a) DP3; (b) DP4; (c) DP5; et (d) DP6.
Appareil: Varian 3700 équipé d’un détecteur 4 capture d’électrons (Ni 63). Colonne: capillaire (WCOT), en
silice fondue, 25 m x 0,32 mm, paroi interne recouverte d’un film (0,12 um) de CP-Sil 5. Gaz: gaz vecteur
hydrogéne U (P = 17 p.s.i.); gaz additionnel azote U (30 ml/min). Conditions de température: Injecteur,
260°C; détecteur, 300°C; colonne: programmée de 150 a 200°C 4 la vitesse de 3°C/min avec un palier de 4 min
4 la température initiale.

PCBs présents dans I'Aroclor 1242, 1254 et 1016 en nous basant sur les caractéristiques
chromatographiques des PCBs données par littérature.

Pour I’Aroclor 1242, nous avons exploité les résultats de Krupcik et al. [15] sur la
colonne OV-101. Pour ce qui est de I’Aroclor 1016 et 1254, nos chromatogrammes sur
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CP-Sil 5 sont comparés a ceux de Tuinstra et Traag [9] et Ballschmiter et Zell [1].

En vue de la confirmation des congénéres de PCBs identifiés, nous avons
déterminé leurs indices de rétention () par rapport aux n-alkyltrichloroacétates, en
ECD, sur les colonnes OV-101 (en isotherme, /) et CP-Sil 5 (en programmation de
température, I,,)) selon les expressions suivantes [16]:

log(TR(x)/ TR(Z))
L, = 100 + 100z
® 0g(TR(z+ 1)/ TRz)
TR(X) — TR(Z)
L = 100———7""— 14 100z
® TR(z+ 1) — TR(Z)

dans lesquelles I, est I'indice du congénére x, TR, est le temps de rétention du
n-alkyltrichloroacétate dont le pic émerge immédiatement avant celui du soluté x et
dont le nombre d’atomes de carbone du radical n-alkyle est z. TR, + 1 est le temps de
rétention du n-alkyltrichloroacétate, immédiatement élué apres le soluté x, dont le
nombre d’atomes de carbone du radical n-alkyle est z+1.

Quant aux degrés de chloration des différents congénéres de PCBs, ils ont été
élucidés a partir de nos résultats obtenus par la SM.

Meéthode de calcul
La lecture des chromatogrammes des mélanges commerciaux de Phénochlor, en

FID, a permis de déterminer leur composition massique. En fait le pourcentage
molaire des congénéres identifiés dans un mélange de PCBs est calculé a partir des aires
des pics correspondants. Quant a la fraction massique x; de chaque PCB, elle est
donnée par I’expression suivante:

AiMi
X; = ——

2. AM;

Pour un congénére i, A; et M; représentent respectivement 'aire du pic et la masse
molaire. En cas de coélution, le facteur x; a deux significations:

(a) Pour des congénéres isoméres, x; donne une valeur unique relative a la
fraction massique des deux congénéres a la fois.

(b) Pour des congénéres non-isoméres, la composition relative n’étant pas
connue, x; donne une valeur estimée.

L’analyse des mélanges techniques de PCBs par SM nécessite impérativement la
calibration des PCBs de différents niveaux de chloration [17-19]. De ce fait, un des
isoméres de chaque degré de chloration est utilisé pour représenter tous les isoméres
d’un groupe donné. Ainsi une solution standard renfermant les dix PCBs sélectionnés
et un étalon interne (naphtaléne deutéri¢) est alors analysée afin de déterminer le
facteur de réponse de chaque congénére. Ce facteur est alors obtenu pour chaque PCB
de calibration puis utilisé dans la quantification des mélanges techniques.

Pour chaque degré de chloration, les facteurs de réponse, par rapport a I’étalon
interne, sont reportés sur le Tableau 1.



CPGHR-SM DES PHENOCHLORS 229

Le facteur de réponse FR; d'un congénére £, relatif 4 'étalon interne E;, est donné
, )
par 'expression:

(A:iCg)
(4p,C)

FRi -

dans laquelle 4; et Ag, sont respectivement les aires des pics du congéncre i et de ’étalon
interne E;, C; et Ci, les concentrations du congénere i et de I'étalon interne E;.

RESULTATS ET DISCUSSION

Sur le Tableau II figurent les pourcentages massiques déterminés par FID
(séparation effectuée sur OV-101) et SM et les indices de rétention relatifs a la
séparation sur la colonne CP-Sil 5, des congéneres identifiés dans le DP3, DP4, DP5 et
le DP6. _

Pour les pics résolus, la différence des valeurs des indices mesurés (par rapport
aux n-alkyltrichloroacétates) et calculés (par addition des indices de rétention des
demi-structures) est située dans une marge de +2 unités, marge analogue a celle
d’autres auteurs [1,3].

Les PCBs dont la séparation n’est pas satisfaisante sont, de ce fait, entachés
d’ambiguité. D’ailleurs, plusieurs auteurs, disposant d’un certain nombre de con-
généres et utilisant le couplage CPGHR-SM signalent la difficulté qu’il y a a distinguer
deux isoméres de PCB coélués [9,15]. Dans notre cas, nous avons obtenu avec la
colonne CP-Sil 5 des interférences pour huit paires d’isoméres, huit paires de
congénéres non-isoméres et une paire d’isoméres avec un congénére non-isomere.
Lorsqu’on travaille avec la colonne OV-101, I'ordre d’élution est légerement différent:
les congénéres 28 et 31 sont séparés, ainsi que le 85 et le 136 qui coéluaient pourtant sur
la phase précédente. Quant aux congénéres 15 et 17, ils sont dans ce cas co€lués. Des
interférences analogues ont été signalées pour diverses colonnes dans la littérature [4].

La distribution des groupes d’isoméres de PCB pour les quatre mélanges de
Phénochlor est donnée sur le Tableau III. Chaque mélange renferme plus de quatre
groupes d’isoméres a ’exception du DP3 ou il y a essenticllement trois groupes. Le
groupe majoritaire dans le DP3 est celui des biphényles trichlorés, pour le DP4 c’est
celui des tétrachlorés, alors que les biphényles hexachlorés prédominent dans le cas du
DP6. Le mélange technique DP5 renferme quant a lui trois groupes d’isomeres assez
disparates: tétra-, penta- et hexachlorés.

Nos résultats pour ces deux modes de quantification, FID et SM, sont en accord
quant & la composition des Phénochlors, toutefois la distribution en pourcentage
massique des groupes d’isomeres élucidés pour chaque mélange est plus importante
par la spectrométric de masse. Ces écarts pourraient bien évidemment trouver leur
origine dans les caractéristiques différentes des deux techniques et des possibles causes
d’erreur susceptibles de les entacher (pour la FID: réponse faible pour les congénéres
les plus chlorés; pour la SM: vitesse de balayage, nombre de mesure sous chaque pic).

CONCLUSION

Ce travail a permis pour la premiére fois, & notre connaissance, d’élucider en
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grande partie la composition des mélanges techniques de Phénochlors. Partant de ce
resultat, il devient maintenant possible d’obtenir a partir d’une information qualitative
des résultats quantitatifs fiables. L’utilisation des indices de rétention, la linéarité entre
la réponse en FID et la masse molaire d’un PCB en vue de 'analyse des composés
présents dans les Phénochlors DP3, DP4, DP5 et DP6 permettent I’attribution, dans la
majeure partie des cas, d’un pic 4 un congénére déterminé ainsi que sa quantification.
Ces mélanges peuvent alors étre utilisés comme standards secondaires lors de I’analyse
des résidus de congénéres de PCBs dans les échantillons les plus divers.
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Determination of phenoxy ester herbicides by gas and high-
performance liquid chromatography

C. SANCHEZ-BRUNETE, S. PEREZ and J. L. TADEO*
Departamento de Proteccion Vegetal, CIT-INIA, Aptdo. 8111, 28080 Madrid ( Spain)

ABSTRACT

The determination of phenoxy ester herbicides was carried out by high-performance liquid (HPLC)
and gas chromatography (GC) and their identification by GC-MS spectrometry. Standards of herbicide
esters were obtained from the appropriate acid and a suitable alcohol, mainly 2-butoxyethyl, isooctyl or
isobutyl alcohol, using acetyl chloride as a catalyst. The mixture was heated at 100°C for 1 h, after cooling 2
mi of acetate buffer (pH 4.6) were added and then the mixture was diluted to volume with methanol. Good
ester conversion (>95%) was achieved. The phenoxy esters were analysed by reversed-phase HPLC on a
Spherisorb ODS-2 (5-um) column with acetonitrile—water (85:15) as mobile phase at a flow-rate of 1
ml/min and UV detection at 280 nm. GC was performed on a BP-5 capillary column with helium as carrier
gas (10 ml/min) and flame ionization detection. Esters were identified by GC—ion trap detection on a BP-1
capillary column. Several mixtures of phenoxy ester herbicides in formulations were analysed using the
proposed methods and good agreement between the HPLC and GC results was obtained.

INTRODUCTION

Phenoxy acids are an important group of selective herbicides usually formulated
in the form of salt or alkyl esters. Analysis of phenoxy ester formulations is based on
hydrolysis to the corresponding acid, which is determined by high-performance liquid
chromatography (HPLC) [1,2] or gas chromatography (GC) after methylation [3].
Therefore, the acid equivalent and not the ester concentration is determined.

Esterification of phenoxy acids has been reviewed by Cochrane [4] and several
workers have carried out derivatization with diazomethane [5], boron trifluoride—
methanol [5,6] or fuming sulphuric acid—ethanol [7]. Noble [8] proposed the use of
acetyl chloride and the appropriate alcohol to obtain standards of the different
phenoxy esters used in commercial formulations. These standards can be used to
determine phenoxy esters in pesticide formulations by direct GC analysis.

The aim of this work was to study the determination of phenoxy ester herbicides
in formulations by HPLC and GC and their identification by GC—ion trap detection
(ITD). The results are compared with those obtained by HPLC determination of the
corresponding acids, based on the AOAC method [1].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Instrumentation

The liquid chromatograph was a Beckman Model 421A equipped with a 20-ul
loop injector, a Model 160A fixed-wavelength UV detector, a Spectra-Physics SP4290
integrator and a Spherisorb ODS-2 (C;g) column (250 x 4.6 mm 1.D.).

A Perkin-Elmer Model 8500 gas chromatograph with a flame ionization
detector, an ion trap detector (Finnigan) and a split/splitless injector was employed.

HPLC

Phenoxy esters. Acetonitrile-water (85:15) was used as the eluent at a flow-rate
of 1 mil/min. The detection wavelength was fixed at 280 nm. The herbicide
concentration was calculated by comparing the peak areas obtained for samples with
those obtained for standards.

Phenoxy acids. Acetonitrile-0.2% acetic acid (40:60) was used at a flow-rate of
1.5 ml/min. The detection wavelength was fixed at 280 nm. The equivalent
concentration of esters was calculated by comparing the peak areas obtained for
hydrolysed samples with those obtained for the acid standards and then corrected by
multiplying by the ratio MW g.,/MW, 4.

GC

A BP-5 fused-silica column (12 m x 0.53 mm I.D.) with a film thickness of 1 um
was used with helium as the carrier gas at a flow-rate of 10 mi/min and flame ionization
detection. The temperature programme was 180°C, held for 5 min, increased at
25°C/min to 250°C, held for 10 min. A I-ul volume of sample was injected and the
herbicide concentration was calculated by comparing the peak areas obtained for
samples with those obtained for the ester standards.

Identification was carried out by GC-ITD with a BP-1 capillary column (12
m x 0.22 mm I.D.) and helium as carrier gas at a flow-rate of 10 ml/min. The
temperature programme was 85°C, held for 5 min, increased 20°C/min to 250°C, held
for 5 min. A 2-ul volume was injected with the split closed for 1 min.

Mass spectrometric acquisition parameters

The following conditions were used: transfer line temperature, 250°C; mass
range, 40-350 dalton; scan rate, 0.5 s per scan, 2-uscans; r.f. voltage, 1.1 MHz and
0-7.5 kV; automatic gain control from 78 us to 25 ms; solvent delay, 3 min.

Materials

Phenoxy acids were obtained as test substances from several manufacturers:
2,4-D [(2,4-dichlorophenoxy)acetic acid] from Condor (Middlesex, U.K.); 2,4-DP
[(2,4-dichlorophenoxy)propionic acid] from BASF (Ludwigshafen, Germany);
MCPA [(4-chloro-2-methylphenoxy)acetic acid] and MCPP [(4-chloro-2-methylphe-
noxy)propionic acid] from Azko (Rotterdam, The Netherlands).

Preparation of standard solutions
Esters. A mixture (1:5) of acetyl chloride and a suitable alcohol was prepared,
previously cooling the alcohol in an ice-bath. A 2-ml volume of the mixture was added
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to 50 mg of the phenoxy acid and the resulting mixture was then heated at 100°C in
a sand-bath for 1 h. After cooling to room temperature, 2 ml of acetate buffer (pH 4.6)
were added and the solution was transferred to a 100-ml volumetric flask with
methanol.

Acids. A 50-mg amount of the phenoxy acid was dissolved in 100 ml of methanol.

Ester hydrolysis. A 100-mg amount of the corresponding phenoxy ester, or the
equivalent amount of the formulated herbicide, was dissolved in 50 ml of methanol and
20 ml of 5 M potassium hydroxide solution. After reaction for 1 h, the mixture was

acidified to pH 6 with 10 M acetic acid (ca. 0.8 ml) and diluted to the final volume
(100 ml) with methanol.

RESULTS AND DISCUSSION

The different esters of the phenoxy acids were obtained by the procedure
described above. The ester conversion was >95% in all instances, which is in
agreement with the results obtained by Noble [8].

The determination of phenoxy esters was accomplished by HPLC and GC under
the conditions given above and their retention times are shown in Table I. Direct GC
analysis of phenoxy esters in formulations has been carried out previously by other
workers [8—10]. However, the determination of these compounds by HPLC has usually
been done after hydrolysis to the acids, using different alkyl-silica columns and
buffered mobile phases [1,2,11,12]. In this work, an alternative HPLC method for the
determination of these herbicides as esters was developed. Although UV detection at
220 nm showed a sensitivity about five times higher, the response at 280 nm produced
a cleaner baseline and was selected for the determination. Under these conditions, the
detection limit was about 20 ng for each phenoxy ester. These compounds were also
determined by HPLC after hydrolysis to the free acids (Table II). The sensitivity
obtained with this procedure, which is based on the AOAC method [1], was about 50%
lower than that achieved with the proposed HPLC method for the esters. Some
representatives chromatograms are shown in Fig. 1.

Individual phenoxy esters have been identified previously by capillary GC on the
basis of their retention times {8]. In this work, the identification of the phenoxy esters

TABLE I
RETENTION TIMES OF PHENOXY ESTERS DETERMINED BY HPLC AND GC

HPLC: column, Spherisorb ODS-2 (C,4) (250 x 4.6 mm I.D.); mobile phase, acetonitrile-water (85:15),

flow-rate, 1 ml/min. GC: column, BP-5 (12 m x 0.53 mm [.D.); carrier gas, helium at a flow-rate of 10
mi/min.

Ester Retention time (min)
HPLC GC

2,4-D 2-butoxyethyl 512 7.37

2,4-D isobutyl 5.15 3.75

2,4-DP 2-butoxyethyl 6.28 7.08
MCPA 2-butoxyethyl 5.26 6.89
MCPP 2-ethylhexyl 14.10 6.73
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TABLE I
RETENTION TIMES OF PHENOXY ACIDS DETERMINED BY HPLC

Column, Spherisorb ODS-2 (C,5) (250 x 4.6 mm 1.D.); mobile phase, acetonitrile-0.2% acetic acid (40:60);
flow-rate, 1.5 ml/min.

Acid Retention time
(min)

2,4-D 7.50

2,4-DP 11.27

MCPA 7.73

MCPP 12.00

was carried out by GC-ITD. The mass spectra of these compounds show a molecular
ion with high relative abundance in all instances [13,14], which for MCPA and MCPP
esters represents the base peak of the spectrum. For the 2-butoxyethyl esters
a remarkable peak is observed at m/z M — 73 caused by the loss of the -O(CH,);CHj3
fragment. The spectra of 2,4-D esters show the base peak at m/z 57 (C4Hg) or mjz 41
(C3H1), which correspond to the alcohol portion of the ester; these ions are also
present in the spectra of MCPA and MCPP esters. All the phenoxy esters (RCOOR’)
show the R* ion. Fig. 2 shows the mass spectra of some 2,4-D esters.

1.2
234
3
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5 c
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4 |
A
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Fig. 1. (A and B) HPLC of phenoxy acids and phenoxy esters. (A) 1 = 2,4-D; 2 = MCPA; 3 = 2,4-DP;
4 = MCPP. (B) | = 2,4-D 2-butoxyethyl ester; 2 = MCPA 2-butoxyethyl ester; 3 = 2,4-D 2-ethylhexyl
ester; 4 = MCPA 2-ethylhexyl ester. (C) GC of phenoxy esters. 1 = 2,4-D isobutyl ester; 2 = MCPA
2-butoxyethyl ester; 3 = 2,4-DP 2-butoxyethyl ester; 4 = 2,4-D 2-butoxyethyl ester.
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Fig. 2. Mass spectra of (A) 2,4-D 2-butoxyethyl ester and (B) 2,4-D isobutyl ester.

Several phenoxy esters were determined in technical materials and commercial
formulations following the described procedures. Table III shows the results of the
determination of these compounds as esters by HPLC and GC and after conversion to
acids by HPLC. Good agreement between the HPLC and GC results was obtained in
the ester determination. The equivalent values obtained by HPLC of the acids, based
on the AOAC method [1], were also very close to those of the ester determination.

TABLE III

DETERMINATION OF PHENOXY ESTERS IN TECHNICAL MATERIALS AND COMMERCIAL

FORMULATIONS

Sample Active ingredient found + S.D. (%)*

Acid Ester HPLC GC: ester
Acid Ester

2,4-D 2-Butoxyethyl 31.14 + 1.50 3040 + 0.83 29.20 + 0.47

2,4-D Isobuty! 96.40 + 1.30  97.30 £ 0.56 97.00 + 0.48

24-D Isobutyl 37.00 £ 1.15 3730 + 085 37.70 + 0.30

2,4-DP 2-Butoxyethyl 9220 + 2,74 9200 + 220 91.90 + 1.30

2,4-DP  2-Butoxyethyl 31.00 + 1.30  30.60 + 1.06 29.80 + 0.54

MCPA  2-Butoxyethyl 2320 £ 070 22.80 + 0.50 22.60 + 0.70

MCPP 2-Ethylhexyl 9330 + 235 9190 + 145 91.90 + 145

“ Values are the means of five determinations + standard deviation.
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Nevertheless, the proposed methods determine the specific ester concentration instead
of the acid equivalent concentration obtained with the AOAC method.

CONCLUSION

The HPLC and GC methods proposed for the determination of phenoxy esters
in formulations are simple, fast and reproducible. They allow the specific determina-
tion of esters with reliability and the results are in agreement with those obtained by the
official method based on conversion to acids.

The HPLC method has the advantage that the phenoxy acids and the phenoxy
esters can be analysed with the same column. On the other hand, the GC-ITD method
allows the identification of the phenoxy esters from their mass spectra.
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ABSTRACT

A fast, single-step and efficient partition between n-hexane and acetonitrile on ready-to-use, dis-
posable cartridges of Kieselghur-type material has been developed for the separation of organochlorine
(OC) pesticide residues from oils and fats. The extract is cleaned up with Florisil minicolumn chromatogra-
phy, followed by a solid-matrix sulphuric acid treatment. Carry-over of lipid material through the partition
step is lower compared to conventional, separatory-funnel partition. Recovery of eighteen OC pesticides
from 1.0 g olive oil was between 72% and 104% at spiking levels between 0.01 and 0.15 mg/kg for the
different compounds.

INTRODUCTION

One of the major problems the analyst faces in the determination of orga-
nochlorine (OC) pesticide residues in fats and oils is the isolation of pesticide residues
from the bulk of lipidic material.

To this end, several techniques are in use including separatory-funnel partition
between immiscible solvents [1,2], size-exclusion chromatography [3-6] or sweep co-
distillation [7-11]. Adsorption column chromatography on Florisil [12-14], alumina
[15] or silica gel [16] has been used as a final clean up step before determination by gas
chromatography (GC) with electron-capture detection (ECD).

All the above-mentioned procedures for the isolation of OC pesticide residues
from fatty materials involve time-consuming operations, reusable glassware, large
amounts of solvents and reagents, maintenance of costly apparatus and skilled oper-
ators.

In previous papers [17,18] we have reported that the traditional partition be-
tween n-hexane and acetonitrile can be carried out advantageously on disposable,
ready-to-use Extrelut columns (filled with macroporous diatomaceous earth) for the
isolation of organophosphate (OP) pesticide from several vegetable oils.

The purpose of the present paper is to describe the ability of the solid-matrix
partition step to isolate several OC pesticide residues from different fatty materials.

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Reagents and materials

Analytical-reagent-grade chemicals were used. Light petroleum (40-60°C), »-
hexane, iso octane, benzene, cthyl acetate, acetonitrile (saturated with n-hexane) and
methanol were redistilled from an all-glass apparatus. Sulphuric acid (95%, density
1.824 g/ml) was used. Florisil PR, 60-100 mesh (Supelco, Bellefonte, PA, USA), was
activated at 130°C overnight. Extrelut-3® and Extrelut-1® columns (E. Merck, Darm-
stadt, Germany, Cat. Nos. 15372 and 15371, respectively) were used with a disposable
needle (E. Merck, Cat. No. 15373) at the column end as a flow restrictor. OC refer-
ence standards were from the collection in this laboratory.

Apparatus

The analyses were carried out on a DANI 6800 gas chromatograph equipped
with an electron-capture detector. A glass column (1.8 m x 4 mm 1.D.) was packed
with OV-17 plus QF-1 (1.5% and 1.95%, respectively) on Chromosorb W HP, 100—
120 mesh. The temperatures were as follows: oven, 210°C; inlet block, 230°C; outlet
block, 250 °C; detector, 250°C. The carrier gas was nitrogen at a flow-rate of 55
ml/min. A rotary evaporator (bath temperature, 40°C; reduced pressure) was used to
concentrate solutions.

Procedure

Between 2 and 3 g of lipidic material were placed in a 5-ml volumetric flask,
dissolved and diluted to volume with n-hexane. Then, 3 m! of the solution was trans-
ferred to an Extrelut-3 column which was left to equilibrate for 10 min. The column
was then eluted under gravity alone with three 5-ml portions of acetonitrile saturated
with n-hexane. Eluates were collected in a 50-ml Erlenmeyer flask, 4 ml of methanol
added, and the solution was carefully concentrated to dryness by means of rotary
evaporator. Any traces of solvent were removed with a gentle stream of nitrogen.

The residue was dissolved in 1 ml n-hexane and quantitatively transferred with
n-hexane washings to a Florisil column [19] (2.5 g in 2 300 mm x 10 mm 1.D. glass
column with PTFE stopcock). The column was then eluted with 50 ml of n-hexane—
benzene—ethyl acetate (180:19:1) at a flow-rate of 2-3 ml/min. The eluate was careful-
ly concentrated to dryness, dissolved in 2 ml of isooctane and analysed by GC-ECD
for the determination of heptachlor epoxide, dieldrin, endrin and metoxychlor, which
otherwise would be destroyed by the successive sulphuric acid clean-up, and, if pos-
sible, of other compounds. To remove interfering peaks that prevent the determina-
tion of some compounds, the extract was quantitatively transferred with light pet-
roleum washings onto an Extrelut-1 column previously loaded with 1 ml
concentrated sulphuric acid [20].

The Extrelut-1 column was eluted with four 5-ml portions of light petroleum.
All the solvent eluates from the column since the transfer of the sample solution were
collected, carefully concentrated to dryness and dissolved in 2 ml isooctane.

The final samples were analysed by GC-ECD. For recovery experiments the oil
or fat samples were weighed and dissolved, and diluted with the solution of standard
compounds.
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RESULTS AND DISCUSSION

Extrelut-3 columns are ready-to-use, disposable glass cartridges filled with a
macroporous diatomaceous earth with a nominal volume of 3 ml. In this procedure,
the cartridges were used as a solid support to carry out the liquid-liquid partition to
separate OC pesticide residues from the bulk of lipidic material.

The performance of the solid-matrix partition system has been studied with
respect to its ability to remove lipidic material and to recover a number of the most
commonly sought OC pesticide residues.

In Table I are presented data that show the removal of lipidic material through
liquid-liquid partition on Extrelut-3 and Florisil column chromatography.

Five different vegetable oils and one animal fat were used to test the perform-
ance of the solid-matrix partition step. The oils were commercial samples from the
retail market; the animal fat was extracted from “speck™ (a ham typical of a north-
eastern region of Italy) with n-hexane-acetone (1:1).

Data in Table I indicate that with up to 1.8 g of olive oil, peanut oil and corn oil
a fair removal of the bulk of lipid could be obtained with the Extrelut-3 column
partition alone. With soya bean oil, mixed seed oil and pork fat, a slightly worse
performance was observed. However, even in the worst cases the difference can be
explained primarily by the differences in the composition of lipids tested. Also, the
fact that the tests were carried out at different times, with different batches of Extre-
lut-3 columns and acetonitrile could have contributed. The reduced carry-over of
lipidic material through the partition step allows the use of a minicolumn of Florisil
for clean-up, with substantial saving of solvents and time, compared to classical
separatory-funnel partition [1,2].

Under the conditions adopted, the amount of lipids released into the aceto-
nitrile eluate did not vary greatly with the amount applied to the Extrelut-3 column.
As to the maximum amount of lipid that can be loaded on the Extrelut-3 columns, it

TABLE I
REMOVAL OF THE LIPIDIC MATERTAL THROUGH THE STEPS OF THE DESCRIBED PROCEDURE

Lipid Amount applied Amount in the eluate after Amount in the eluate after
type to Extrelut-3 column Extrelut-3 partition £ S.D. Florisil chromatography
(& (mg) + S.D. (mg)
Olive oil 1.0 189 £ 1.53 (n=7) 2.5+ 093 (n=7).
1.8 314 £ 3.60 (n=6) -1
Peanut oil 1.0 52.8 £ 9.01 (n=3) 10.6 £ 6.2 (n=3)
1.8 26.1 £ 1.03 (n=6) =
Corn oil 1.5 378 (n=1) 73 (m=1)
539 (n=1) 35(m=1)
1.8 34.8 £ 5.76 (n=6) -
Soya bean oil 1.8 210.9 £ 9.80 (n=6) -
Mixed seed oil 1.8 126.4 £ 9.80 (n=6) o=
Pork fat 0.4-09 (n=9) 77.5 + 28.43 (n=9) 6.3 £ 109 (n=9)

extracted from speck

¢ Not determined.
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should be noted that a substantial portion of the nominal volume of 3 ml should be
left to the n-hexane in order that a true n-hexane-acetonitrile partition takes place.
With applied amounts higher than those in Table I, the sample becomes too viscous
and is not readily sorbed into the Extrelut particles. So, a true partition between
immiscible solvents does not occur and a tendency for the sample to be mechanically
displaced into the acetonitrile eluate was observed.

The extraction p values (the fraction of solute partitioning into the non-polar
phase of an equivolume two-phase system [21,22]) of the compounds studied can be
used as a criterion to estimate the range of applicability of the partition step. As can
be seen from the extraction p values given in Table II, pesticides having p values
between n-hexane and acetonitrile lower than 0.91 were satisfactorily recovered from
1.0 g of olive oil, indicating a good performance of the method also with respect to
highly lipophilic compounds such as mirex (p = 0.91). The 15-ml volume of aceto-
nitrile, chosen on the basis of our previous works [17,18], proved to be sufficient to
recover the studied compounds. So, no further refinement was deemed necessary.

The sample extracts were cleaned up by Florisil column chromatography as
reported by Suzuki ez al. [19]. This clean-up without any modification proved to be

TABLE 11

MEAN

RECOVERY VALUES OF EIGHTEEN ORGANOCHLORINE PESTICIDES FROM 1.0 g OF OLIVE

OIL THROUGH THE DESCRIBED PROCEDURE

Pesticides” Recovery Spiking level p Value®
(mean £ S.D,, n=6) (%) (mg/kg)
This laboratory? Others*

HCB 724 £ 9.78 0.01 0.89 -
o-HCH 99.5 + 9.81 0.01 0.03 -
-HCH 98.7 + 9.87 0.01 0.11 0.12
f-HCH 91.6 £ 8.53 0.02 0.05 -
6-HCH 104.5 £ 9.13 0.01 0.10 -
Aldrin? 86.2 + 8.91 0.01 0.64 0.73
Heptachlor epoxide? 829 + 7.99 0.01 0.24 0.29
t-Chlordane 89.8 £ 7.45 0.03 0.34 0.40
o-Chlordane 894 + 9.55 0.03 0.31 -
p.p'-DDE 89.7 £ 9.39 0.03 0.52 0.56
Dieldrin? 953 + 7.23 0.05 0.30 0.33
o,p"-TDE 93.1 + 8.41 0.05 0.21 -
Endrin* 101.2 £ 8.51 0.05 0.34 0.35
o,p'-DDT 94.8 + 8.51 0.05 0.47 0.47
p.p-TDE 91.4 £ 7.59 0.05 0.18 0.17
p.p-DDT 96.9 £ 9.49 0.05 0.34 0.38
Endosulphan sulphate® - 0.06 <0.01 —
Mirex 854 + 9.04 0.11 0.76 0.91
Methoxychlor? 101.3 + 8.72 0.15 0.04 0.07

p values between n-hexane and acetonitrile.
b p values by GC-ECD after single distribution between equal volumes of n-hexane and acetonitrile.
¢ p values from refs. 21 and 22.

¢ Compounds which have been determined after the Florisil clean-up alone.

¢ Not recovered through the Florisil clean-up.

I All abbreviations used are according to ref. 23.
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generally effective with a lipid load up to about 100 mg. After Florisil column chro-
matography the amount of lipid left in the eluate is below 10 mg (see Table I). When
necessary (for example, soya bean oil and mixed seed oil) the Florisil column chroma-
tography can be conveniently scaled up.

Recovery experiments were carried out by spiking olive oil, chosen as a model
lipid, with nineteen OC pesticides at levels ranging, for the different compounds,
between 0.01 and 0.15 mg/kg. The compounds selected for the tests include the most
commonly sought OC pesticides. In Table IT are presented the results of the recovery
experiments, which show satisfactory values for the compounds studied, with the
exception of endodulfan sulphate. This compound proved to be retained on the Flo-
risil column. However, on the basis of its p value, it is reasonable to assume that it can
be recovered through the solid-matrix partition step. Some of the compounds (name-
ly, heptachlor epoxide, dieldrin, endrin and metoxychlor) were determined after Flo-
risil column chromatography and the others after sulphuric acid treatment. Indeed,
with certain samples after Florisil chromatography large tailing after the injection
and some negative peaks prevented or made it difficult to allocate a good baseline for
the determination of some compounds. In these cases an additional clean-up by
solid-matrix sulphuric acid treatment [20] was sufficient to remove the interference
and to give a clean GC baseline, almost resembling that obtained by injection of the
standard mixture. In Fig. 1 are shown typical gas chromatogram obtained by in-

T T T T T
ole]elB]
3109 5 2

[0]%[2]8 min

27 B 3/ 5

Fig. 1. Typical gas chromatograms of an extract of 1 g olive oil spiked with nineteen OC pesticides at levels
shown in Table I1 after Florisil clean-up (A), the same sample after the additional sulphuric acid treatment
(B), and the standard solution of nineteen OC pesticides (C), each of which at concentrations equivalent to
the spiking levels. Peaks: | = HCB; 2 = o-HCH; 3 = t-HCH; 4 = -HCH; 5 = 6-HCH; 6 = aldrin; 7 =
heptachlor epoxide; 8 = t-chlordane; 9 = a-chlordane; 10 = p,p'-DDE; 11 = dieldrin; 12 = 0,p’-TDE;
13 = endrin; 14 = 0,p-DDT; 15 = p,p"-TDE; 16 = p,p’-DDT; 17 = endosulfan sulphate; 18 = mirex;
19 = methoxychlor; 20 = §-keto-Endrin. (For conditions see text.) The abbreviations used are according
to ref. 23.
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Jecting an extract of spiked olive oil after Florisil clean-up (A) and the same sample
after the-additional clean-up by sulphuric acid (B) in comparison with the gas chro-
matograms of the standard mixture (C).

The behaviour of the studied compounds during the sulphuric acid treatment
on Extrelut-1 has already been reported by us [20]. In particular, endrin and me-
thoxychlor are almost completely lost through sulphuric acid clean-up, while dieldrin
is recovered as endrin ketone, which appears as a peak with a retention time longer
than that of the parent compound. Although aldrin and heptachlor epoxide were well
recovered as pure compounds through sulphuric acid clean-up in our previous work
[20], in this procedure they are better determined after Florisil clean-up as they appear
to be somewhat retained by the additional sulphuric acid clean-up step. This effect is
probably due to the presence of the small amount of charred material that forms on
the top of the solid-matrix column loaded with sulphuric acid. Of course, the amount
of the charred material depends on the amount of lipid left in the eluate after Florisil
and this, in its turn, on the type of fatty material analysed (see Table I).

Thus, to overcome a possible influence of variable amounts of charred material
on the recovery of the other compounds also studied, we decided to elute the solid-
matrix sulphuric acid column with a total of 20 ml of light petroleum, instead of 10 ml
as reported in our previous paper [20]. Indeed, recovery experiments with lipids other
than olive oil gave values consistent with those shown in Table II.

After sulphuric acid clean-up, the final eluate contains very low amounts (in the
order of 1-2 mg) of lipidic material and for this reason is amenable to both packed
and capillary on-column injection systems. The gas chromatograms after sulphuric
acid treatment are free from interfering peaks and are almost indistinguishable from
those obtained with the standard solution of pure pesticides (see Fig. 1).

Finally, it is reasonable to assume that other chlorinated compounds, such as
polychlorinated biphenyls (PCBs) can be recovered through the described procedure,
However, the samples used for recovery experiments were “blanks” under the condi-
tions adopted. So, the determination of organochlorine pesticide should not have
been impaired by the presence of PCBs, which normally occur at levels well below
those used for recovery experiments. Indeed, the main scope of the present work was
to demonstrate that a rapid, simple solid-matrix partition can be a substitute for the
conventional techniques used for the separation of organochlorine pesticides from
the bulk of lipidic material, i.e., separatory-funnel partition between immiscible sol-
vents [1,2], size-exclusion chromatography [3-6] or sweep co-distillation [7-11].

CONCLUSIONS

The described procedure consists of a solid-matrix partition step followed by
two clean-up steps, the sulphuric acid treatment step being optional, depending on
the compounds being determined and/or on the sample matrix. It offers a simple,
rapid way to determine OC pesticides residues in oils and fats. The solid-matrix
partition step offers significant savings of glassware, solvents, reagents and time com-
pared to conventional techniques used. Furthermore, the clean-up is based on simple
operations which require a minimum of reagents and glassware and do not require
skilled operators or costly apparatus.



SEPARATION OF ORGANOCHLORINE PESTICIDES 247

REFERENCES

1

2

L w

[« ¥}

oo~

10
11
12

13
14
15
16
17

19
20

21
22
23

S. Williams (Editor), Official Methods of Analysis, Association of Official Analytical Chemists, Arling-
ton, VA, l4thed., 1984, sec. 29.014.

M. J. de Faubert Maunder, H. Egan, E. W. Godly, E. W. Hammond, J. Roburn and J. Thomson,
Analyst ( London), 89 (1964) 168.

S. Williams (Editor), Official Methods of Analysis, Association Official Analytical Chemists, Arlington,
VA, l4th ed., 1984, sec. 29.037.

L. D. Johnson, R. H. Waltz, J. P. Ussary and F. E. Kaiser, J. Assoc. Off. Anal. Chem., 59 (1976) 174.
M. P. Seymour, T. M. Jefferies and L. J. Notarianni, Analyst ( London), 111 (1986) 1203.

A.H. Roos, A.J. Van Munsteren, P. M. Nab and L. G. M. Th. Tuinstra, Anal. Chim. Acta, 196 (1987)
9s.

R. W. Storherr and R. R. Watts, J. Assoc. Off. Anal. Chem., 48 (1965) 1154.

J. Pflugmacher and W. Ebing, Z. Anal. Chem., 263 (1973) 120.

M. Eichner, Z. Lebensm.-Unters.-Forsch., 167 (1978) 245.

B. Luke and J. C. Richards, J. Assoc. Off. Anal. Chem., 67 (1984) 295.

S. L. Head and V. W. Burse, Bull. Environ. Contam. Toxicol., 39 (1987) 848.

S. Williams (Editor), Official Methods of Analysis, Association of Official Analytical Chemists, Arling-
ton, VA, 14th ed., 1984, sec. 29.015.

B. McMahon and J. A. Burke, J. dssoc. Off. Anal. Chem., 61 (1978) 640.

T. Stijve and E. Cardinale, Mitt. Gebiete Lebensm. Hyg., 65 (1974) 131.

A. V. Holden and K. Marsden, J. Chromatogr., 44 (1969) 481.

H. Steinwandter and H. Schluter, Z. Anal. Chem., 286 (1977) 90.

A. Di Muccio, A. M. Cicero, 1. Camoni, D. Pontecorvo and R. Dommarco, J. Assoc. Off. Anal. Chem.,
70 (1987) 106.

A. Di Muccio, A. Ausili, L. Vergori, I. Camoni, R. Dommarco, L. Gambetti, A. Santillio and F.
Vergori, Analyst (London), 115 (1990) 1167.

T. Suzuki, K. Ishikawa, N. Sato and K.-I. Sakai, J. dssoc. Off. Anal. Chem., 62 (1979) 681.

A. Di Muccio, A. Santillio, R. Dommarco, M. Rizzica, L. Gambetti, A. Ausili and F. Vergori, J.
Chromatogr., 513 (1990) 333.

M. C. Bowman and M. Beroza, J. Assoc. Off. Anal. Chem., 48 (1965) 943.

M. Beroza, M. N. Inscoe and M. C. Bowman, Residue Rev., 30 (1969) 1.

C. R. Worthing (Editor), The Pesticide Manual, The British Protection Council, Thornton Heath, 8th
ed., 1987.






Journal of Chromatography, 552 (1991) 249-257
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2355

Rapid method for the determination of organochlorine
pesticides in milk
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Robens Institute, University of Surrey, Guildford, Surrey GU2 5XH (UK)

ABSTRACT

This method involved one step solvent extraction of milk with ethyl acetate-acetone-methanol by
ultrasonication. The supernatants were further cleaned-up and enriched by solid-phase extraction using
octadecyl (C,4)-bonded silica cartridges, then assayed by capillary gas-liquid chromatography with elec-
tron capture detection. The recoveries of eleven organochlorine pesticides (OCPs) from raw milks were
quantitative, ranging from 90-110% at 10 times the limit of detection (LOD). The LOD ranged from 0.5
pg/l whole milk for a-hexachlorocyclohexane to 2.5 ug/l whole milk for 1,1,1-trichloro-2,2-bis(p-chlo-
rophenyl)ethane. The day-to-day variation of the method was evaluated over 7 days using 3 different pools
of spiked cow milks (at the LOD, 5 and 10 times the LOD). The coefficient of variations (C.V.s) were
16+6, 10£2 and 94 3% (mean S.D.), respectively.

The method showed no emulsion problems common with conventional non-polar solvent extraction,
and the use of solid-phase extraction considerably reduced the sample clean-up process compared with the
existing methods. The method also showed that OCPs in milk could be extracted quantitatively without
extraction of total fat, and that OCPs spiked into cows milk could be used to construct calibration curves
for human milk determinations.

INTRODUCTION

Organochlorine pesticide (OCP) pollutants in human milk have been of interest
since residues were detected in ethnic American mothers in 1951 [1]. Since then meth-
odology for studying pesticide residues in milk has been subject to some controversy
because of the results from inter-laboratory comparisons [2]. Conventional methods
to extract fat soluble compounds from fatty matrices often involve complete extrac-
tion of fat from the matrices, followed by extensive clean-up before chrmomtographic
or other analysis. These methods are often lengthy, labour intensive and costly. The
fat content and composition in milk is influenced by several physiological factors
[2-4), for instance there are differences in fat content both between individuals and
with milk from one individual before and after feeds. These factors have made collec-
tion of single samples of human milk for exposure studies unrepresentative [5]. How-
ever, increasing understanding of human lactation and milk composition has parallel-
led both the improvement of the analytical techniques, and greater awareness of the
need to monitor occupational and environmental exposure to chemicals.

Several approaches to extraction and clean-up of milk have been reported. A

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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typical procedure for milk samples would involve treatment with concentrated sul-
phuric acid, extraction with non-polar solvents such as petroleum ether or n-hexane
followed by clean-up of extracts using column adsorption chromatography [6-8].
High-performance gel permeation chromatography has been reported as showing
some advantages over conventional adsorption chromatography, for the separation
of large molecular components of fat from OCPs and polychlorinated biphenyls
(PCBs) [9]. The extraction of milk fat with a mixture of n-hexane—acetone (1:1) is
common as this allows total fat determination using gravimetric methods. Following
this initial extraction, the fats were then redissolved in n-hexane before further clean-
up, with concentrated sulphuric acid [10,11], or by adsorption chromatography
[12,13]. However, solvent extraction of OCPs and other organochlorine compounds
from milk using more polar solvent mixtures has been reported [14,15]. This work
showed low fat content in these extracts compared with the other approaches. Suzuki
et al. [14] used a mixture of hexane-acetonitrile-ethanol (20:5:1) to extract a 10-ml
milk sample followed by Florisil minicolumn chromatography for clean-up. There
have been reports that the fat in high fat containing raw milk is more readily extracted
than lower fat milks. Muccio ez al. [15] modified Suzuki’s method by using Chem Elut
cartridges to extract OCPs from a mixture of milk—-acetonitrile—ethanol by eluting
with light petroleum (b.p. 40-60°C)-acetonitrile—ethanol (100:25:5). The eluates were
concentrated and further cleaned-up using a Florisil minicolumn,

Ultrasonication has proved useful in milk fat homogenisation [16], since fat
soluble compounds in milk could possibly be trapped or bound in milk fat globules,
thereby affecting the reproducibility of recovery. This problem is overcome if milk fat
globules are completely broken down during the extraction process using for example
ultrasonication.

The objective of the present study was to develop a rapid and simple method to
determine OCPs in milk such that studies in humans could be undertaken. Ideally, all
method development and calibration would be carried out using uncontaminated
human milk, but this is very difficult to obtain [17,18]. Consequently, dairy milk was
considered suitable for much of the programme.

EXPERIMENTAL

Standards and reagents

Hexachlorocyclohexane (HCH) isomers: a-HCH, f-HCH, y-HCH (lindane);
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (p.p’-DDT); 1,l-dichloro-2,2-bis(p-
chlorophenyl)ethylene (p,p’-DDE); 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane (p p'-
DDD); endrin; dieldrin; aldrin and heptachlor were from Polyscience (USA). Hepta-
chlor epoxide and 1,1-dichloro-2-(o-chlorophenyl)-2-(p-chlorophenyl)ethylene (o,p'-
DDE were products of Promochem (Germany). Octadecyl (C;3) bonded silica car-
tridges (500 mg/2.8 ml) were products of Analytichem (USA). Organic solvents (pes-
ticide residue grade), acetonitrile, acetone, methanol, n-hexane and ethyl acetate were
obtained from BDH (Poole, UK); 2,2,4-trimethylpentane (isooctane) was obtained
from J. T. Baker (Hayes, UK).

Standard pesticide mixture: a stock standard solution (approximately 0.5 mg/
ml) of each pesticide was prepared separately in isooctane, except S~-HCH which was
prepared in n-hexane—toluene (1:1). Spiking solutions of all OCPs were prepared in
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TABLE I
CONCENTRATION OF SPIKING STANDARD MIXTURES

OCPs Spiking concentrations (ug/mi)

I 11 IT1 1A% \% Vi VI
o-HCH 0.1 0.2 0.3 0.4 0.5 0.7 1.0
B-HCH 0.2 0.4 0.6 0.8 1.0 1.4 2.0
y-HCH 0.1 0.2 0.3 0.4 0.5 0.7 1.0
Heptachlor 0.2 0.4 0.6 0.8 1.0 14 2.0
Aldrin - - - - - - -
Heptachlor epoxide 0.2 0.4 0.6 0.8 1.0 1.4 2.0
o,p'-DDE - - - - - - -
p,p-DDE 0.3 0.6 0.9 1.2 15 2.1 3.0
Dieldrin 0.3 0.6 0.9 1.2 1.5 2.1 3.0
Endrin 0.4 0.8 1.2 1.6 2.0 2.8 4.0
p.p'-DDD 0.3 0.6 0.9 1.2 1.5 2.1 3.0
p.p'-DDT 0.5 1.0 1.5 2.0 2.5 3.5 5.0

ethyl acetate. The concentrations of these are shown in Table I. Aldrin (5 ng/ml milk)
and o,p’-DDE (10 ng/ml milk) were used as internal standards. Working pesticide

mixture solutions were prepared in isooctane the concentration of these are shown in
Table II.

Apparatus and materials
The capillary gas chromatograph with ®*Ni electron capture detector (ECD),
was Hewlett-Packard Model 5890A with an automatic injector, Hewlett-Packard

TABLE 11
CONCENTRATION OF WORKING STANDARD MIXTURES

OCPs Working concentrations (ng/ml)
1 2 3 4 5 6 7

a-HCH 1 2 3 4 5 7 10
B-HCH 2 4 6 8 10 14 20
y-HCH 1 2 3 4 5 7 10
Heptachlor 2 4 6 8 10 14 20
Aldrin 10 10 10 10 10 10 10
Heptachlor epoxide 2 4 6 8 10 14 20
0,p-DDE 20 20 20 20 20 20 20
p.p'-DDE 3 6 9 12 15 21 30
Dieldrin 3 6 9 12 LS 21 30
Endrin 4 8 12 16 20 28 40
p.p’-DDD 3 6 9 12 5 21 30
p.p-DDT 5 10 15 20 25 35 50
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(Wokingham, UK). Capillary fused-silica column (10 m x 0.32 mm 1D.) I-um SE
52/4 phase was from SAC Chromatography (Cambridge, UK). The ultrasonicator
was from Radleys (Saffron Walden, UK). Pyrex test tubes with PTFE-lined screw
caps, size 100 x 16 mm and 120 x 16 mm were from FSA (Loughborough, UK).

PROCEDURE

Spiked cows milk

Both pooled pasteurised and raw cows milk were stirred in warm water (at
37°C) for half an hour then 250 ul of spiking solutions were added to 50 ml of
well-mixed milk. This was stirred in warm water for another half an hour. Spiked
milk (2 ml) was aliquoted into glass tubes and stored at ~20°C in a freezer. These
spiked cows milk were used for calibration purposes when determining OCP levels in
human milk.

Solvent extraction

All 2-ml milk samples were thawed and mixed well in warm water before
processing. Internal standard mixture (50 ul of aldrin 0.2 ng/ul, and 0,p’-DDE 0.4
ng/ul) were added to human milk samples, spiked and unspiked cows milk. All milk
samples (2 ml each) were extracted with 10 ml ethyl acetate—methanol-acetone (2:4:4)
and vortexed for 1 min. All sample tubes were then placed in an ultrasonic bath for 20
min. The tubes were centrifuged at 2000 rpm, for 15 min at 20°C and the total
supernatant aspirated into 500-ml conical flasks. The average volume of supernatant
was 11.5 ml.

Solid phase extraction

After the initial solvent extraction, solid-phase extraction cartridges were used
to further clean up and concentrate samples. C,g-cartridges (500 mg) were pre-condi-
tioned with 2 X 1 mlisooctane,2 x 1 mlethyl acetate, 2 x 1 ml methanol and 2 x 1
ml distilled water. The vacuum was turned off, and care was taken to keep the car-
tridges wet. An aliquot of 13 ml of distilled water was added to the supernatants. The
diluted supernatants were then passed through the cartridges at a flow-rate of 6-8
mi/min. The conical flask was rinsed with 2 x 1 ml distilled water. The cartridges
were washed with 2 x 1 ml 25% acetonitrile—water and dried by pulling air through
the cartridges for 3 min. The OCPs were eluted from the cartridges with 2 x 0.5 ml
isooctane.

Capillary gas-liquid chromatography

Operating conditions were: injection port 200°C; detector oven (ECD) 320°C;
column oven, initial temperature 80°C for 1 min, increased by 10°C/min to 250°C and
held for 10 min; inlet pressure 4.3 p.s.i. which was 40 cm/s gas velocity; splitless
injection with purge off for 1 minute, injection volume was 1 ul.

Quantitation .

Every series of determinations contained one blank sample of unspiked pas-
teurised cows milk, pasteurised cows milk spiked at seven known concentrations,
eight human milk samples (for OCP determination), three spiked raw cows milk (for
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quality control) and one human milk for control. Peak area ratios of each pesticide
were calculated. The calibration curve for extracted OCPs was obtained from linear
regression analysis. The OCPs in human milk samples, human milk control and
spiked raw cows milk controls were calculated from the calibrations obtained with
the extracted OCPs,

Total milk fat content determination

Milk samples (2 ml) were extracted with 8 ml of n-hexane-acetone (1:1), by
vortexing for 1 minute and ultrasonification for 20 min [10,11]. After centrifugation
atca. 1000 g, for 15 min at 20°C, the supernatants were aspirated into the pre-weighed
glass tubes. The solvent extraction was repeated and the supernatants combined. The
supernatants were then dried under nitrogen at 40°C to constant weight and weighed.
The total fat content was obtained by difference.

RESULTS AND DISCUSSION

The novel sample preparation procedure described for pasteurized and raw
cows milk and human milk showed no problems with emulsions or viscous super-
natants which might clog the solid-phase extraction. The fat content of pasteurized
and raw cows milk was about 0.74% using the present method, and about 4.1% using
the microscale (total fat extraction) method. The fat content in human milk extracts
from the present method was 0.60% and from the microscale total fat extraction
method was 1.78%. Thus the fat content in solvent extracts from both types of cows
milk was around 18% of total fat. It was not necessary to extract total fat to get
quantitative recovery of OCPs. Chromatograms of pure OCP standards, unspiked
and spiked cows milk, and human milk are shown in Fig. 1. Aldrin (5 ng/ml whole
milk) and o,p’-DDE (10 ng/ml whole milk) were evaluated as internal standards in
this method. Both were suitable, i.e. they were well separated from the other OCPs

TABLE III
RECOVERY OF OCPs FROM SPIKED COWS MILK

Compound Low Medium High

Concentration Recovery Concentration Recovery Concentration Recovery

(ng/ml) (%) (ng/ml) (%) (ng/ml) (%)
o-HCH 0.5 83 2.5 105 5 103
p-HCH t 119 5 91 10 97
y-HCH 0.5 80 2.5 86 5 96
Heptachlor 1 82 5 88 10 91
Aldrin 5 (100) 5 (100) 5 (100)
Heptachlor epoxide 1 100 S 88 10 95
p.p-DDE 1.5 93 7.5 92 ] 90
Dieldrin 1.5 96 7.5 95 {5 97
Endrin 2 116 10 108 20 110
p.p’-DDD 1.5 132 7.5 11t 15 104

p.p-DDT 2.5 101 125 12 25 97
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TABLE IV
LINEARITY OF CALIBRATION LINES

Compound Pure OCP standard Extracted OCP standard
Slope r Slope r % Recovery OCP

o-HCH 0.0929 0.9984 0.0731 0.9866 79
f-HCH 0.0579 0.9984 0.0546 0.9964 94
y-HCH 0.1052 0.9992 0.0945 0.9919 89
Heptachlor 0.0881 0.9935 0.0595 0.9983 68
Aldrin as internal standard

Heptachlor epoxide 0.0954 0.9970 0.0885 0.9801 93
p.p'-DDE 0.0716 0.9971 0.0709 0.9964 99
Dieldrin 0.0774 0.9914 0.0721 0.9954 93
Endrin 0.0541 0.9981 0.0635 0.9978 117
p.p-DDD 0.0526 0.9986 0.0511 0.9961 97
p.p'-DDT 0.0389 0.9944 0.0538 0.9957 136

and cluted in the middle of the chromatograms among those OCPs of interest. There
was often some interference in human milk samples at the retention time correspond-
ing to o,p’-DDE, but not at that of aldrin. Hence, aldrin has been used as internal
standard for most of this work. So far, using this method for human milk there has
been no interference at the retention time of aldrin. Aldrin is rapidly metabolised to
dieldrin by a wide range of organisms, including man [19] so this could explain why
no aldrin residues occur. A large peak appeared at a retention time of 14.5 min, this
was a “ghost” peak from the GC system and did not interfere with the assay. The gas
chromatographic (GC) conditions chosen including the temperature programme rate
were optimised. No peaks were seen in human milk other than DDE and DDT.

TABLE V
LIMIT OF DETECTION AND REPRODUCIBILITY OF OCPs IN COWS MILK

Compound LOD Low : Medium High

(ng/ml

milk) ng/ml % C.V.* ng/ml % C.V. ng/ml % C.V.

milk (n=17) milk (n=T7) milk n="7)

a-HCH 0.5 0.5 9 2.5 8 5 2
B-HCH 1 1 14 S 8 10 7
y-HCH 0.5 0.5 25 2.5 9 5 8
Heptachlor 1 1 23 5 14 10 14
Aldrin 1.8.? 5 - 5 - 5 -
Heptachlor epoxide 1 1 18 5 7 10 9
p.p'-DDE 1.5 1.5 13 7.5 9 15 8
Dieldrin 1.5 1.5 12 7.5 12 15 8
Endrin 2 2 25 20 10 20 10
p.p’-DDD 1.5 1.5 11 7.5 11 15 11
p.p’-DDT 25 2.5 13 25 11 25 12

¢ C.V. = Coeflicient of variation.
" 1.8. = Internal standard.
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The recovery of eleven OCPs from spiked cow milks is shown in Table IIL.
Recoveries of 80% or greater were achieved for all OCPs. The limit of detection
(LOD) of this method for 11 OCPs (shown in Table III as the low value) ranged from
0.5-2.5 ng/ml with only 2 ml of milk sample required. This is favourable when com-
pared with the existing methods which employed a larger milk volume [2]. The linea-
rity of calibration curves of eleven OCPs in pure and processed standards were grea-
ter than 0.99 (Table IV) except for a-HCH (0.9866) and heptachlor epoxide (0.9801)
which sometimes showed chromatographic interferences. The recovery of OCPs cal-
culated from the slopes of the two calibration curves is also shown in Table IV. The
day-to-day variations (for 7 days) of three different pools of spiked cows milk (0.5~
2.5; 2.5-12.5 and 5-25 ng/ml whole milk) are shown in Table V.

CONCLUSIONS

This method allows the assay of 40 samples per week, with 2 h for sample
preparation and only 1-2 ml human milk samples. It is simpler than current publish-
ed methods and will allow a survey of OCP exposure to infants via mothers milk to be
carried out.
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ABSTRACT

In an initial experiment 21 pesticides were used as test compounds to develop a method of analysis in
different types of matrices for pesticides which can be analysed by gas chromatography. An attempt was
made to combine a generally applicable clean-up method with a universal detection system, i.e. the ion trap
detector. Experiments showed that potentially it should be possible to develop a quantitative method for at
least 17 compounds in different matrices.

INTRODUCTION

In the Netherlands 400 pesticides are allowed for certain applications. Thirteen
multi-methods exist [1] for the determination of about 220 pesticides in various food-
stuffs. The presence of other pesticides may be determined by special methods, gener-
ally applicable to only one pesticide. It is impossible for controlling authorities to
have all these methods available and ready for immediate analysis. Recently, due to
environmental concern, the Dutch government has mandated that the quantity of
pesticides used should be drecreased by at least 50% in the coming years.

There is an urgent need for a universally applicable method with a high
throughput of samples. In the literature several methods based on gas chromato-
graphic analysis are available [2,3] but the different extracts obtained need to be
analysed with several specific detectors, e.g., the electron-capture and nitrogen—phos-
phorus detector. In recent years the use of small mass spectrometers has increased
rapidly.

Here we report initial results obtained with an ion trap detector for a group of
pesticides generally not included in multimethods. As clean-up, gel permeation chro-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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matography (GPC) was used. The approach and applicability of a procedure using a
slightly modified Luke extraction procedure and also using an ion trap detector has
been tested recently with good results by Mattern et al. [41].

EXPERIMENTAL

Matrices
Tomato, cucumber, cauliflower, endive, chicory, capsicum, apple, wheat, pota-
toes and lettuce were analysed alone and with pesticide spikes.

Pesticides _
Alachlor, biphenox, bromacil, crufomate, diallate, dinobuton, fenarimol, flua-
zifop-butyl, imazalil, lenacil, metamitron, metribuzin, nitrofen, nitrothal-isopropyl,
pendimethalin, pirimicarb were analysed individually and benodanil, chlorpropham,
triadimefon, triallate and trifluralin were analysed using existing multi-methods.

Gel permeation chromatography

A Bio-Beads SX3 column (45 X 1 c¢cm), eluted with acetone—cyclohexane (1:1)
at a flow-rate of 1 ml/min was used. Injection volume, | ml; pump, Waters M45;
fraction collector, Gilson 202; fraction volume, 13.5 ml; fractionating starting 16.5
min after injection; total time of analysis, 30 min [5].

Gas chromatography-mass spectrometry (GC-MS)

A Varian 3400 gas chromatograph in combination with a Finnigan MAT ITS
40 ion trap detector was used. The gas chromatograph was equipped with a septum
programmable injector and with a 30 m X 0.25 mm I.D. J&W DB-5 capillary col-
umn, film thickness 0.25 ym. Helium flow-rate 1.5 ml/min; injection volume, 1 ul.
Injection temperature, 60°C for 1 min, then at a rate of 300°C/min heated to 325°C.
Column temperature started isothermally at 92°C. After 1 min the column was heated
up to 325°C at a rate of 20°C/min. The ITS was operated in the electron-impact mode.
Each second a spectrum from mass 49 to 449 was recorded.

Extraction and clean-up

After homogenisation of the sample, 100 g were macerated with 200 ml of
acetone for 3 min, filtered over glasswool and after addition of 60 ml of saturated
sodium chloride solution extracted with 150 ml of hexane for 1 min. After separation
the organic phase was washed twice with water, dried over sodium sulphate, concen-
trated to 5.0 ml, and diluted to 10.0 ml with acetone—cyclohexane (1:1). For clean-up
1.0 ml was injected into the GPC system. The appropriate fraction was collected, the
internal standard PCB 153 (2,4,5,2",4',5'-hexachlorobiphenyl) added and the fraction
concentrated to 500 ul; 1 ul of this solution was injected into the GC-MS system.

RESULTS AND DISCUSSION

In the literature, much information is available on GC behaviour of pesticides
and their mass spectra. The use of GC-MS in combination with a widely applicable
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TABLE I
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IDENTIFICATION NUMBER OF PESTICIDES USED IN EXPERIMENTS

Number Compound Number Compound
1 Chlorpropham 12 Imazalil
2 Trifluralin 13 Benodanil
3 Triallate 14 Biphenox
4 Nitrothal-isopropyl 15 Diallate
5 Crufomate 16 Metribuzin
6 Fluazifopbutyl 17 Bromacil
7 Nitrofen 18 Triadimefon
8 Fenarimol 19 Dinobuton
9 Pirimicarb 20 Metamitron
10 Alachlor 21 Lenacil
11 Pendimethalin

extraction and clean-up technique for pesticides in all kind of matrices is rare.
Though these techniques do exist [2,3] they are used mostly in combination with
several other detection and/or separation techniques. We chose 21 pesticides to test a
single method. Until now only five of these 21 pesticides have been incorporated in a
multi-method, the other 16 are determined in individual methods [1].

The behaviour of these compounds, e.g. extraction with acetone from vegetable
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Fig. 1. Reconstructed ion chromatogram of a tomato extract spiked with a selected number of pesticides
(full-scan mode). For identification see Table I. x-Axis: scan No. and time in min:s.
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Fig. 2. Reconstructed ion chromatogram of a combined cucumber, capsicum and chicory extract spiked
with pesticides (full-scan mode). For identification see Table 1. x-Axis: scan No. and time in min:s.
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Fig. 3. Reconstructed ion chromatogram of a combined endive, cucumber and cauliflower extract spiked
with pesticides (full-scan mode). For identification see Table 1. x-Axis; scan No. and time in min:s.
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matrices and clean-up by GPC is described by Specht and Tillkes [3]. They describe
the behaviour of about 400 pesticides and industrial organic contaminants, as well as
their recoveries. Recently Steinwandter [6] described a less time-consuming acetone
extraction in combination with GPC using acetone. Good recovery data were ob-
tained.

Since compatibility of extraction solvent with eluent is advantageous, acetone
was used in our experiment as extraction solvent and acetone—cyclohexane as eluent
for GPC. Initially the method was checked only with standards. Recoveries better
than 75% were obtained. The above-mentioned matrices were spiked at 0.25 mg/kg
pesticide and analysed both on a Hewlett-Packard mass-selective detector (HP MSD)
[7] and a Finnigan MAT ITS 40.

This paper reports data obtained with the I'TS 40 mass spectrometer. The sensi-
tivity of the ion trap detector allows full-scan mass spectra to be obtained without
having to resort to monitoring a few selected ions. Thus it should be possible to
identify each compound on the basis of their total spectrum rather than on basis of a
few selected ions. The identification procedure followed implied that in a certain
retention window the chromatogram was searched for a spectrum similar to that of
the compound of interest. In each case where the similarity was above a certain
threshold the compound was regarded as being identified, after which quantification
followed.

In Table I the identification numbers of the tested pesticides are given and in
Fig. 1 the result for a tomato extract is shown. This matrix was spiked with a pesticide
mixture containing eight pesticides. The data system numbers the chromatographic
peaks automatically when they are identified following the above-mentioned proce-
dure.

All the compounds except fluazifopbutyl (compound 6) could be detected. Fur-
thermore, diallate (compound 15), present as a contaminant in the standard of trial-
late, was also detected, as was bromacil (compound 17). Interference of a phthalate
was observed at retention time 12 min 10 s. In order to test the method for all 21
pesticides simultaneously, we combined several matrices spiked with different groups
of pesticides. These combined extracts contained all pesticides mentioned in Table L.
Figs. 2 and 3 are examples of the chromatograms obtained.

In addition to fluazifopbutyl (compound 6), dinobuton, metamitron and lenacil
(compounds 19, 20 and 21) were also not recovered. In general, the recovery of all
compounds in the matrices was lower than obtained with standards (0-80% and
<75% respectively). We suspect that during the evaporation step losses occurred
whereas with standards, with no evaporation step, no exceptional losses occurred.
Nevertheless, of the 21 pesticides used, 17 pesticides were detectable. Of these 17
pesticides, in the past 12 had to be analysed with individual methods [1]. Therefore,
according to our findings, it should be possible to develop multi-methods for the
determination of pesticides in many different matrices.
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ABSTRACT

The occurrence of volatile halogenated compounds in spent liquors from kraft softwood and hard-
wood pulp bleaching processes was studied. The identity of the low-molecular-mass constituents was
verified by capillary gas chromatography-mass spectrometry using an NBS/Wiley reference database and
mass spectra of reference compounds. The purgeable fraction of the first chlorination stage of the softwood
pulp contained numerically most of the organohalogen compounds detected. The ratio of chlorine to
chlorine dioxide applied at this stage greatly affected the formation of the compounds. Identity was
confirmed for fourteen components, of which two, dichloroacetonitrile and trichloromethanesuiphonyl
chloride, have not been previously identified in, e.g., bleach kraft effluents. The most abundant volatile
compounds were chloroform, 1,1,I-trichloropropanone, trichloromethanesulphonyl chloride, 1,1,2,3,3-
pentachloro-1-propene and pentachloropropanone. Several of these volatile compounds are known muta-
gens or suspected carcinogens.

INTRODUCTION

Organochlorine compounds found in effluents from kraft mill bleaching
processes are derived from the use of chlorine-containing bleaching agents. The
chemical composition of these chlorinated compounds has been extensively studied
since the 1970s [1]. It has been established that most of the chlorine is bound to
high-molecular-mass material, and that only ca. 30% occurs in the low-molecular-
mass (M < 1000) fraction in the spent liquor of the first chlorination step and only
5% in the first alkaline extraction liquor of softwood kraft pulp [1].

Research in this field has concentrated especially on environmental effects of
the effluents. The chlorinated compounds found in effluents are often resistant to
chemical and biological degradation. Many of these compounds are toxic to aquatic
organisms and several of them are genotoxic. The identified compounds include

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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chlorinated acids [2], phenolics {3,4], and neutral compounds such as chlorinated
acetones and aldehydes [5,6] and furanones [7,8]. The lipophilic properties of some
chlorinated compounds have received special attention because of the possibility of
bioaccumulation in aquatic systems [9-11]. Suntio ez al. [12] reviewed the properties
of ca. 250 chemicals identified in bleached pulp mill effluents.

However, scant data are available on volatile organochlorine compounds
formed during the bleaching operation. Chloroform has been reported to be the most
abundant halogenated compound in the volatile fraction of bleached kraft mill ef-
fluents [13,14]. Further investigation is required concerning the nature and occur-
rence of volatile organohalogens formed and potentially released into the work envi-
ronment during the bleaching process.

This paper describes the identification of low-molecular-mass purgeable orga-
nohalogen compounds in spent liquors from different bleaching stages of softwood
and hardwood kraft pulp.

EXPERIMENTAL

The bleaching process and sample collection

Single samples of spent liquors were taken at a kraft pulp mill from one soft-
wood and one hardwood line with production capacities of about 300 and 1100 t/d,
respectively. The bleaching was accomplished by multi-stage treatment with chlorine
(©), alkali (E) and chlorine dioxide (D). The liquors were sampled at the wash filters
after each bleaching stage.

The reagent in the first bleaching stage of the softwood kraft process consisted
of a mixture of chlorine and chlorine dioxide (either 90:10 or 50:50). The complete
bleaching sequence was Coo/Dyg (or Cso/Dso)-E;~D;-E,-D,. The E; stage was
combined with hypochlorite treatment. The total charge of chlorine compounds was
50 kg/t of pulp in the first chlorination stage, expressed as active chlorine. The kappa
number of the unbleached pulp was ca. 25.

The hardwood kraft process utilized chlorine dioxide alone in the first chlor-
ination stage (Do). The first alkaline extraction stage consisted of hypochlorite treat-
ment followed by alkaline plus oxygen treatment (E/O). The complete bleaching
sequence was thus Do-E;-E/O-D;~E,-D,. The hardwood pulp had a kappa number
of ca. 20, and the consumption of bleaching agent, expressed as active chlorine, in the
Dy step was 36 kg/t of pulp.

Isolation of volatile compounds

About 1.5 1 of spent liquor was purged with nitrogen at a rate of 50 ml/min for 1
h and concurrently heated at the process temperature, i.e., 45-55°C. The reaction
vessel was equipped with a magnetic stirrer and any volatilized compounds were
trapped in a glass coil, immersed in a mixture of ethanol and dry-ice, or in an activa-
ted charcoal tube connected in series with the coil. The temperature of the cold-trap
was about —70°C. The purged liquor was then discarded and replaced with a new
1.5-1 sample of liquor, and the collection of volatile compounds was continued using
the same trapping equipment. This procedure was repeated a third time. The coil and
the charcoal tube were then eluted with ethyl acetate and n-pentane, respectively. The
ethyl acetate eluate was concentrated to one twentieth of its original volume prior to
analysis.
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Gas chromatography-mass spectrometry

All eluates were analysed by capillary gas chromatography with mass spectro-
metric detection (GC-MS). The mass spectrometric system consisted of a Hewlett-
Packard quadrupole mass spectrometer (HP 5990A) operating in the electron impact
(EI) mode (70 eV) and equipped with a merged NBS/Wiley database (HP 59983K).
The mass spectra were confirmed using a Finnigan MAT 8200 mass spectrometer
with an on-line computer system and an NBS database (MAT INCOS 5.6E). The
system was operated in the EI mode at 70 eV at a resolution of 3000.

The EI mass spectra were recorded in the range m/z 35-550. A fused-silica
column (50 m x 0.3 mm 1.D.) coated (0.17 um) with 95% dimethyl-5% diphenyl-
polysiloxane (Hewlett-Packard) was used, coupled directly to the ion source.

The temperature of the transfer line was 250°C in both mass spectrometers. The
ion source temperature and emission current were 180° and 0.3 mA, respectively, in
the Hewlett-Packard system and 150°C and 1 mA, respectively, in the Finnigan MAT
8200 system. Helium was used as carrier gas (24 cm/s at 100°C) and samples of 1 ul
were injected using an on-column technique at 35°C. Chloroform was analysed using
split injection in a Grob-type split-splitless injector operating at 220°C and with a
1:10 splitting ratio. The column temperature program was as follows: 6 min at 35°C,
increased from 35 to 100°C at 5°C/min and from 100 to 250°C at 10°C/min, and held
for 15 min at 250°C.

RESULTS AND DISCUSSION

The purgeable organohalogen compounds identified in the spent bleaching li-
quors included chlorinated and brominated alkanes, alkenes, esters, ketones ben-
zenes and some chlorinated sulphur compounds (Tables I and II).

A reconstructed ion chromatogram of the cold-trap eluate from the Cgo/Dyo
first chlorination stage spent liquor is given in Fig. 1. Emphasis was placed on peaks
with isotopic cluster patterns typical of chlorine and bromine compounds. Some of
the compounds were identified using mass spectral interpretation confirmed by com-
parison with the mass spectrum of a reference compound (technique A). Others were
identified by mass spectral interpretation and comparison with reference spectra from
the NBS and -Wiley databases (technique B).

In the Cg/D1, first chlorination stage sample fourteen volatile organohalogen
compounds were encountered, eleven of which were identified using technique A and
three using technique B (Table 1). In addition, six peaks with a typical chlorine
isotope cluster pattern were registered, but their identity was not solved accurately
enough (Fig. 1, peaks I-VI). Of the eleven category A compounds, two have not been
reported previously to be present in spent bleach effluents, viz., dichloroacetonitrile
[Chemical Abstracts Service (CAS) No. 3018-12-0] (Fig. 2a) and trichloromethanesul-
phonyl chloride (CAS No. 2547-61-7) (Fig. 2b) [5,12].

Dichloroacetonitrile has been reported as a component formed in the chlor-
ination of humic acid, a precursor of halogenated compounds formed during chlor-
ination of drinking water [15].

In this study, the source of trichloromethanesulphonyl! chloride remained ob-
scure. Chlorinated dimethylsulphones have been reported in biologically treated
bleached kraft effluents [16]. The latter compounds were suggested to be derived from
dimethyl thioether residues from the cooking process prior to bleaching [1].
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TABLE I

PURGEABLE ORGANOHALOGEN COMPOUNDS IDENTIFIED IN THE SPENT LIQUOR
FROM THE FIRST CHLORINATION (C,,/D, ) STAGE OF SOFTWOOD PULP

Peak Compound identified Retention Cy0/D1g
No. “ time (min)*
Identification Peak
technique area
- Chloroform® - Al -
1 Trichloroethene 6.95 A ke
2 Bromodichloromethane 7.09 A *
3 Dichloroacetonitrile 7.38 A *x
4 Tetrachloroethene 10.25 A *
5 1,1,1-Trichloropropanone 11.61 Bf falalaled
6 Methyl 2,2-dichloropropanoate 12.65 B *
7 Pentachloroethane 16.89 A *
8 1,4-Dichlorobenzene 18.28 A *
9 Trichloromethanesulphonyl chloride 18.88 A ool
10 1,2-Dichlorobenzene 19.12 A *
11 1,1,2,2-Tetrachloropropane 19.48 B *
12 1,1,2,3,3-pentachloro-1-propene 20.79 A falalalel
13 Pentachloropropanone 21.02 A folaald

 Peak number refer to Fig. I (reconstructed ion chromatogram from the Cy0/D, stage cold-trap eluate in
ethyl acetate).

" The retention times are reported in minutes as absolute retention time. The relative standard deviation
for the retention times was 0.01 within the elution range (n = 12).

¢ Chloroform was analysed in the n-pentane eluate from the activated charcoal tube connected in series
with the cold trap and is therefore not recorded in Fig. 1.

¢ A = identification based on mass spectral interpretation and comparison with the spectrum of a refer-
ence substance.

¢ * o ¥ — Increasing peak area.

£ B = identification based on mass spectral interpretation and comparison with a reference spectrum from
the library database.

TABLE I1

PURGEABLE ORGANOHALOGEN COMPOUNDS IDENTIFIED IN THE SPENT LIQUORS
FROM THE FIRST (C,,/D;,) AND SECOND (D,) CHLORINATION STAGES OF SOFTWOOOD
PULP AND THE FIRST CHLORINATION STAGE (D,) OF HARDWOOD PULP

Compound identified - Cs0/Ds, D, D,
(softwood) (softwood) (hardwood)

Chloroform A A At
Dichloroacetonitrile . = - A
Methyl chloroacetate B¢ —~ -
1,1,1-Trichloropropanone B B B
Tribromomethane A A -
2,5-Dichlorothiophene — - A
Trichloromethanesulphonyl! chloride A -
Pentachloropropanone A A
Tetrachlorothiophene A A -

“ Belongs to the bleaching sequence beginning with the Cyo/D,, stage.

® A = identification based on mass spectral interpretation and comparison with the spectrum from a

* reference substance.

¢ Not present.

¢ B = identification based on mass spectral interpretation and comparison with a reference spectrum from
the.library.database..
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Fig. 1. A reconstructed ion chromatogram of the cold-trap eluate in ethyl acetate from the C,/D,, first
chlorination stage of softwood. Peaks 113 are listed in Table I. Compounds I-VI exhibited a chlorine
isotope cluster pattern, but their identification was not unequivocal.

The category B compounds have also been found in bleached kraft effluents as
such (peak 5), as a precursor (peak 6) or as a related compound (peak 11) [6, 17, 18].

Chloroform was found and confirmed with complete identification (category
A) in the n-pentane eluates from the activated charcoal tubes connected in series with
the cold trap. Traces of tetrachloroethene, 1,1,1-trichloroethane and carbon tetra-
chloride were also detected. The identity of the latter was verified by the selected ion
monitoring technique with the Hewlett-Packard quadrupole mass spectrometer. The
ions monitored were m/z 164, 166, 97, 99 and 117, 119 with intensities of 75/100%,
100/66% and 100/99%, respectively.

Quantification of the peaks was not done. However, on comparing the relative
abundances of the GC-MS peaks, it was evident that the five most abundant com-
pounds were chloroform, 1,1,1-trichloropropanone, trichloromethanesulphonyl
chloride, 1,1,2,3,3-pentachloro-1-propene and pentachloropropanone. Chloroform
accounted for about 80% of the relative abundance of the aforementioned com-
pounds. The high proportion of chloroform in the volatile fraction is consistent with
effluent studies [14,19].

The purgeable fraction from the softwood Cyo/D;, first bleaching stage con-
tained most of the organohalogen compounds identified. Considerably fewer com-
pounds were detected in the cold-trap eluate when chlorine-chlorine dioxide (50:50)
was used (Cso/Dso) in the softwood bleaching process. This was to be expected, as
previous studied had showed that the formation organohalogens decreases with de-
creasing chlorine consumption [20,21]. Only seven compounds were detected (Table
IT, Cs0/Dso column), five of which were identified by technique A and two by tech-
nique B. The overall pattern was similar to that for the Coo/D;o sample, in that
chloroform, pentachloropropanone and trichloromethanesulphonyl chloride were
the most abundant compounds. Even fewer volatile organohalogen compounds were
detected in the spent liquor of the D, second chlorination stage (preceded by the
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Fig. 2. Electron impact mass spectra obtained from peaks 3 and 9 in Fig. 1 (C,,/D, , first chlorination stage
of softwood). (a) Dichloroacetonitrile; (b) trichloromethanesulphonyl! chloride.

Coo/D 1 stage). Of the total of five compounds classified (Table 11, D, column), four
belonged to the identification category A and one to category B. Trichloromethane-
sulphonyl chloride was not detected at this stage; instead, another chlorinated sul-
phur compound, tetrachlorothiophene, was encountered. This compounds has also
been previously identified in spent pulp bleach liquors [11].

Bleaching of hardwood usually produces less organohalogens [22], which was
also evident in this study for volatile compounds. In the first chlorination stage of
hardwood pulp (Do), only three compounds were identified by technique A and one
by technique B (Table I, Dy column). On the other hand, the use of chlorine dioxide
alone in this stage may account for the small number of compounds identified.

Virtually no volatile organohalogen compounds were detected in the cold-trap
eluates from the softwood or hardwood third chlorination stage (D,) or the alkali
stages. However, chloroform and traces of 1,1,1-trichloroethane were found in the
activated charcoal eluates from every stage of the two bleaching processes. Similarly,
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traces of tetrachloroethene, carbon tetrachloride and bromodichloromethane were
found in all but the alkaline stages of the hardwood bleaching process. It is note-
worthy that whereas the relative abundance of chloroform and carbon tetrachloride
decreased with decreasing chlorine use, that of 1,1,1-trichloroethane and bromo-
dichloromethame remained more or less constant. This seems to indicate that they are
present as impurities rather than as bleaching-derived compounds. The concentration
of chloroform in the second chlorination stage of softwood (D,) was about one
quarter of that detected in the first chlorination stages (Coo/D1o and Cso/Dso). The
corresponding figure was one fifteenth in the first chlorination stage with hardwood
(Do). The enhancement of chloroform formation by hypochlorite treatment {1,22]
was evident in the E/O stage of the hardwood process. In this stage, which followed
the first alkaline extraction stage combined with hypochlorite, the relative abundance
of chloroform approached that found in the Co0/D, stage of the softwood process.

CONCLUSIONS

The laboratory analysis of liquors from different bleaching stages of softwood
and hardwood kraft pulp revealed numerous volatile low-molecular-mass organoha-
logen compounds. Most of the compounds were derived from the first bleaching
stage. It is probable that these volatile compounds may be released into the workplace
air during the process. Of the fourteen halogenated purgeable compounds identified,
two have not been found previously in bleach kraft effluents, viz., dichloroacetonitrile
and trichloromethanesulphonyl chloride. Some of the most abundant compounds
identified are known mutagens, e.g., 1,1,2,3,3-pentachloro-1-propene and pentachlo-
ropropanone [23], or suspected carcinogens, e.g., chloroform and carbon tetrachlo-
ride [24]. Further investigation is required to estimate the exposure of workers to
these potentially harmful organohalogen compounds formed during bleaching of
kraft pulp with chlorine-containing agents.
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ABSTRACT

Analyses performed to establish the quality of butter are essentially based on the packed column gas
chromatographic determination of fatty acid composition. One of the main problems is the determination
of the short-chain fatty acids, particularly butyric acid. In previous work, comparing results obtained by on
column injection with those obtained by split injection, with and without silanized glass-wool in the liner,
attwo different pre-set splitting ratios, it was found that a packed injector at the highest splittirig ratio gives
results equivalent to those obtained with on-column injection. When small amounts of butyricacid must be
detected, less volatile esters are more suitable than those obtained by rapid transesterification with sodium
butoxide. In this paper results obtained for the determination of the amount of butter in bakery products
are reported. Results for both real samples and model systems gave highly significant values for the
correlation coefficient for split and on-column injection on the basis of fatty acid buty! esters. Trxglycerldes
were also determined in order to measure the amount of biitter by means of trienanthine.

INTRODUCTION

James and Martin [1] first determined the fatty acid composition of milk by
packed column gas chromatography in 1956, and subsequently capillary GC [2-15)
was also used for this purpose. The main problem concerning butter analysis is the
determination of the short-chain fatty acids (C4—Cs), and this is increased when split
injection is used even if simple devices can sometimes help in obtaining results close to
those given by on-column injection [15]. ST

The use of less volatile esters (e.g., butyl or benzyl esters) might provide an
interesting solution of the problem [11,12,16-21]. The rapid method proposed by
Christopherson and Glass [22] can be used with sodium butox1de instead of sodium
methoxide [16,17].

In recent years, a particular kind of butter has been produced in the European

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Economic Community (EEC) namely “concentrated butter”. This butter is employed
only for bakery and confectionery products and to distinguish this product [23-25]
some denaturants are added, i.e., stigmasterol (stigmasta-5,22-dien-3$-ol), trienan-
thine (glycerol triheptanoate) and vanillin (4-methoxy-3-hydroxybenzaldehyde).

In this paper the calibration and application of a simple method for butter
analysis and its determination in bakery products is described. For the latter purpose
both butyric and enanthic acid were used. The level of the former was assumed to be
3.75% (average of 90 values in the literature [17]) and that of, the latter 1.1% as stated
by the EEC [23].

We have already used packed column GC for the determination of butter fatty
acids such as butyl esters [17]. Good results with packed columns were obtained when
butyric acid was used as a measure of the amount of butter in bakery products,
whereas less reliable results were obtained when enanthic acid was used for this
purpose.

The application of capillary GC was studied with the following aims: (a) to
improve the determination of enanthic acid; (b) to reduce the time of analysis; (c) to
separate possible trans isomers in order to detect the presence of hydrogenated fats;
and (d) determination of trienanthine.

EXPERIMENTAL

Standard solutions

Standard solutions of pure triglycerides in n-hexane and in olive oil were pre-
pared with glycerol tributanoate at concentrations of 0.69, 13.2, 18.6 and 28.1 mg/ml
for butyric acid determination, and glycerol triheptanoate (trienanthine) (K&K Rare
and Fine Chemicals, Plainview, NY, U.S.A.) and glycerol trioctanoate (Fluka,
Buchs, Switzerland) at a-concentration of 1 mg/ml as internal standard (I.S)) for
triglyceride determination.

Sodium butoxide o
A 1 M solution of sodium butoxide in butanol was prepared following the
method used by Zaugg [26] for the preparation of sodium ethoxide.

Faztty acid composition

A Carlo Erba Mega Series 5300 gas chromatograph, equipped with split-split-
less and on-column injectors with a 30 m X 0.32 mm I.D. fused-silica capillary
column, coated with RTX-2330 cyanopropylsilicone phase (0.25 pum) (Restek,
U.S.A)), was used. The carrier gas (hydrogen) flow-rate was 3.0 ml/min, the splitting
ratio (when applied) 1:80, the oven temperature was programmed from 50 to 200°C at
5°C/min and the flame ionization detector and injector (for split injection only) tem-
perature were 210°C. The chromatogram were recorded and the relative peak areas
calculated with Spectra-Physics Model 4290 integrators working at 1 V full-scale.

Triglyceride determination :

A Carlo Erba Fractovap 4200 gas chromatograph, equipped with a split-split-
less injector a flame ionization detector with a 10 m x 0.32 mm LD. fused-silica
capillary column, coated with RTX-1 (0.15 um) (Restek), was used. The carrier gas
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(helium) flow-rate was 2.2 ml/min, the splitting ratio 1:60, the oven temperature was
programmed from 200 to 340°C at 8°C/min and the flame ionization detector and
injector temperature were 340°C. The chromatograms were recorded and the relative

peak areas calculated with Spectra-Physics Model 4290 integrators working at 1 V
full-scale.

Sample preparation

For fatty acid determination, 0.5 g of butter or lipid extract from bakery prod-
ucts [17] were weighed in a screw-capped tube, then 0.75 ml of sodium butoxide
solution and 5 ml of n-hexane were added. After vigorous vortex shaking for 30 s, the
sample was centrifuged at 2200 g for 10 min and washed three times with 2 ml of
distilled water. Finally, 1 ul of the organic layer was injected into the gas chroma-
tograph. The reaction yield (85%) was reported in a previous paper [17]. Triglyceride
determination was performed by dissolving 30 mg of fat in 0.5 ml of toluene; 25 pl of
this solution were added to the same volume of 1.S. (glycerol trioctanoate) solution.
Finally, 1 pl of organic layer was injected into the gas chromatograph.

RESULTS AND DISCUSSION

In previous work [15] we studied the chromatographic behaviour of butter fatty
acids as methyl esters obtained according to Christopherson and Glass [22]. The
outcome of split (silanized glass-wool packed or not) and on-column injections were
compared on the basis of their relative standard deviations (R.S.D.s) as a function of
the numbers of carbon atoms. Further, two different pre-set splitting ratios and sever-
al reaction times were investigated. ‘

From this previous study, the on-column and split injection mode with the
packed liner appeared to be a more accurate method for the determination of short-
chain fatty acids than the split mode without a packing in the liner. In fact the R.S.D.s
for on-column and split injection with a packed liner were < 10% when higher split-
ting ratios were used [15]. The transmethylation reaction seemed not to be influenced
by reaction times between 20 and 300 s.

Even though these results suggested that split injection was advantageous,
problems connected with dirt in the liner packing necessitated frequent changes of the
liner. The use of less volatile esters as described here gives similar results without a
liner packing. Further, it is possible to limit the losses of the most volatile fatty acids,
eluting as butyl esters, by means of capillary columns coated with relatively thermo-
stable stationary phases without an appreciable reduction in resolution.

To evaluate the quantitative chromatographic behaviour of butyl esters of
short-chain fatty acids, mainly butyric and enanthic acid, standard solutions of glyce-
rol tributanoate as described under Experimental were analysed with the same col-
umn and different injection techniques (split and on-column). Each sample was ana-
lysed three times for both injection techniques. The analysis of variance (ANOVA) on
the R.S.D.showed no significant differences, i.e., the accuracies of the two methods of
sample introduction were identical.

Regression analysis (split versus on-column injection) was applied to verify the
agreement of these data. The results showed a highly significant correlation (r= 1.00)
and also that the relative equation fully explains their relationship (F=5.817 - 107%).
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Fig. 1. Fatty acid composition as butyl esters of a lipid extract of a biscuit on carbon chain.

It is also evident that split injection tends to give slightly increased results as the value
of the slope is 1.12.

When the method was applied to real samples this behaviour was confirmed.
Butter contents reported on the label, together with our results, are given in Table L.
Regression analysis (split versus on-column injection) of the results showed that when
calculations were performed with enanthic acid, the two injection modes were equiv-
alent, confirmed by the correlation coefficient (r=0.891), whereas when butyric acid
was used for the same purpose, on-column injection gave more accurate results (Ta-
ble I). Otherwise the regression parameters were very high in both instances. It might
be that the two determinations can be considered to be complementary, because the
natural variation of butyric acid may be balances by the technical addition of enan-
thic acid, and vice versa.

V.

:

§ TRIOCTANOINE

TRIENANTINE

0 10 min 20

Fig. 2. Triglyceride analysis of a lipid extract of a biscuit.
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TABLE 11
RESULTS OF DETERMINATION OF BUTTER CONTENT IN REAL SAMPLES

The determinations were performed with trienanthine in the split mode.

Sample No.  Butter content (%)

Declared Found” R.S.D.
1 7.5 7.37+0.14 1.90
2 6.0 7.40£0.65 8.78
3 13.0 13.57+0.32 2.36
4 2.00 2.53+0.13 5.14

“ Mean * S.D. (n=3).

An example of fatty acid composition as butyl esters is shown in Fig. 1. The use
of a cyanopropyl-bonded stationary phase allows the evaluation of the possible pres-
ence of trans isomers of unsaturated fatty acids. No significant amounts were detected
in the samples examined.

As trienathine is added to concentrated butter as the pure triglyceride, its direct
determination (Fig. 2) can be a rapid and useful means of establishing the amount of
EEC concentrated butter in bakery products.

Results obtained in this way (Table II) show low R.S.D.s close to those ob-
tained by fatty acid determinations. Further, the absolute data are in good agreement
with the others.

The methods reported in this paper are similar in precision and accuracy, with
no effect of differences in sample preparation or chromatographic conditions.
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Gas chromatographic analysis of fatty acid salts
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Hiils Aktiengesellschaft, FE-Zentrale, Analytik Werk Troisdorf, D-5210 Troisdorf (Germany)

ABSTRACT

Generally, the analysis of fatty acid salts is based on their treatment with a strong acid to remove the
cation, extraction of the liberated fatty acids and their methylation with an appropriate reagent for the gas
chromatographic (GC) analysis of the fatty acid methyl esters. Surprisingly, it was found that fatty acid
salts can be reacted directly with a methylating agent, e.g., boron trifluoride (BF,)-methanol complex or
dimethylformamide—dimethylacetal, without prior acidification and extraction. With BF;—methanol, the
fatty acid salt or salt mixture is reacted in a septum vial with excess of methanol and BF,-methanol
complex at 70°C for 30 min. After cooling, the reaction mixture can be injected directly into the gas
chromatograph without any further preparation. By calibration, the contents of bonded and free fatty
acids and the distribution of the individual fatty acids in the salt or salt mixture can be determined. The GC
separation of the fatty acid methyl esters is carried out on a surface-bonded, cross-linked stationary phase
(FS column) as usual. The analysis of metal stearate stabilizers and lubricants takes only 70 min and both
the total and the distribution of the fatty acids, from lauric to behenic acid, can be calculated from a single
analysis. For instance, the relative standard deviation was 2.66% for the content of free and bonded fatty
acids in calcium stearate and 1.21% for the content of stearic acid.

INTRODUCTION

Metal salts of fatty acids (Cs—Cy) are widely used both as stabilizers and as
lubricants for plastics. As commercially available batches vary in their chemical and
physical characteristics and hence in their lubricant and stabilizer performance, it is
necessary to characterize such technical-grade products chemically. Usually, the anal-
ysis of fatty acid salts is based on their reaction with a strong acid to liberate the fatty
acids, which for their part are esterified, e.g., with methanol in the presence of potassi-
um hydroxide [1], perchloric acid [2], a cation-exchange resin [3] or boron trifluoride
[4] and then analysed as their methyl esters by gas chromatography (GC). We have
found that the liberation of the fatty acids from their salts and the subsequent extrac-
tion can be omitted as the fatty acid salts themselves can be reacted directly with
strong methylating agents such as dimethylformamide dimethyl acetal or boron tri-
fluoride-methanol complex to form the methyl esters. This reaction permits the salts
to be converted directly to the methyl esters and these can be analysed to determine
the content and the distribution of the individual fatty acid salts by injecting the
reaction mixture into a gas chromatograph.

0021-9673/91/303.50 © 1991 Elsevier Science Publishers B.V.



282 H. ROTZSCHE
EXPERIMENTAL

Chemicals

Analytical-reagent grade chemicals were used unless indicated otherwise.

Methanol was obtained from Merck (Darmstadt, Germany). Boron trifluo-
ride-methanol complex [14% (w/w) BF; dissolved in methanol) (Merck—-Schuchardt)
was of synthetic grade and the metal salts of fatty acids (zinc stearate, calcium stea-
rate, magnesium stearate) were of technical grade from P. Greven Fettchemie (Bad
Miinstereifel, Germany). Fatty acids (myristic, palmitic and stearic acid) were of
synthetic grade (>98%). N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA)
was obtained from Macherey, Nagel & Co. (Diiren, Germany), toluene and light
petroleum (b.p. 40-60°C) [Deutsches Arzneibuch No. 7 (DAB 7)] from Merck, dieth-
yl ether (stabilized with ionone) (DAB 7) from Asid Bons (B6blingen, Germany) and
sodium carbonate from Merck.

Materials

Crimp-seal vials N 20-5 (5 ml), septa (Teflon/silicone-rubber and aluminium
crimp-on caps were purchased from Macherey, Nagel & Co. Syringes (5 pl) with
removable needles (85 RN) were obtained from Hamilton (Bonaduz, Switzerland).

Chromatography

A Model 8500 gas chromatograph (DANI Analysentechnik, Mainz-Kastel,
Germany) was equipped with a flame ionization detector, a temperature-pro-
grammed vaporizer and a Shimadzu Model C-R3A computing integrator. A 25m X
0.32 mm I.D. fused-silica column coated with 0.2-um DB-1 crosslinked and chem-
ically bonded poly(dimethylsiloxane) (J & W Scientific, Folsom, CA, U.S.A.) was
used with helium 4.6 [>99.996% (v/v) purity] (Linde, Hollriegelskreuth, Germany)
as carrier gas at 0.5 bar pressure, corresponding to a column flow-rate of ca. 0.7
ml/min at 50°C. The temperature of the flame ionization detector was 280°C and the
splitting ratio was 1:20. The injector (temperature-programmed vaporizer) was pro-
grammed from 60 to 280°C within a few seconds and the column temperature was
raised from 80 to 300°C at a rate of 10°C/min.

A second column {30 m X .25 mm [.D., fused-silica, coated with 0.50-pm
Stabilwax DA chemically bonded poly(ethylene oxide)] from Restek (Bellefonte, PA,
U.S.A.) was used with helium 4.6 as carrier gas at 0.7 bar pressure. The temperature
of the flame ionization detector was 270°c and the splitting ratio was 1:15. The tem-
perature-programmed vaporizer was programmed from 80 to 270°C within a few
seconds and the column temperature was raised from 90 to 260°C at 10°C/min.

The third column was 25 m x 0.32 mm I.D. F.S., coated with 0.30-um FFAP-
CBDA (chemically bonded, for the determination of acids), from Chrompack (Mid-
delburg, The Netherlands). The carrier gas was helium 4.6 at a pressure of 0.5 bar, the
temperature of the flame ionization detector was 280°C and the splitting ratio was
1:20. The temperature-programmed vaporizer was programmed from 80 to 280°C
and the column temperature was increased from 80 to 270°C at 8°C/min.

Procedures
A sample of ca. 100 mg of the fatty acid salt mixture was introduced into the
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vial and weighed. After the addition of 2 ml of methanol and 1 ml of the boron
trifluoride-methanol complex, the vial was sealed and heated for 30 min at 70°C.
After cooling, the vial was unsealed, 200 mg of sodium carbonate were cautiously
added (whilst wearing goggles) and the vial was resealed. Samples (1 ul) were with-
drawn through the septum and injected into the GC apparatus. The separation was
effected on both column 1 (Fig. 1) and column 2 (Fig. 2).

For quantification, the external standard method was applied. A synthetic mix-
ture of myristic, palmitic and stearic acid, its composition corresponding approxi-
mately to the distribution of the fatty acids in the investigated metal salts, was reacted
with boron trifluoride-methanol in the same way as above, and the counts per mil-
ligram of the respective fatty acid were used for the calculation of the content of the
fatty acid in the metal salt.

Instead of the external standard method, an internal standard could also be
used. However, when investigating various fatty acid salts, there is the risk of a
general standard compound being coeluted with an impurity contained in a technical
product.

It is well known that free fatty acids react with boron trifluoride~methanol.
Therefore, in the course of the new direct reaction with the metal salts, not only the
bonded but also the residual free fatty acids present as contaminants in the salts can
react, and the total (bonded plus free) fatty acids will be found. However, the (low)
content of free fatty acids can easily be determined separately as follows and sub-
tracted from the total.

A 100 mg-sample of the metal salt of the fatty acid was extracted with toluene
by ultrasonic treatment (30 min) and centrifuged. A 1-ul volume of the solution was
injected into a gas chromatograph equipped with the FFAP-CBDA column, which
was specially developed for the analysis of free fatty acids.

For comparison purposes, a conventional method for the investigation of metal
salts of fatty acids was applied to the analysis of all three technical-grade stearates
(calcium, magnesium and zinc stearate). A 10-20-g sample of the stearate was extract-
ed with 250 ml of light petroleum, the solution containing free fatty acids and further
soluble organic compounds was evaporated to dryness and the residual solid matter
was vacuum dried and weighed. This solid residue was either methylated with boron
trifluoride—methanol as already described or silylated as follows. A 0.1-mg sample
was dissolved in 1 ml of toluene, silylated with MSTFA for 30 min at 70°C in a sealed
vial to form the trimethylsilyl derivatives of the fatty acids and analysed under the
same conditions as described under Chromatography to give the free fatty acid con-
tent and distribution. -

The residue from the extraction, i.e., the main constituent being insoluble in
light petroleum, contained the fatty acid salts, free of fatty acids and other soluble
organic compounds. A sample of 1-1.5 g was refluxed for 2 h with S M hydrochloric
acid and after cooling, it was filtered, washed free from chloride, air dried and extract-
ed with diethyl ether in a Soxhlet apparatus for 6 h. Finally, the solution was evap-
orated to dryness and the residue was weighed to yield the weight of bonded fatty
acids. In order to obtain the proportion of each individual fatty acid (i.e., the bonded
fatty acid distribution), a sample of 0.1 g was dissolved in 1 ml of toluene and deriv-

atized with MSTFA or methylated with boron trifluoride-methanol, then analysed as
described above.
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RESULTS AND DISCUSSION

From each of the technical-grade stearates (calcium, magnesium and zinc stea-
rate) three samples were reacted with boron trifluoride-methanol and, after being
allowed to cool, each reaction mixture was analysed seven time