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Ion Chromatography
Principles and Applications

by P.R. Haddad, University ofNew South Wales, Kensington, N.S.W., Australia and
P.E. Jackson, Waters Chromatography Division, Milford, MA, USA

(Journal ofChromatography Library, 46)

Ion chromatography (IC) was fIrst introduced in
1975 for the determination of inorganic anions
and cations and water soluble organic acids and
bases. Since then, the technique has grown in
usage at a phenomenal rate. The growth of IC
has been accompanied by a blurring of the
original defInition of the technique, so that it
now embraces a very wide range of separation
and detection methods, many of which bear
little resemblance to the initial concept of
ion-exchange separation coupled with
conductivity detection.

Ion Chromatography is the fIrst book to provide
a comprehensive treatise on all aspects of ion
chromatography. Ion-exc_hange, ion-interaction,
ion-exclusion and other pertinent separation
modes are included, whilst the detection
methods discussed include conductivity,
amperometry, potentiometry, spectroscopic
methods (both molecular and atomic) and post
column reactions. The theoretical background
and operating principles ofeach separation and
detection mode are discussed in detail. Aunique
extensive compilation of practical applications
oflC (1250 literature citations) is presented in
tabular form. All relevant details ofeach
application are given to accommodate
reproduction of the method in the laboratory
without access to the original publication.

This truly comprehensive text on ion
chromatography should prove to be the standard
reference work for researchers and those
involved in the use of the subject in practical
situations.

Contents: Chapter 1. Introduction. PART I.
Ion-Exchange Separation Methods. Chapter 2.
An introduction to ion-exchange methods.
Chapter 3. Ion-exchange stationary phases for ion
chromatography. Chapter 4. Eluents for
ion-exchange separations. Chapter 5. Retention
models for ion-exchange. PART ll.
Ion-Interaction, Ion-Exclusion and
Miscellaneous Separation Methods. Chapter 6.
Ion-interaction chromatography. Chapter 7.
Ion-exclusion chromatography. Chapter 8.
Miscellaneous separation methods. PART ill.
Detection Methods. Chapter 9. Conductivity
detection. Chapter 10. Electrochemical detection
(amperometry, voltammetry and coulometry).
Chapter 11. Potentiometric detection. Chapter 12.
Spectroscopic detection methods. Chapter 13.
Detection by post-column reaction. PART IV.
Practical Aspects. Chapter 14. Sample handling
in ion chromatography. Chapter 15. Methods
development PART V. Applications ofIon
Chromatography. Overview ofthe applications
section. Chapter 16. Environmental applications.
Chapter 17. Industrial applications. Chapter 18.
Analysis offoods and plants. Chapter 19. Clinical
and pharmaceutical applications. Chapter 20.
Analysis of metals and metallurgical solutions.
Chapter 21. Analysis of treated waters. Chapter
22. Miscellaneous applications. Appendix A.
Statistical information on ion chromatography
publications. Appendix B. Abbreviations and
symbols. Index.

1990 798 pages
Price: US$ 191.50 Ion. 335.00
ISBN 0-444-88232·4

Elsevier Science Publishers
P.O. Box 211,1000 AE Amsterdam, The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA



1991 xiv + 272 pages
Price: Ofl. 240.00 I US$137.00
ISBN 0-444-98746-0

Contents: Part 1. Introduction to
problem-solving In artificial
Intelligence. 1. Historical and
bibliographical remarks. 2. Problem
solving and artificial intelligence.
3. Knowledge and state-space
representation. Unordered search
methods. 4. Problem reduction. Ordered
search methods. 5. Expert systems.
Part 2. Problem-solving In structure
elucidation. 6. Heuristic interpretation of
one spectrum. 7. Heuristic interpretation of
set of spectra. Part 3. Problem-solving In
synthesis design. 8. Basic concepts in
computer-assisted design of synthesis.
Principal components of CASD systems.
9. Structure perception. 10. Selection of
strategy in CASD. Evaluation of reactions
and synthetic pathway. Appendix A.
Glossary of terms. Appendix B.
Compilation of references on computer
systems for structure elucidation and
prediction of organic reactions.

AYiificia~ ~n~e~ligence in C~emistYy

Structure Elucidation and Simulation of
Organic Reactions

byZ. Hippe, Department ofPhysicalandComputerChemistry,
I. Lukasiewicz Technical University, Rzesz6w, Poland

(Studies In Physical and Theoretical Chemistry, 73)

Coedition with and distributed in the East European Countries, China, Cuba, Mongolia and Vietnam
by ARS POLONA Warsaw, Poland

This comprehensive overview of the many aspects of the automated design of
application of artificial intelligence methods organic syntheses in order to integrate this
(AI) in chemistry contains an in-depth fascinating technology into current
summary of the most interesting chemical knowledge.
achievements of modern AI, namely,
problem-solving in molecular structure
elucidation and in syntheses design.

The book provides a brief history of AI as a
branch of computer science. It also gives
an overview of the basic methods
employed for searching the solution space
(thoroughly exemplified by chemical
problems), together with a profound and
expert discussion on many questions that
may be raised by modern chemists wishing
to apply computer-assisted methods in
their own research. Moreover, it includes a
survey of the most important literature
references, covering all essential research
in automated interpretation of molecular
spectra to elucidate a structure and in
syntheses design. Aglossary of basic
terms from computer technology for
chemists is appended.

This book is intended to make the
emerging field of artificial intelligence
understandable and accessible for
chemists, who are not trained in computer
methods for solving chemical problems.
The author discusses step-by-step basic
algorithms for structure elucidation and

Elsevier Science Publishers
P.O. Box 211, 1000 AE Amsterdam, The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA
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Computer simulation as an aid in method development for
gas chromatography

I. The accurate prediction of separation as a function of
experimental conditions

D. E. BAUTZ, J. W, DOLAN and L. R. SNYDER'

LC Resources Inc., 3182C Old Tunnel Road, Lalayette, CA 94549 (U.S.A.)

(First received August 13th, 1990; revised manuscript received November 13th, 1990)

ABSTRACT

Computer-simulation with commercially available software (DryLab GC) allows the prediction of
isothermal or temperature-programmed gas chromatographic (GC) separation as a function of experi
mental conditions. In either case, two experimental runs are carried out initially, using a linear temperature
program (heating rate different, all other conditions the same). Data from these two runs are entered into
the computer, and separation can then be predicted for other conditions: different temperatures in the case
of isothermal runs, or any kind of temperature program for programmed runs.

The reliability of resulting predictions was evaluated in the present study for several samples and a
wide range in separation conditions. Retention time predictions were usually accurate within a few percent,
and sample resolution was predicted within about ± 10%. The use of computer simulation should be a
considerable help for the rapid development of superior GC methods.

INTRODUCTION

Computer simulation using DryLab software is proving to be a useful tool for
method development in high-performance liquid chromatography (HPLC) [1-7]. Two
experimental runs under standardized conditions are carried out initially, following
which a personal computer can be used to optimize either mobile phase composition
(%B) in isocratic separation or gradient steepness (b) in gradient elution. This
approach can also be used to design complex, multisegment gradients, which are often
of considerable value for improving resolution and/or shortening run time [1-10],
Much of the value of computer simulation in HPLC arises as a result of frequent
changes in band spacing (values of IX) when values of %B or b are changed [II].

In view of the value ofcomputer simulation for HPLC method development, we
have explored the similar application of this technique to gas chromatography (GC).
GC separations in an isothermal or programmed-temperature mode are conceptually
similar to corresponding separations by HPLC under isocratic or gradient conditions

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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(cl refs. 12 and 13). There are also several reports which show that band spacing" in
GC can be varied by changes in either the temperature or programming rate [14-20]
(although many chromatographers seem to be unaware of this possibility). These
observations suggest that computer simulation similar to that now used for HPLC
method development should also prove to be of value for Gc.

Previously we have described software (DryLab GC) for the computer
simulation of GC separations [21]. The present paper reports the application of this
software to the separation of a number of different~amples, in turn allowing an
assessment of its accuracy for a wide range of conditions. A following paper [22]
examines the general utility of controlling GC band spacing via selection of the best
isothermal temperature or an optimized temperature program.

THEORY

Predictions of GC retention
Isothermal retention (values of the capacity factor k) in a defined GC system is

related to temperature as

log k = A + BIT (I)

where A and B are constants for a given solute, and Tis the column temperature (K);
A and B depend on the entropy and enthalpy of vaporization, respectively [12,17].
Eqn. I assumes that A and B are independent of temperature, which is usually a
reasonable approximation.

For the case of a linear temperature program (most often used in GC), the
column temperature T is related to separation time t as

T = To + (Tr - To)(tltp)
To + iJT(tltp) (2)

where To and Tr refer to the initial and final temperatures, and tp is the program time.
Given values ofA and B for the various solutes in a sample (for a defined GC system), it
is possible to predict retention time tR in separations based on linear (single-segment)
temperature programs by means of the relationship [12,17]

I.

I = fdtl[to(k + 1)]

o

(3)

Here t is the time after sample injection and the beginning of temperature
programming, and to is the column dead-time. Eqn. 3 assumes that band migration in
temperature-programmed GC can be approximated as the sum of a series of (small)
isothermal steps, each successive step being carried out at a slightly higher tem
perature.

a Bya "change in band spacing" we mean changes in relative values of the separation factor C( for
different band pairs, and possibly (but not necessarily) changes in band retention order.
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An explicit solution for eqn. 3 has not yet been derived [17]. However, use of the
so-called linear-elution-strength (LES) approximation [21],

log k ~ (constant) - ST (4)

where S is a constant for a given solute and GC system, allows an approximate solution
which is suitable for rapid computer simulation using a personal computer (PC).
Bandwidths W can also be predicted by means of

(5)

Here k e is the value of k for the solute at the time ofelution, and N is the column
plate number. A value of k e can be obtained from eqn. 1, since tR defines the column
temperature at the time the band elutes from the column (eqn. 2 with t = tR). A value of
N can then be obtained from eqn. 6 by using experimental values of tR and W from one
of the two starting experimental runs.

Eqn. 5 assumes that N and to do not vary with temperature (which is ofcourse an
approximation). In that case, the width of a band on a given column just prior to elution
will be constant for every solute and every temperature. The derivation of eqn. 5
follows from the definition of N and the relation of tR to k at the time of elution (ke);

(6)

(7)

See also the discussion of ref. 23. With the addition of a correction for the
extra-column volume of the GC system [21], eqn. 5 has been shown to give reliable
predictions of bandwidth as a function of isothermal temperature or programmed
temperature conditions.

We have used the foregoing approach to construct a program (DryLab GC) for
the computer-simulation of GC runs [21]. DryLab GC uses two experimental
programmed-temperature runs as input for computer simulation -in the same way
that computer simulation has been carried out for method development in gradient
elution [8-10]. Predictions of separation can then be made for (i) isothermal runs at any
temperature, (ii) temperature-programming for any starting temperature and heating
rate, and (iii) multi-ramp temperature programs (where the heating rate is varied
stepwise during the separation). A more detailed description of the theoretical basis of
DryLab GC is given in ref. 21.

EXPERIMENTAL

Equipment
The gas chromatograph was an HP5890A (Hewlett-Packard; Avondale, PA,

U.S.A.) equipped with splitjsplitless injection port and flame ionization detector. The'
system makes use of Hewlett-Packard's INET system network for control of the
HP3396A integrator and HP7672A autoinjector. ChromPerfect (Justice Innovations,
Palo Alto, CA, U.S.A.) was used for data analysis. Most injections were performed
manually.
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Software
The computer program DryLab GC is available from LC Resources (Lafayette,

CA, U.S.A.). It is designed to run on any IBM-compatible personal computer; the
addition of a math coprocessor is recommended.

Columns
Three fused-silica capillary columns were used in the present study: a non-polar

column (SPB-I, Supelco, Supelco Park, PA, U.S.A.), a slightly polar column (DB-5,
J & W Scientific, Folsom, CA, U.S.A.) and a polar column (Nukol, Supelco). Each
column had the same dimensions (30 m x 0.025 cm J.D.) and film thickness (0.25 .urn).
The column dead-time (air-peak measurement) varies with temperature [21]; an
average value of to = 1.8 min was assumed in the present study.

Samples
Several different test mixtures were used to evaluate the present DryLab GC

software. A number of samples were purchased from Supelco: (a) "non-polar test
mixture": 2-octanone, n-decane, l-octanol, n-undecane, 2,6-dimethylphenol, 2,6-di
methylaniline, n-dodecane and n-tridecane; (b) "phenol test mixture": 2,4,6-tri
chlorophenol, 4-chloro-3-methylphenol, 2-chlorophenol, 2,4-dichlorophenol, 2,4-di
methylphenol, 2-nitrophenol, 4-nitrophenol, 2,4-dinitrophenol, 2-methyl-4,6-dinitro
phenol, pentachlorophenol and phenol; (c) "herbicide test mixture": Eptam, Sutan,
Tillam, Ordram, Ro-neet, Trifuluralin, Atrazine, Terbacil, Sencor, Bromacil, Paarlan,
Goal and Hexazinone; (d) "rapeseed oil mixture": methyl myristate, palmitate,
stearate, oleate, linoleate, linolenate, arachidate, eicosenoate, behenate, erucate and
legnocerate; (e) "barbiturate test mixture": barbital, amobarbital, aprobarbital,
pentobarbital, secobarbital, hexobarbital, mephobarbital, phenobarbital, cyc1o
barbital, butabarbital and butalbital; (f) "pesticide test mixture": 16 chlorinated
hydrocarbons, mainly derivatives of BHC, aldrin, endrin and DDT.

Various oil samples (spearmint, peppermint, lime) were obtained from Lorann
Oils, Lansing, MI, U.S.A.; lemon oil was purchased locally. Two narrow-boiling
gasoline samples (A, 200-300°F; B, 300-350°F) were a gift from the Unocal Research
Center. Several random mixtures were assembled from our chemical stockroom:
samples (A) cyc1ohexane, ethyl acetate, methylene chloride, isopropyl alcohol,
3-pentanone and tert.-amyl alcohol; (B) chlorobenzene, cycIohexanone, n-hexanol,
cycIohexanol and p-dichlorobenzene; (C) 1,2-propanediol, acetophenone, p-dibromo
benzene, nitrobenzene, p-nitrotoluene and benzyl alcohol; (D) cycIohexane. ethyl
acetate, methylene chloride, tert.-amyl alcohol, n-hexanol, cycIohexanol, aceto
phenone and benzyl alcohol.

RESULTS AND DISCUSSION

Simulation of linear temperature-programmed runs
The potential accuracy of computer simulation for either HPLC or GC

predictions is limited by similar factors; these have been discussed for HPLC in refs. 24
and 25 and for GC in ref. 21. In the case of DryLab GC, the experimental input data for
computer simulation are from two linear, temperature-programmed runs having
different heating rates: e.g., 4 and 8°C/min. We can expect [21] that predictions for runs
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with intermediate heating rates (e.g., 4-8°Cjmin) will be more accurate than for
extrapolated conditions (e.g., < 4 or > 8°C/min). Similarly, the accuracy of extrap
olated simulations will decrease whan the initial (experimental) runs have heating
rates that are similar (e.g., 4 and SOCjmin). Heating-rate ratios > 3 are usually
recommended, but ratios < 3 were explored in the present study in order to magnify
possible errors for extrapolated conditions. A further discussion of possible errors in
GC computer simulation is provided in this paper.

Retention time predictions. A number of experimental runs were carried out for
different samples with variation of the heating rate. These data allow comparisons
between predicted and experimental results for a wide range of conditions (only
heating rate varying). Some typical results are summarized in Table I and Fig. I.

Results for the 13-component herbicide sample summarized in Table I show
excellent agreement between experimental and predicted retention times; average
errors in computer-simulated values of tR are only 0.3-1.2%. As expected, the average
error in tR is less for the interpolated run (0.3%, inputs of 4 and 8°Cjmin) vs. the
extrapolated runs; i.e., 0.8-1.2% errors for the last two runs of Table 1. Fig. IA and B
compares experimental vs. predicted chromatograms for the 6°Cjmin herbicide run,
and Fig. IC and D shows a similar comparison (6°Cjmin) for the barbiturate sample
(data of Table II).

TABLE I

COMPARISON OF EXPERIMENTAL VS. SIMULATED RETENTION TIMES FOR HERBICIDE
MIXTURE

Conditions: DB-5 column, linear 100-300°C temperature program, 1.0 ml/min flow-rate; DryLab GC used
for simulations. Avg. error refers to the average of absolute errors for individual solutes.



Differences in predicted vs. experimental values of tR should be small, although
errors of3-5% are generally acceptable. For the purposes ofmethod development and
optimizing the separation, however, errors in retention time differences are more
important. Resolution Rs is proportional to the difference (LltR) in tR values for an
adjacent pair of bands: LltR = tz - tl, where t1 and tz refer to values of tR for the first
and second band in a given band-pair. It can be seen in Table I that errors in LltR
(0.007-0.02 min) are very much smaller than are errors in tR (0.06-0.29 min), and this
was observed in every case. That is, errors in GC computer simulation are highly
correlated with retention time tR (see discussion of ref. 21). This is fortunate, because it
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Fig. I. Comparisons ofexperimental vs. computer-simulated (predicted) chromatograms for linear-program
separations on DB-5 column. (A) Experimental chromatogram for herbicide sample of Table I (IOO-300°C,
6°C/min); (8) same, DryLab GC chromatogram (input data: 4 and SOC/min); (C) experimental
chromatogram for barbiturate sample of Table II (IOO-300°C, 6°C/min); (D) same, DryLab GC
chromatogram (input data: 4 and SOC/min).
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TABLE II

SUMMARY OF COMPAR1SONS OF EXPER1MENTAL VS. PREDlCTED RETENTJON FOR
LlNEAR TEMPERATURE PROGRAMS AND DlFFERENT SAMPLES AND COLUMNS (AS IN
TABLE 1)
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means that predictions of resolution by computer simulation are more likely to be
reliable -and therefore more useful for GC method development.

Similar comparisons as in Table I were carried out for several samples described
in the Experimental section -using both the DB-5 and Nukol columns. These results
are summarized in Table II. It is seen that predicted values of tR and LltR are in every
case in acceptable agreement with experimental values. Thus for interpolated heating
rates, the average (absolute) errors in tR and LltR were ±0.4% and 0.7%, respectively.
Similarly, for extrapolated heating rates, the corresponding average errors were
± 1.2% in tR, and ± 1.4% in LltR• These data suggest that computer simulation for GC
may prove to be even more reliable than for HPLC (see HPLC comparisons of refs.
1-10,24-26).

Bandwidth predictions. The prediction of bandwidth requires a value of the

TABLE III

SUMMARY OF COMPARISONS OF'EXPERIMENTAL VS. PREDICTED BANDWIDTHS FOR
VARIOUS SAMPLES AND COLUMNS (RUNS OF TABLE II); LINEAR TEMPERATURE
PROGRAMS

See text for details.

Sample Error
(columnjrange)" (%)b

Herbicides + 10 ± 7
(DB-SjI 00-300°C)

Non-polar + 17 ± S
(D B-Sjl 00-300°C)

Phenols +6 ± 4
(DB-Sjl 00-300°C)

Rapeseed oil -ZS ± IZ
(DB-SjIOo-300°C)

Barbiturates -3 ± 3
(DB-S/l 0o-300°C)

Non-polar -8 ± 4
(Nukolj70-Z00°C)

Phenols -6 ± 4
(NukoljIZo-ZOO°C)

Sample B -6 ± 4
(NukoljSO-ZOO°C)

Sample C -9 ± 3
(NukoljIOo-ZOO°C)

Sample D -9 ± S
(NukoljSo-ZOO°C)

Sample A -8 ± 10
(NukoljSO-IOO°C)

Overall average -4 ± S

a Range refers to the change in temperature during the run.
b Values are average percentage error and range in error values (l standard deviation).
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column plate number N (eqn. 5). Average values of Nwere measured for each column
from isothermal runs, using well retained bands to avoid extra-column errors". For the
DB-5 column at 160°C, the column plate number was N = 100000. For the Nukol
column at 100°C, N = 70 000.

Table III summarizes our comparison of experimental V.I'. predicted bandwidths
(W) forthe various runs ofTable n. Errors were calculated as 100[(Wcalc/ Wexpt) - 1]%;
i.e., positive errors indicate that experimental bandwidths are narrower than
predicted. For a given separation (e.g., a specified sample, column and experimental
conditions) the errors in predicted bandwidths were first averaged and then the
standard deviation of the errors was determined. The overall (average) error in these
predicted bandwidths is -4%, with an average deviation in each separation of ±5%
from the average for that run.

Simulation of isothermal runs
Some samples are better separated isothermally, rather than via temperature

programming. The DryLab GC software alerts the user to this possibility, based on the
arbitrary requirement of 0.5 < k < 50 for all bands in an isothermal separation. We
have carried out several isothermal separations for the samples of Table I, in order to
determine the accuracy of isothermal predictions based on temperature-programmed
input data.

Retention time predictions. Table IV compares experimental V.I'. predicted values
of retention for four isothermal runs which involve two different samples and two
different columns. Two temperature-programmed runs were used as input for
computer simulation (as previously). The average (absolute) error in predicted
retention times tR ranges from 1.3-4.4%, with an average value of ± 1.8%. Similarly,
retention time differences (and resolution) show an average (absolute) error of2-11 %,
with an average value of ±8%. While these predicted retention times are not as
accurate as those ofTable II for temperature-programmed runs, they are adequate for
the purposes of GC method development. A similar situation has been observed in
computer simulation for HPLC, where the use of gradient runs as input data yields
more accurate predictions of gradient runs than for isocratic runs.

Fig. 2 compares experimental and simulated chromatograms for the separation
of the barbiturate sample at 170°C. Reasonable agreement between the two
chromatograms is observed.

Bandwidth predictions. The four isothermal separations of Table IV exhibited
errors in predicted bandwidths of: + 7 ± 4%, +4 ± 2, + 5 ± 1% and -4 ± 2%,
respectively, for an overall average of + 3% and an average deviation in each run of
± 2%. This excellent agreement reflects the use of isothermal values of the plate
number N; see the above discussion of Table III.

Simulation of temperature-programmed runs with multiple temperature ramps
A particularly useful application of computer simulation in HPLC is for the

design of complex, multi-segment gradients [1-10]. Such gradients are advantageous

a N = 5.54(IRIW1/ 2)2, where I R is the retention time and W ,/2 is the bandwidth at haltheight.
Extra-column band broadening effects and the dependence of N on k were corrected for by assuming an
extra-column bandwidth Woo = 0.025 min; see the discussion of ref. 21.
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TABLE IV

COMPARISON OF EXPERIMENTAL VS. SIMULATED RETENTION TIMES FOR ISOTHER-
MAL SEPARATION OF DIFFERENT SAMPLES

Conditions: 1.0 ml/min flow-rate. DryLab GC used for simulations with 4 and 8°C/min runs as input.

Sample Temperatureb Retention times IR (min)
(column/range)" (0C)

Expt. Calc. Error

tR LltR

Non-polar 110 3.99 4.06 0.07 -O.ot
(DB-5/100-300°C) 4.11 4.17 0.06 -0.02

5.13 5.17 0.04 0.02
5.76 5.82 0.06 -0.06
6.05 6.05 0.00 -0.09
7.89 7.80 -0.09 -0.07
8.92 8.76 -0.16 0.63

13.50 13.97 0.47

Avg. error' ±0.12 ±0.13
(1.3%) (9.5%)

Phenols 160 2.73 2.67 -0.06 0.05
(DB-5jlOO-300°C) 2.86 2.85 -0.01 0.04

3.43 3.46 0.03 -0.02
3.36 3.37 0.01 0.05
3.61 3.67 0.06 0.07
4.34 4.47 0.13 0.14
5.34 5.61 0.27 0.36
8.12 8.75 0.63 0.12
8.41 9.16 0.75 0.29

11.68 12.72 1.04 0.53
19.57 21.14 1.57

Avg. error ±0.41 0.16
(2.5%) (9.5°;',)

Non-polar 3.50 3.56 0.06 0.06
(Nukol/70-200°C) 4.45 4.57 0.12 0.03

6.12 6.27 0.15 -0.01
6.37 6.51 0.14 0.18

20.44 20.12 -0.32

Avg. error 0.16 0.07
(0.9%) (1.7%)

Phenols 180 6.52 6.67 0.15 -0.11
(Nukol/ 12Q--200°C) 6.34 6.38 0.04 0.26

9.10 9.40 0.30 0.15
10.89 11.34 0.45 0.36
14.57 15.38 0.81

Avg. error 0.35 0.22
(4.4%) (10.9%)

" Supelco samples; range refers to temperature program for two experimental input runs.
b Isothermal run.
e Average absolute error.
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Fig. 2. Comparisons of experimental vs. computer-simulated (predicted) chromatograms for an isothermal
separation. (A) Barbiturate sample at 170°C, DB-5 column, other conditions as in Table II; (B) same,
DryLab GC chromatogram (input data: 4 and SOC/min).

for a number of reasons. For example, steep gradients can be used to advantage for
those parts of the chromatogram which have few, widely-separated peaks, in order to
save run time. Likewise, flat gradients are able to increase the overall resolution of
those parts of the chromatogram where the bands are more numerous and generally
less well resolved. Perhaps the most rewarding application of segmented gradients,
however, is the use of variations in gradient steepness at different parts of the
chromatogram in order to optimize band spacing.

The similar application ofsegmented (multi-ramp) temperature programs in GC
should prove equally useful. For this reason, several runs of this type were carried out
for the samples of Table II, and the resulting chromatograms were compared with
those obtained from computer simulation (starting with the usual two experimental
runs as inputs to DryLab GC). In this way we were able to establish the relative
accuracy of computer simulation for multi-ramp temperature programs.

Retention time predictions. Table V summarizes experimental vs. predicted
retention times for a typical mUlti-ramp run: the barbiturate sample with a tempera
ture program of 160/160/250/250°C in 0/14/18/22 min; i.e., an initial isothermal hold
followed by a 22SC;min temperature ramp followed 'by an isothermal hold. The
retention times of the sample in this separation are distributed across the three
segments of the temperature program, so that a good evaluation of the accuracy of
multi-ramp predictions can be inferred from these data.

The data of Table V for this multi-ramp program exhibit larger errors in
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TABLE V

COMPARISON OF EXPERIMENTAL VS. SIMULATED RETENTION TIMES FOR THE BAR
BITURATE SAMPLE AND A MULTI-RAMP TEMPERATURE PROGRAM

Conditions: DB-5 column, 1.0 ml/min flow-rate; 160/160/250/250°C in 0/14/18/22 min. DryLab GC used
for simulations, with data for 100~300°C program in 25 and 50 min as input.

Retention times IR (min)

Expt. Calc. Error

I. LlI.

7.68 8.33 0.65 0.51
11.93 13.09 1.16 -0.27
13.94 14.89 0.95 -0.11
14.21 15.05 0.84 -0.45
15.77 16.16 0.39 -0.12

16.30 16.57 0.27 -0.20
17.21 17.28 0.07 -0.23
18.32 18.16 -0.16 -0.12
18.84 18.56 -0.28 -0.12
19.60 19.20 -0.40 -0.01

19.75 19.34 -0.41

Avg. errora 0.54 0.22
(4.5%) (18%)

a Average absolute error.

predicted retention times (average of ±4.5%) than in the previous cases which involve
either linear programs or isothermal separation (±0.2-3.5%). However, the corre
sponding errors in Ll tR are smaller (± 0.22 min vs. ± 0.54 min in Table V); the predicted
error in resolution ± 18% is marginally acceptable for method development (but note
the following discussion in Table VI of very steep heating rates).

Table VI summarizes similar comparisons of experimental vs. predicted
retention times for several multi-ramp separations. These data are arranged in order of
increasing programming rate (oC/min, in parentheses, second column) for the steepest
segment of the temperature program. It is seen that errors in LltR (and resolution) tend
to increase for runs with steeper segments, as predicted for extrapolated heating rates.
Thus, for segments with heating rates < 20°C/min (first group ofdata in Table VI), the
average error in LltR is ± 5%. For segments with heating rates of 23-25°C/min (second
group) or > 33°C/min (third group), the average errors in LltR are ±9% and ± 16%,
respectively. These errors are still acceptable for method development purposes, but
these examples do illustrate that larger errors are possible in the computer simulation
of multi-ramp runs. It should also be noted that many workers avoid heating rates
> 20°C/min, because some GC systems are unreliable for very steep heating rates.

Fig. 3 compares experimental vs. predicted chromatograms for a multi-ramp
separation of the herbicide sample (where the maximum programming rate is
33°C/min); reasonable agreement is observed for the two chromatograms.

Bandwidth predictions. For the runs of Table VI which do not involve
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TABLE VI

SUMMARY OF COMPARISONS OF EXPERIMENTAL VS. PREDICTED RETENTION FOR
MULTI-RAMP TEMPERATURE PROGRAMS AND DIFFERENT SAMPLES AND COLUMNS

Conditions: 1.0 ml/min; DryLab GC input runs as in Table II (4 and 8°C/min in most cases).

Sample Temperature program" Errors
(column)

IR LlIR

Non-polar 100/ I00/1 50/1 50°C (8) ±0.17 min ±0.02 min
(DB-5) 0/5/11.25/16.25 min (2.4%) (1.9%)

Phenols 100/ I00/250/250°C (15) ±0.30 ±0.06
(DB-5) 0/8/18/23 min (2.2%) (4.2%)

Non-polar 70/llO/110/200/200°C (20) ±O.II ±0.09
(Nukol) 0/2/7/11.5/21.5 min (1.1%) (5.2%)

Phenols 120/160/160/200/200°C (20) ±0.29 ±0.09
(Nukol) 0/4/10/12/22 min (4.5%) (5.8%)

Sample C 100/180/ 180/200/200°C (20) ±0.34 ±0.07
(Nukol) 0/4/8/10/J2 min (9.0%) (6.0%)

Sample D 50/60/60/200/200°C (23) ±0.29 ±0.14
(Nukol) 0/2.5/4.5/10.5/15 min (2.5%) (8.5%)

Barbiturates 160/l60/250/250°C (23) ±0.54 ±0.22
(DB-5) 0/14/18/22 min (4.5%) (18%)

Rapeseed oil 200/200/300/300°C (25) ±0.42 ±O.ll
(DB-5) 0/14/18/22 min (2.6%) (5.9%)

Herbicides 200/200/300/300°C (33) ±0.26 ±O.II
(DB-5) 0/5/8/12 min (3.6%) (18%)

Sample A 60/60/1 80/1 80°C (40) ±0.08 ±0.05
(Nukol) 0/2/4/5 min (6.0%) (18%)

Sample B 110/1 lO/200/20WC (45) ±0.08 ±0.07
(Nukol) 0/4/6/8 min (3.8%) (13%)

a Numbers in parentheses are maximum heating rates CC/min) for each separation.

programming rates> 30°Cjmin, the overall (average) error in predicted bandwidths
was 0 ± 15%. For temperature programs that involved steeper temperature ramps,
the average error was -12 ± 21 %. It appears that errors in bandwidth for
multi-segment temperature programming are also somewhat greater (but acceptable)
than for separations that involve linear programs.

Errors due to extrapolation and their empirical correction
The LES approximation used in DryLab GC does not seriously detract from the

accuracy of predicted separations, as seen from the above discussion. However, the
potential errors in computer simulation become larger, when the predicted separation
is based on conditions that are far removed from those used for the initial two
experimental runs used as input to DryLab GC. This is illustrated in Fig. 4 for the
prediction ofan isothermal GC separation. Here we assume isothermal input data, and
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Fig. 3. Comparisons of experimental vs. computer-simulated (predicted) chromatograms for multi-segment
temperature programming. (A) Herbicide sample, 08-5 column, 200/200/300/300°C in 0/5/S/l2 min; other
conditions as in Table VI; (8) same, DryLab GC chromatogram (input data: 4 and SOC/min).

the curvature of the plots in Fig. 4 is exaggerated to better illustrate our point. A similar
argument can be made for temperature-programmed runs (see discussion of Fig. 2 of
following paper [23]).

Solute retention (log k) is plotted in Fig. 4A vs. temperature (solid curves), for
two solutes that are to be separated. The input runs for computer simulation are
carried out at 180 and 200°C (solid circles). The LES approximation is shown in
Fig. 4A as dashed straight lines. It is assumed next that separation at 163°C is predicted
by computer simulation (open circles), and the resulting chromatogram is shown in
Fig. 4A. The experimental plots of log k vs. temperature indicate larger values of kat
l63°C (solid squares) vs. those predicted by computer simulation (open circles). The
experimental chromatogram therefore shows later elution of these two bands vs. the
predicted (LES) separation, but little difference in resolution. This mirrors our
previous comparisons of experimental vs. predicted separations (Tables I-VI).

Now consider a more complex case (Fig. 4B), where the two solutes to be
separated show a change in band spacing as the temperature is varied. At 165°C the
two bands have the same value of k, and the elution order of the two bands at lower
temperatures ( < l65°C) is reversed when the temperature is raised above l65°C. Again
we assume that the initial experimental runs for input to computer simulation are 180
and 200°C (solid circles). Next assume that we predict the separation that will occur at
l65°C (open circles of Fig. 4B); the predicted chromatogram shows baseline resolution
of our two solutes. However, the experimental chromatogram exhibits complete
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(B)

Fig. 4. Hypothetical (exaggerated) examples of errors in isothermal computer simulation due to use of the
LES approximation. (A) Two solutes whose band spacing does not change with temperature; (B) two solutes
whose band spacing changes with temperature. 0 = Experimental input data for computer simulation;
o = predictions of separation at a third temperature; C = experimental separation at a third temperature.
See text for details.

overlap of the two bands, because of the error introduced by extrapolation beyond our
starting data (closed circles).

The resulting error in computer simulation (Fig. 4B) is seen to be more serious
than in the preceding example (Fig. 4A). ,To generalize, we can say that (i)
extrapolation ofexperimental data as in Fig. 4 leads to greater possible errors, (ii) these
errors can be magnified for the case where two bands exhibit large changes in band
spacing as temperature is varied, and (iii) the practical effect of these errors is more
serious for bands that are less well resolved. That is, if the average error in resolution is
10%, and ifihe average resolution (entire chromatogram) is Rs = 5, then the average
error in Rs is ±0.5 units, which does not appear very serious. If the predicted resolution
for a critical (least resolved) band-pair is only 1.5, however, we might actually find Rs

equal to 1.0 (or less) for the corresponding experimental run.
The errors illustrated in Fig. 4B can be corrected for (to a considerable extent) as

follows. Note that the complete overlap of the two bands in Fig. 4B occurs at 165°C,
whereas computer simulation (based on the LES approximation) predicts band
overlap at 147°C. That is, the correct separation is predicted, but for the wrong
temperature. The form of the LES approximation (see discussion of refs. 24, 25) is such
as to make this generally true. That is, if an optimized separation is predicted for some
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temperature T, and the experimental separation deviates significantly from that
predicted, then a (usually) modest adjustment in the temperature should yield an
experimental chromatogram that agrees with the separation predicted for temperature
T. These small adjustments (in the right direction) are easily made, because of the
predictable change in retention with temperature.

A similar situation exists for temperature-programmed runs. There small
adjustments in heating rate may be required to obtain a good match between
experimental and predicted chromatograms. With a little experience, most chromato
graphers should be able to carry out these "fine-tuning" adjustments with only one or
two extra runs -in the occasional case where significant errors as in Fig. 4B are
encountered.

CONCLUSIONS

A personal computer program (DryLab GC) is described for carrying out
computer simulation as a means of facilitating method development for either
isothermal or temperature-programmed Gc. Based on two initial experimental runs as
input to the computer, it is possible to predict separation as a function ofexperimental
conditions: initial and final temperatures, temperature programming rate, multi
segment temperature programs, etc. Retention times, bandwidths and resolution can
be displayed as tables, graphs or simulated chromatograms.

The accuracy of this program for predicting retention time and bandwidth (or
resolution) was tested for several samples and two different columns, using variously
(i) linear temperature programming, (ii) isothermal separation and (iii) multi-ramp
(non-linear) temperature programming. On the basis of these comparisons of
experiment and theory, it is concluded that the DryLab GC software is adequately
reliable for method development. Retention times were predicted with an average
accuracy of 1-2%, bandwidths are predicted with an average accuracy of about ±5%,
and resolution is predicted with an accuracy of about ± 10%.

SYMBOLS

a, b
A,B
b
GC
i, j
k
k'
k

All symbols for the present and following two papers [22,27].
constants in eqn. 2 of Part II
constants in eqn. I of Part I
temperature-program steepness parameter (eqn. 4, Part II); b = torS
gas chromatography
solutes of Fig. 1, Part II
solute capacity factor (GC)
solute capacity factor (HPLC)
effective value of k during programmed-temperature separation; equal
to value of k for band when it reaches the midpoint of the column
(eqn. 4, Part II)
values of k for first and last bands in the chromatogram (eqn. 4, Part II)
value of k at elution
value of k for a solute at the beginning of a temperature programmed
separation
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linear elution strength
linear solvent strength
column plate number
heating rate CC/min)
relative resolution map
resolution of two adjacent bands
solute parameter of eqn. 5 (Part I)
values of S for solutes i and.i (Fig. I of Part II)
time after sample injection and the beginning of the temperature
program
column dead-time (min)
time of (linear) temperature program
retention time for temperature-programmed GC run
column temperature; usually in °C, except OK in eqn.
final temperature in temperature-programmed GC
initial temperature in temperature-programmed GC
baseline bandwidth (min)
contribution to bandwidth from extra-column effect (min); see eqn. 14
of ref. 21
experimental and predicted values of W
separation factor
column phase ratio
enthalpy of retention (eqns. 1, 2 of Part II)
a necessary change in Rs for a given band pair, in order to result in their
adequate separation
difference in S values for two adjacent bands (eqn. 4, Part II)
entropy of retention (eqns. 1, 2 of Part II)
difference in tR values for two adjacent bands
volume fraction of strong solvent B in binary mobile phase AlB
(HPLC)
% (v/v) of strong solvent B in binary mobile phase AjB (HPLC)
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ABSTRACT

Several different samples and three stationary phases of varying polarity have been examined for
changes in band spacing as a function of temperature. The results of these studies have been expressed as a
relative variability in the temperature coefficients of retention (S) for adjacent bands. A theoretical analysis
suggests that useful changes in band spacing V.I. temperature (or heating rate) can be expected when the
difference in Svalues (LlS) for two bands is larger than I to 2%. The samples studied exhibited variations in
average values of LlS of 0.6-6%. This suggests that optimizing the (isothermal) temperature or (pro
grammed) heating rate of a gas chromatographic separation will often be advantageous.

INTRODUCTION

The preceding paper [I] describes software (DryLab GC) for the computer
simulation of gas chromatographic (GC) separations as a function of isothermal
temperature or temperature programming. Similar software exists (DryLab G) for
the prediction of separations in high-performance liquid chromatography (HPLC) as
a function of gradient conditions [2-8], The fundamental theory of GC [9] and HPLC
[10,11] suggests that temperature plays the same role in GC as mobile phase composi
tion (%8) plays in HPLC. Therefore our detailed and comprehensive understanding
of HPLC separation as a function of %8 or gradient steepness [10-15] can be used to
guide our development of GC separations as a function of temperature or program
ming rate. Many of the rules and generalizations that apply to gradient elution can be
adapted directly to temperature-programmed Gc.

Of major interest in this connection is the possible change in band spacing for a
sample as the temperature is changed in a GC separation. Similar changes in band
spacing as %8 varies in HPLC are extensively documented [12-15], suggesting the
usefulness of optimized multi-segment gradients [2-8,13-15]. Several workers [16-18]
have specifically noted changes in GC band spacing as temperature is varied, and
similar results are reported elsewhere [19-22]. In this paper we will further explore

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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these temperature-related changes in GC selectivity and relate them to the develop
ment of optimized temperature programs.

THEORY

Origins of temperature-related changes in GC band spacing
The capacity factor k i of a solute i in GC is related to absolute temperature T as

[23]

-Tin k i = -(iJHv,;/R) + T{(iJSv,D + In PJ (I)

Here iJHv,i and iJSv,i refer to the partial molal enthalpy and entropy of vaporization
from the stationary phase, respectively, R is the gas constant, and fJ is the phase ratio.
Often the entropy of vaporization is roughly constant for different solutes and the
same column (a variant of Trouton's rule [24]), or the enthalpy and entropy of reten
tion for the components of a sample are related as

iJHv,i ~ a iJSv,i + b (2)

where a and b are constants for the different solutes in a given sample. In either of
these two cases, band spacing should not change with temperature, because it can
then be shown that values of k are highly correlated with values of iJHv,i for a given
separation temperature, and adjacent bands (with similar values of k) will then have
similar values of iJHv,i. Conditions that favor the applicability of Trouton's rule or
eqn. 2 are (i) solute molecules that are similar to each in other in shape and size and
(ii) non-polar solutes and/or stationary phases. Thus constancy in the entropy of
retention requires solute molecules of similar shape, size and polarity; see also the
discussion of ref. 25.

Similarly, eqn. 2 assumes either (i) solute-stationary phase interactions of the
same "kind" for each solute in the sample, or no dependence of these interactions on
temperature. Polar interactions (dipole-dipole or hydrogen bonding) decrease in
strength with increasing temperature, while non-polar (dispersion) interactions do
not. Thus if the overall polarity of the solute molecules in a given sample varies from
one solute to the next, the dependence of k on temperature will also vary, and band
spacing should change with temperature.

The basis of these changes in band spacing as a function of temperature (iso
thermal run) or heating rate (programmed run) is illustrated in Fig. I in terms of our
linear-elution-strength (LES) model of GC retention. The LES approximation used
in the present treatment (eqn. 4 of Part I) can be expressed as

log k = log ko - S(T- To) (3)

where S is a constant for a given solute, and k o is the value of k at the starting
temperature To. The slopes of the linear plots in Fig. I for solutes i and} are equal to
the values of S (Si and Sj) for each solute, and it is seen that Sj > Si. As a result of this
difference in S values, solute i elutes after} for temperatures T < 180°C, and before i
for T > 180°C. At T = 180°C the two solutes have the same retention time and are
unresolved.
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Fig. I. Dependence of GC separation on isothermal plots of log k vs. temperature. See text for details.

The separation of the sample of Fig. 1 with a linear temperature program leads
to similar results if the heating rate (instead of 1) is varied. Thus in the analogous case
of HPLC gradient elution, the linear-solvent-strength (LSS) approximation [10] pre
dicts a value of k' that provides the same separation of a band pair in either isocratic
or gradient elution. We will refer to this quantity as k' for isocratic separation and f
for gradient elution. The value of f is determined by gradient steepness. A similar
relationship for temperature-programmed GC can be assumed from the LES ap
proximation of the present treatment (see later discussion of Figs. 4-6), with f given
by"

f = 0.87 tpFj(Vm Ll T S)
0.87 j(to r S)

= 0.87jb (4)

Here tp is the program time (run time for a linear program), F is the flow-rate, Vm is
the column dead-volume, Ll T is the change in temperature during the program, Sis
defined by eqn. 3, to is the column dead-time, and r is the heating rate CO jmin); b = (to r
S) is another measure of the steepness of a linear temperature program.

For a given program steepness b, the separation of any pair of adjacent bands
will be the same as in an isothermal separation with some temperature T, when k
(isothermal) = f; here, k' and k refer to the average value for the band-pair. Values of
S will be similar (but not exactly constant) for different solutesb

, so that values of f
will also be approximately the same for different bands in a temperature programmed
run (linear program). This contrasts with the variation of k for different bands in
isothermal separation. Thus in plots as in Fig. 1, isothermal runs can be represented
by vertical lines (for the same temperature), whereas programmed separations are
given by horizontal lines (for a given value of f or programming rate).

a The quantity f in a temperature-programmed separation corresponds to the value of k for a band
when it has migrated halfway through the column; see the related discussion of ref. 10 for gradient elution.

b The following discussion of Fig. I is deliberately simplified in order to give the reader a clearer
picture of the interrelationship of isothermal and programmed-temperature separation. The approxima
tions used here do not limit the accuracy of computer simulation as described in this and the preceding
paper.
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In the example of Fig. I, it is assumed for purposes of discussion that k for an
isothermal separation at 160°C is equal to ffor a programmed run at 2°/min; similar
ly, isothermal separation at 180°C is equivalent to a programmed run at 4°/min, etc.
In the GC system of Fig. I, it is seen that i and} elute together for a 4°/min tempera
ture program. For heating rates < 4°/min,} is retained more strongly, and vice versa
for heating rates> 4°/min. This situation described in Fig. 1 is essentially similar to
the liquid chromatographic separation of a sample, with %B varied rather than
temperature (see the Discussion of refs. 12,14).

Correlation of values of Sand k o

During the application of DryLab GC to a given sample, values oflog ko and S
are determined for each solute. If a plot of values of S vs. log k o describes a single
curve with little deviation of individual points from the curve (e.g., Fig. 2A), there will
be no changes in band spacing with change in temperature. Significant deviations of
individual data points from such a curve (e.g., Fig. 2B,C), on the other hand, will
favor changes in band spacing as temperature is varied. It will prove useful to deter
mine these average deviations in S for different samples -as an indication of the
significance of band-spacing changes with temperature.

Dependence of separation on temperature (or heating rate) and values of S
A previous treatment for HPLC [12] has examined the necessary difference in

solute S values that will allow the resolution of an initially unresolved band-pair by
varying mobile phase composition (%B). Isocratic systems can be approximated by
the LSS model, and the required fractional difference in S values for two adjacent
bands (IlS/S) is (isocratic HPLC)

IlS/S = (8/2.3)IlRs N- O
.
5 [(I +k')/k']/log(20 ka/kJ
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Fig. 2. Band-to-band variations in S for different samples. Conditions: DB-S column; (A) rapeseed oil; (B)
pesticides; (C) herbicides. See text for details.
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Here S is the average of S values for the two bands, LlRs refers to the necessary
increase in resolution (to be achieved by a change in %B), N is the column plate
number, and ka and kz are the k' values of the first and last bands in the chromato
gram. Because of the similarity of LC and GC separation in terms of the LSS and
LEC approximations (see above discussion of eqn. 4), a relationship similar to eqn. 5
can be derived for GC separation as well. As a result of the wider range of k'-values
(ca. 50-fold) that can be used in isothermal GC vs. isocratic LC, eqn. 5 must be
modified to give (isothermal GC)

(5a)

We can specify the necessary difference in S values for two unresolved bands such
that a change in temperature will result in their separation with some required value
of Rs• Assume (i) a required value of LlRs = 1.0 (although smaller increases in resolu
tion will often suffice), (ii) average value of N = 100000, (iii) the average value of k
for a given band-pair = 5, and (iv) let the ratio kzjka = 10. The necessary value of
LlSjS is then 0.019; i.e., a 1.9% difference in the S values for the two solutes. If
separation conditions can be selected that yield average differences in S of this magni
tude, a change in temperature has a good chance of resolving an initially unseparated
pair of bands.

The situation is somewhat more attractive for the case of a temperature-pro
grammed GC run, as can be inferred from the similar discussion of ref. 12 for LC
gradient elution. The corresponding equation for the required difference in solute S
values is (temperature-programmed GC)

LlSjS = (8j2.3) LlRsN- o.5 [(1 + f)jf]jlog(50) (5b)

and the necessary value of LlSjS is then only 0.008; i.e., less than a 1% difference in S
values.

A reviewer has asked whether the parameter S and related changes in band
spacing with temperature are determined by the entropy or enthalpy of vaporization
of the solute. S itself is more closely related to enthalpy than to entropy, but the
related band spacing changes are determined by the relationship of entropy to en
thalpy (deviations from eqn. 2).

EXPERIMENTAL

All experimental materials and procedures are discussed in the preceding paper
[1 ].

RESULTS AND DISCUSSION

Part I [1] established that computer simulation (with DryLab GC) can be used
in place of actual experimental runs to study GC separation as a function of condi
tions. A number of different samples were also described, any of which can be
simulated in this fashion. In the following discussion we can therefore use simulated
and experimental runs interchangeably, in order to gain increased insight into the
effects of experimental conditions on band spacing and separation.
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Similarity ()fseparation by programmed-temperature and isothermal GC
In separations by HPLC, it has been shown [10] that the same separation of a

group of adjacent bands can be achieved by either isocratic or gradient elution,
provided that gradient conditions are adjusted so that the average k' value in the
isocratic separation is equal to the average Kvalue in gradient elution. Having speci
fied the gradient conditions (%Bjmin, flow-rate, etc.), a corresponding value of gra
dient steepness b is defined", from which K = Ijl.15b. A mobile phase composition
(value of %B) can then be selected such that k' = K.

We can proceed in the same way to show that a similar relationship exists for
isothermal and temperature-programmed GC (as illustrated in Fig. 1). The value of
this exercise will be more apparent in the following section, where we will examine
changes in band spacing as a function of heating rate in temperature-programmed
GC, vs. similar effects for isothermal separations. Fig. 3B shows a partial chromato
gram of a spearmint oil, with one band-pair indicated by an asterisk. The values of S
for these two bands are approximately equal (16.4 and 16.5, respectively), so that only

A

~
,----,

\!
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B

I~

r ,

15 20

*,..,

min

min

25 30 ·35

Fig. 3. Separation of phenol (A) and spearmint oil (B) samples by Oc. Conditions: DB-5 column, I
ml/min; (A) 50-200°C at 4.6 "C/min; (B) 5Q-300°C at 8 "C/min.

a For gradient elution, b = Vm .d<p Silo F, where S = - d(log k')/d<p; see ref. 4; <p is the volume
fraction of strong solvent B in a binary mobile phase A-B.
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minor change in band spacing with change in temperature or heating rate is expected
(for a moderate change in k or R). This example will therefore serve as a reference case
for comparison with the separation (as a function of temperature) of band pairs
having different values of S.

Fig. 4 shows the change in separation (and resolution) of this band-pair (aste
risk in Fig. 3B) as a function of heating rate (programmed separations, top; iso-

la/min 4()/min SO/min

J
---,,----J

16.2 49.6 31.1 32.9 21.1 13,3 9,3

5,39,615,629.526,656.1so,s

Fig. 4. Corresponding separations of band-pair marked by an asterisk in Fig. 3B (spearmint oil); tempera
ture-programmed (top) vs, isothermal (bottom). Computer simulations based on experimental runs used as
input for DryLab GC (2 and 8 "CJmin, SQ-300°C). Isothermal temperatures (bottom) chosen to give k = K
for corresponding runs (e.g. IOCJmin and 77"C).
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TABLE I

SUMMARY OF SEPARATIONS OF FIG. 4

J. W. DOLAN, L. R. SNYDER, D. E. BAUTZ

Heating b K TO R,
rate CC/min) CC)

Progb Isob

I 0.0295 29 77 2.1 2.7
2 0.059 14 92 1.8 2.1
4 0.110 7.2 109 1.4 1.5
8 0.236 3.6 128 1.0 0.9

16 0.472 1.8 148 0.5 0.4

o Temperature for isothermal separation where k = K.
b Programmed-temperature ("Prog") and isothermal ("Iso") values.

thermal temperature bottom). The isothermal temperatures were selected" to give
k = K for each set of corresponding runs (l°C/min, 7TC; 2°C/min, 92°C; etc.). It is
readily seen that corresponding programmed and isothermal separations are general
ly similar, as predicted by analogy from the case of isocratic vs. gradient elution in
HPLC. Table I provides a quantitative assessment of the comparisons of Fig. 4. Here
it is seen that the resolution of corresponding runs (where k = f) is about the same, as
expected; the only exceptions are for large values of k, where the isothermal resolu
tion tends to be a little higher (this minor discrepancy is a consequence of the LES
approximation). The concept (embodied in Fig. 1) of corresponding temperature
programmed and isothermal separations is nevertheless confirmed.

Variability of values of Sfor different solutes
Values of Sand k o were obtained for the components of several samples that

were separated on the three columns described in ref. 1. Plots of S vs. log k o were
made for each sample/column combination, as illustrated in Fig. 2. The average
deviation of values of S from the best-fit curve was determined and expressed as a
"deviation in S" (%). Table II summarizes these results. Returning to Fig. 2A, we see
that the relatively non-polar rapeseed-oil sample separated on the slightly polar DB-5
column shows only minor deviations of data points from the solid curve (± 0.4%, see
Table II). The more polar herbicide sample of Fig. 2C, however, exhibits a considera
bly greater scatter of data points, and the average deviation in S is correspondingly
larger (± 2.5%, Table II). The pesticide sample of Figure 2B exhibits an intermediate
scatter of data points (± 1.6% in S, Table II).

As noted in the Theory section, deviations of S as in Fig. 2 (for a given GC
system) should be smaller for non-polar samples separated on less polar stationary
phases. Systems 1-3 of Table II are examples of "non-polar/non-polar" separations
of this type, and moderate deviations in S are found b (1.6-2.3) as expected. The

o That is, given a heating rate r (e.g., 2°C/min), eqn. 4 defines a value of K, and eqn. I (k = f) results in
a corresponding value of the temperature T (e.g., 92°C in the present example).

b The deviations in S for the gasoline samples (Nos. 1,2) of Table II are known to arise mainly from
differences in molecular shape [25]; e.g., n-alkanes vs. branched alkanes vs. cyclic hydrocarbons of various
kinds. Similar differences in shape exist for the pesticide sample (No.3) of Table II.
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TABLE II

SUMMARY OF BAND-TO-BAND VARIATIONS IN S AS DETERMINED FROM PLOTS OF S
VS. LOG k, FOR VARIOUS SAMPLES AND COLUMNS

See text and Fig. 2.

No. Sample Column Deviations in sa dS/S'
(%)

I Gasoline A SPB-l 1.8 0.025
2 Gasoline B SPB-l 2.3 0.032
3 Pesticides DB-5 1.6 0.022
4 Lime oil DB-5 2.2 0.031
5 Lemon oil DB-5 2.5 0.035
6 Rapeseed oil DB-5 0.4 0.006
7 Barbiturates DB-5 1.0 0.014
8 Herbicides DB-5 2.5 0.035
9 Phenols DB-5 4.8 0.067

10 Spearmint oil Nukol 4.2 0.059
II Peppermint oil Nukol 4.4 0.062

" Average absolute deviation of values of S from best-fit curves as in Fig. 2.
h Average difference in S values (dS) for two adjacent bands, divided by S [dS is equal to (2)°·5 times

the "deviation in S"].

separation of moderately polar samples on less polar columns should also yield small
er deviations in S, when the solutes have a similar shape and functionality; examples
of such separations are provided by systems 4-7 of Table II (deviations in S of
±0.4-2.5%). Larger deviations of S from "best-fit" values are expected (and found)
for (i) polar samples of varying functionality (systems 8 and 9 of Table II: ± 2.5
4.8%) and (ii) separations of moderately polar samples of similar functionality on
polar columns (systems 10 and II of Table II: ± 4.2-5.9%).

The dependence of GC band-spacing on deviations in S and temperature
We have seen (Fig. I) that differences in S for adjacent bands lead to changes in

relative retention (band spacing) when the temperature is changed in isothermal sepa
rations, or when the heating rate is varied in temperature-programmed runs. Eqn. 5a
and b of the Theory section describe the necessary difference in solute S values for a
change in temperature or programming-rate to enable the resolution of a previously
unresolved band pair. The values of iJS/S are 0.008 (temperature programming) and
0.019 (isothermal), respectively. The average values of iJS/S for the systems of Table
II are in almost every case large enough to assure significant changes in band spacing
as a result of varying the column temperature or heating rate. That is, the optimiza
tion of temperature or heating rate should be useful for the separation of most sam
ples. A collaborative study of six randomly selected samples by five different labora
tories has since found this to be true in every case [26].

The preceding discussion can be summarized as follows. A change in isothermal
temperature or in the heating rate of a temperature-programmed GC separation will
often lead to useful changes in band spacing and resolution. The likelihood of such
changes in separation will increase for more polar stationary phases, for more polar
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sample molecules, and for solutes of varying functionality or molecular shape. Some
of these generalizations have been pointed out by other workers [17], and examples of
these effects can be clearly seen in a number of published studies.

Examples ofchanges in band spacing with changes in heating mte or isothermal temper
ature

The various samples studied by us offer many examples of changes in band
spacing with eXQerimental conditions; i.e., a change in the steepness of the temperatu
re program or a change in isothermal temperature. Fig. 3 shows chromatograms of
the phenol (A) and spearmint oil (B) samples, with specific band-triplets indicated
(arrows) for further discussion.

Phenol sample. The band-triplet noted in Fig. 3A (arrow) consists of 2-nitro
phenol, 2,4-dimethylphenol and 2,4-dichlorophenol. Fig. 5 shows the separation of
this group of solutes as a function of heating rate in temperature-programmed sepa
ration (top) or isothermal temperature (bottom). The isothermal runs are selected to
provide k = f (corresponding conditions) for the matched runs (1°C/min vs. 51°C,
4°Cjmin vs. 83°C, etc.). As in the examples of Fig. 4, corresponding separations are in
each case quite similar in terms of resolution. However these separations show band
spacing changing with heating rate or temperature, due to significant differences in S
values for the compounds in question (Table III). In this case, the middle band (No.
2) has a larger value of S (15.6) vs. the values (14.6 and 14.7) of the first and last

la/min 4°/min l6°/min

2 1

1 2
2

3
3

1 3

1

24.4

2

30.5

3 1

14,7

2

15,5 16.3

1
+
2

7.0 7,4

56.2 70,2
A

15,3 17.2 19,1 5,4 6,0

Fig. 5. Corresponding separations of phenol triplet from Fig. 3A (computer simulation). Conditions as in
Fig. 3A, except as noted. Bands: 1 = 2-nitrophenol; 2 = 2,4-dimethylphenol; 3 = 2,4-dichlorophenol.
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TABLE III

VALUES OF S FOR SELECTED COMPOUNDS IN THE SEPARATIONS OF FIG. 3

Solute group" S· M/S

2 2/1 3/2

Phenols 14.6 15.6 14.7 0.066 -0.060
Spearmint-I 16.4 16.3 16.6 -0.008 0.024
Spearmint-II 16.1 16.7 16.1 0.031 -0.031

a Indicated by arrows in Fig. 3; phenols (A) and spearmint oil (B).
• Values of S for indicated band (see Figs. 5 and 6).
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bands. This means (see Fig. I) that as k or f is increased, band 2 should move toward
band 3. Examination of the examples of Fig. 5 shows this effect quite clearly. Thus for
a slow heating rate (l"e/min) or a lower temperature (51°C), band 2 lies closer to
band 3 than to band I. As the heating rate or isothermal temperature is increased,

lO/min l6°/min

2 2
22

3 1 1
3

@
3 3

0

1 1

L ""'"A 1\\ I I~
33,1 34,9 53,0 55,9 6,9 7,3 9.5 9,9

59° 88° l300 l6l0

2 2
2 2

1 1
+ 13

3
3 3

1
_/\

I

52.4 5.1

L
5.0

Fig. 6. Separation of band groups I and II of the spearmint oil sample (Fig. 3B, arrows) as a function of
heating rate or isothermal temperature. Conditions as in Fig. 3B, except as noted.
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band 2 moves toward band I, and for the separations on the right of Fig. 5 (l6°Cjmin
or 125"C) bands I and 2 have merged together.

Conditions for the optimized separation of the sample of Fig. 5 would yield an
equal spacing of the bands in temperature-programmed separation, corresponding to
a heating rate r = 3°Cjmin. This example also emphasizes the importance of op
timizing temperature-programmed or isothermal conditions for obtaining the best
separation of a given sample.

Spearmint oil sample. Two groups of bands (I and II) are noted in the separa
tion of Fig. 3B, each of which exhibits change in band spacing when heating rate or
isothermal temperature is varied (Table III summarizes the relevant S values). For
band-group I the last band (No.3) has a higher value of S than the other two bands,
therefore band 3 should migrate toward bands I and 2 as the heating rate or iso
thermal temperature is increased. For band-group II the second band (No.2) has a
higher value of S, so it should move toward band I as the heating rate or temperature
is increased.

Fig. 6 shows the separation of these two band groups as a function of increase
in heating rate or isothermal temperature. The vertically matched runs in Fig. 6 are
for corresponding conditions (k = f), and there is again a general similaritya in
resolution for these matched runs. The general trends predicted by the S values of
Table III are confirmed in these examples, and it is seen that these changes in band
spacing even result in reversals of retention order: for band-group II, an increase in
heating rate or temperature results in the inversion of the elution order of bands I and
2.

Fig. 7 shows the corresponding resolution maps for each band-group (I, 7A; II,
7B) of the spearmint sample, as well as the separation for an optimized heating rate
(arrow). These examples again illustrate the potential dependence of separation on
heating rate in temperature-programmed GC runs. Similar maps could be construc
ted for the isothermal separations, but these are not shown.

Change in column length or flow-rate
Once a temperature program has been designed for optimum band spacing (and

resolution), it may be desirable to change the column length or flow-rate as a means
of either increasing resolution or decreasing run time. It is important to recognize that
a change in column length or flow-rate will generally change the band spacing,
according to eqn. 4. That is, if it is desired to maintain the same band spacing when
varying column length or flow-rate, the value of b (or f) in eqn. 4 must be maintained
constant. For example, if column length is increased by a factor x, or flow-rate is
decreased by the same factor, then run time must be increased by x-fold. Otherwise b
(and f) changes, and band spacing can change as well; as seen in Fig. 1.

CONCLUSIONS

Previous workers have recognized that changes in band spacing (values ofa) are
possible when the column temperature is changed in GC, especially for mixtures of

a The similarity of corresponding separations in Figs. 5 and 6 is less pronounced than in Fig. 4,
because eqn. 4 is strictly correct only for the case of band-groups that have equal S values.
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Fig. 7. Resolution maps and optimized separations (arrows) for the temperature programmed separations
of band groups I (A) and II (8) of the spearmint oil sample; see Fig. 6.

polar and non-polar compounds separated on a polar column. This suggests that
there is often an optimum (intermediate) isothermal temperature for such separa
tions. In the present study, several sample/column combinations that involved hun
dreds of individual solutes of varying polarity were studied experimentally, in order
to better understand this phenomenon. While the present study confirms the possible
change of retention order for mixtures of polar plus non-polar compounds separated
on polar columns, it appears that useful changes in separation with temperature are
not limited to this case. Thus non-polar samples (e.g., hydrocarbons) separated on
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non-polar columns can also exhibit significant changes in band spacing (due primari
ly to differences in molecular shape).

A general treatment (based on a linear-elution-strength or LES model) is also
presented for the dependence of band spacing on both heating rate or isothermal
temperature in the GC separation of a sample. It is shown that similar separations of
adjacent sample bands can be achieved by either temperature-programmed or iso
thermal elution, when "corresponding" conditions are used; i.e., such that the aver
age retention in isothermal (k) or programmed (f) runs is made equal. This means
that changes in heating rate will often result in changes in band spacing (and resolu
tion) for the case of temperature-programmed GC separation.

On the basis of the present study, it appears that temperature-related changes in
band spacing are generally large enough to be worth exploiting -in order to maxi
mize sample resolution. Some examples of temperature-programmed GC method
development based on this approach (including computer simulation) are described
in ref. 26 and the following paper [27].
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ABSTRACT

The use of computer simulation for developing optimized gas chromatographic (GC) separations is
illustrated for several samples. Resolution maps (plots of R, vs. heating rate r) for different starting
temperatures provide a means for the rapid exploration of separation as a function of the temperature
program in the case of programmed-temperature Gc. Isothermal separations are easily developed by trial
and error, because of the speed of computer simulation. More complex samples may require multi-ramp
temperature programs; these require a greater method development effort, but partial resolution maps can
help facilitate this process.

INTRODUCTION

The best approach to gas chromatographic (GC) method development depends
on the sample and the goals of separation. If the quantitation of all sample compo
nents is required, the baseline resolution of every band pair (Rs > 1.5) will usually be
the main objective. Even greater resolution may be desirable when the sample con
tains bands of quite different size, or when it is anticipated that future samples may
contain additional components (e.g., interferences) not present in the sample used
during method development. Achieving an acceptable separation within a minimum
run time is also a common goal. Finally, there may be other considerations; e.g., a
need to restrict the maximum column temperature within certain limits.

The choice of a method development procedure is also affected by the complex
ity of the sample. Many samples consist of literally hundreds of individual com
pounds, where it is usually impractical to attempt the resolution of all components. In
many such cases, the separation and quantitation of a smaller number of "key" bands
may be required. For samples that contain fewer components, isothermal separation
will be preferred in some cases, because temperature-programmed runs (including the
time for cooling the column oven after the separation) often require more time.

Method development can be somewhat tedious for the case of temperature-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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programmed separations (of primary interest in this study), because resolution and
run time depend on several different variables: heating rate, starting temperature, and
the shape of the temperature program (linear or mUlti-ramp). Thus a large number of
experiments may be required to adequately explore the various separation options.
Computer simulation can greatly reduce the time and effort required for GC method
development, while achieving better final methods as measured by resolution, run
time, etc. The preceding two papers [1,2] have described the basis of a computer
simulation approach to method development for Gc. The accuracy of this software
(DryLab GC) for the prediction of separation has been confirmed, and the value of
optimizing the heating rate in temperature-programmed separations (or the temper
ature in isothermal runs) has been demonstrated.

In the present paper we will illustrate how computer simulation can be applied
to GC method development for samples of different types and for different separation
goals.

EXPERIMENTAL

Equipment, materials and procedures are described in Part I [1].

RESULTS AND DISCUSSION

The general similarity of temperature-programmed GC and gradient elution
high-performance liquid chromatography (HPLC) has already been noted [1-3] and
the development of optimized gradient elution procedures using computer simulation
has been described in several previous papers [4-15]. These generalizations for gra
dient elution can be applied with little modification for the similar development of
programmed-temperature GC separations. This will allow us to simplify and con
dense the following discussion. Three different samples will be used to illustrate how
computer simulation can facilitate GC method development. Since it has been estab
lished in Part I [1] that DryLab GC can provide accurate predictions of separation,
we will make use of both simulated and experimental runs in the following treatment.

Herbicide sample
The two initial chromatograms used for computer simulation of this 13-compo

nent sample are shown in Fig. lA and B. Excellent resolution (Rs > 7) is noted for all
bands in both runs, suggesting that the separation of this sample will not be difficult.
Our major concern will therefore be with other aspects of separation: run time, iso
thermal vs. programmed separation, etc.

H is generally useful to examine a resolution map (Fig. 2) at the beginning of
method development; i.e., a plot of minimum resolution vs. heating rate r (for linear
temperature programs). An arbitrary column plate number N can be assumed at this
point, but it is recommended that bandwidths for two, well-resolved, early- and late
eluting peaks from the chromatogram of Fig. 1A (or B) be measured. This allows
DryLab GC to predict plate numbers for each band in the chromatogram, as a
function of experimental conditions (initial temperature, heating rate, shape of the
temperature program, etc.) and the retention characteristics of the solute. All sim
ulations described in this paper are based on the determination of column plate
number in this way, as described in ref. 1.
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Fig. 1. Experimental chromatograms (recreated by computer simulation) for the herbicide sample; temper
ature programs shown as overlays. Conditions: DB-5 column, 1 ml/min, 100°C starting temperature; (A)
2°C/min; (B) 8°C/min.

Resolution maps as in Fig. 2 should be requested for different starting temper
atures To. This allows a quick assessment of the trade-off between resolution and run
time as a function of To. The map of Fig. 2A (To = 50°C) indicates that bands 4 and 5
are the critical pair for heating rates r > lOT/min, while bands I and 2 are the least
resolved for lower values of r. Fig. 2A-C (for 50T < To < I500C) show a continual
increase in resolution as the heating rate is decreased (and run time increases). That is,
there is no intermediate temperature which provides maximum resolution for the
herbicide sample. There is also not much difference in the resolution maps of Fig.
2A-C, indicating that the starting temperature is not ofcritical importance, as long as
To < I50T. The map for To = 200°C (Fig. 2D), on the other hand, shows a marked
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Fig. 2. Resolution maps for the herbicide sample as a function of starting temperature To and heating rate
r. Conditions as in Fig. 1 except where noted otherwise. (A) To = 50°C; (B) To = lOOT; (C) To = 150°C;
(D) To = 200T.

decrease in resolution for all values of r, suggesting that the optimum starting temper
ature is To < 200°C.

If our goal is the separation of this sample in the shortest possible time, we can
carry out computer simulations in order to predict run time and maximum column
temperature (corresponding to elution of the last sample band) as a function of
starting temperature, for some minimum resolution. Table I summarizes this infor
mation for the present sample, for a minimum value of Rs = 2.0. The shortest run
time (lO.0-W.2 min) is obtained with a starting temperature of 100-150CC and a
heating rate of 17-23CC/min; the separation for To = Ioooe and 23SC/min is shown
in Fig. 3A. One consideration with these conditions, however, is the need to heat the
column to 320-3400e in order to elute the last band. If the present column were not
recommended for use above 250oe, the separation of Fig. 3A would then be impracti
cal.

An alternative (assuming a maximum column temperature of 250°C) is to use a
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TABLE I

CONDITIONS FOR THE SEPARATION OF THE HERBICIDE SAMPLE OF FIG. I IN MINIMUM
TIME WITH A RESOLUTION R, = 2.0

Linear temperature programs, computer simulations.

SO
100
ISO
200

CC/min)

25.5
23.5
17.0
2.5

Last band tR"

(min)

11.6
10.2
10.0
18.9

Maximum
temperatureb

CC)

346
340
320
247

" This is equal to the run time (excluding the time to cool down the column oven after each run).
b Temperature at which last band elutes.

linear program to 250"C and then maintain an isothermal hold for the balance of the
separation. This option is demonstrated in Fig. 3B, for a starting temperature of
100°C and a heating rate of 23SCjmin. Since the critical band pair is 4/5 for these

0.0

(c)

4.1 .., 9,3 min 10.4 0.0 3,2 '.5 12,7 min

L
15,9

0.0 4,0 '.0 n,D 16.0 20.0 0.0 3.' 7.' 11.4 15.2 19.0

min min
Fig. 3. Predicted separations of the herbicide sample for different conditions. (A) 100'C starting temper
ature, 23.S·C/min, R, = 2.0; (B), same as (A) but with an isothermal hold after 2S0'C (R, = 2.0); (C) 100'C
starting temperature, 2I'C/min, isothermal hold after 2S0'C, R, = 5.0; (D) ISO'C starting temperature,
8'C/min, isothermal hold after 2S0'C, R, = 5.0.
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200'C; (C) 190'C. Other conditions as in Fig. I. * = Overlapped bands.
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conditions -which elutes well before 250°C- the resolution of the sample is not
affected (vs. the separation of Fig. 3A) by the isothermal hold. The run time is in
creased from 10 min in Fig. 3A to 15 min in Fig. 3B, but any problem with excessive
heating of the column has now been resolved.

For "easy" separations such as this, it is often attractive to aim for a sample
resolution which is greater than "minimum", in order to build in a "safety factor".
This allows a greater margin of error in the transfer of the method to other lab
oratories, and it ensures that the method will work for columns of lower plate number
(e.g., older columns). The resolution maps of Fig. 2 indicate that resolution increases
quite rapidly with decrease in heating rate, suggesting that a major increase in Rs is
possible for a modest increase in run time. This is indeed the case, as shown in Fig. 3C
and D -for separation conditions that in each case yield a minimum resolution of
R s = sa. The separation of Fig. 3D (To = 150°C) is about a minute shorter than that
of Fig. 3C, corresponding to a run time of 18.5 min. The column equilibration time
will also be less for this run, because the final column temperature (250°C) needs to be
lowered only to 150°C, rather than 100°C in the run of Fig. 3C.

A final consideration is the possibility of trading the extra resolution (Rs = 5)
of the run in Fig. 3D for a much shorter run time, by shortening column length. Since
resolution is approximately proportionalb to (column length)o.s, a reduction in col
umn length by a factor of 4 (from 30 to 7.5 m for the present example) would still
provide a resolution of bands 4/5 of Rs = 0.5 x 5 = 2.5, but in a run time of only 5
min (run time is proportional to column length, other factors equal).

Isothermal separation. The possible isothermal separation of this sample is read
ily addressed by simulations at different temperatures. Fig. 4 summarizes predicted
runs at 190, 200 and 210OC. The resolution of bands 4/5 is unacceptable at 210°C
(Rs = 0.7 for bands 4 and 5; marked by the asterisk in Fig. 4), and the run time (55
min) is excessive for T = 190°C. An isothermal run at 200°C gives acceptable resolu
tion for all bands (Rs > 2.3), but the 40-min run time is rather long, and the last
bands are broadened to the point of diminished detectability. In short, it appears that
the herbicide sample is not a good candidate for isothermal separation.

This application of computer simulation for the herbicide sample may appear
trivial to practical workers, inasmuch as this sample is easily separated without much
effort. However, the various computer simulations that are summarized above re
quired less than an hour to carry out, and in the process a thorough understanding of
the various separation options was achieved. Thus it is possible by using computer
simulation to develop better methods in less time, even for the case of "easy" samples.
As we will see, the potential advantages of computer simulation increase dramatically
for more complex samples.

Phenol sample
This sample (initial experimental runs described in ref. 3) is also not difficult to

separate. However, method development is somewhat more complicated, for reasons

a Here and in other figures, the temperature program for a given separation is shown as an overlay in
computer-simulated chromatograms.

b This relationship is not exact, because of changes in the pressure drop across the column for the
same flow-rate.
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that will become apparent. Fig. 5A-D shows the resolution maps for this sample,
based on starting temperatures of25, 50, 75 and lOOT, respectively. As in the case of
the herbicide sample (Fig. 2), starting temperatures of 25-75°e result in similar
changes of resolution with heating rate (Fig. SA-C). For a sufficiently high starting
temperature (IOOOe, Fig. 5D), however, there is a significant drop in resolution. The
resolution map for To = 2ye can be used to discuss the features of the other maps
(for To < 100°C).

In Fig. SA it is seen that there is an optimum intermediate temperature for this
separation, corresponding to r = 7.0°C/min. For higher heating rates, the resolution
of bands 3/4 decreases, while for lower values of r the resolution of bands 1/2 decreas
es. A heating rate of r = 7.0°C/min is therefore favored for this sample (if To =

2YC). A similar situation is seen for starting temperatures of 500 e (Fig. SB) and 7ye
(Fig. 5C). For To = 2ye (Fig. 5A) bands 1/2 change their separation order, band 2
being eluted first for r < 2°C/min.

Ifwe arbitrarily select a starting temperature of 50 0 e and the optimum value of
r (4SC/min, Table II), the minimum sample resolution is predicted to be Rs = 4.8
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Fig. 5. Resolution maps for the phenol sample as a function of starting temperature To and heating rate r.
Conditions: DB-5 column, I mljmin. (A) To = 2YC; (B) To = 50'C; (C) To = 75'C; (D) To = IOO'C.
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Fig. 6. Separation of the phenol sample with maximum resolution (~s in Fig. 5B). Conditions: DB-5
column, I ml/min, SG--200"C, 4.6°Cjmin. (A) Experimental chromatogram; (B) predicted chromatogram.

with a run time of 32 min. This separation (experimental and predicted) is shown in
Fig. 6. Note that the critical band pairs (1/2 and 4/5) occur near the beginning of the
chromatogram. When this is the case, it is possible to shorten the run time significant
ly by increasing the heating rate after the elution of the last critical band pair (4/5).
This is illustrated in Fig. 7, where run time (24 min) has been reduced by about 25%.
The predicted separations of Figs. 6 and 7 agree with the experimental runs within
± 1.4% for retention times and ± 5% for resolution.

Table II summarizes some additional data from Fig. 5 which allow a further
evaluation of the best starting temperature and heating rate for this sample. The
maximum possible resolution is seen to increase with starting temperature, until To >
7SOC. The run time increases at the same time, however, so it is not obvious which
starting temperature should be preferred. If we normalize sample resolution to a
value of Rs = 2.0, as in Table I for the herbicide sample, it is seen in Table II that any
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R, = 2.0 using a shorter column (length = L)

To r' L tR

CC) CC/min) (m) (min)

25 7.0 [I 9
50 4.5 8 9
75 1.5 5 10

100 0.5b 20 43

a Equal to run time.
b No maximum in R, VS. heating rate map.
C Value for maximum resolution.

L. R. SNYDER, D. E. BAUTZ, J. W. DOLAN

value of To between 25 and 75°C will yield about the same run time (18-20 min). Since
it is often undesirable to use starting temperatures near (or below) ambient, a starting
temperature of 50T with r = IO°Cjmin would probably be preferred for the phenol
sample, if a minimum run time is important.

Run time (for Rs = 2.0) can also be reduced by reducing column length ( < 30
m) rather than by increasing the heating rate. Using this approach, the run time can
be shortened to about 9 min (Table II, To = 25-50°C). In general, when run time is
quite important, it will usually be advisable to optimize column length. The use of an
increase in heating rate following elution of band 5 (as in Fig. 7) could reduce run
time further from 9 to about 7 min.

Because the last band of the phenol sample elutes below 250°C, there is no need
to consider limiting the temperature range of this separation, unlike the case of the
herbicide sample.

Spearmint oil sample
Fig. 8 shows two experimental runs with this sample for use in computer sim

ulation; these chromatograms are quite complex, with over 100 individual bands
being recognizable. The best approach for optimizing separations such as this is
determined by the separation goal, as discussed in the Introduction. In some cases,
only the major bands will be of interest; e.g., those comprising more than 1% of the
total sample. In other instances certain trace components in the sample may require
quantitation.
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Fig. 7. Further shortening of run time in the separation of Fig. 6 by increasing the heating rate after elution
of band 5. Temperature program of 50/120/250°C in 0/15/25 min; other conditions as in Fig. 6. (A)
Experimental chromatogram; (B) predicted chromatogram.

0.0

Major components. Consider first the separation of the major bands in the
spearmint oil sample; i.e., the 19 bands with areas at least 5% as large as the largest
sample band. Fig. 9 shows computer simulations that correspond to the experimental
runs of Fig. 8 (same conditions), but with minor bands deleted from the chroma
togram. Interestingly, all 19 bands are resolved with Rs > 0.9 in the run with the
higher heating rate WC/min, Fig. 9B), whereas two band pairs (3/4 and 8/9) are
poorly separated in the run at 2°C/min (Fig. 9A). Starting with the separation of Fig.
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Fig. 8. Experimental runs for the spearmint oil sample. Conditions: 50-250'C, [ ml/min, DB-5 column; (A)
2'C/min; (B) 8'C/min.

9A, conventional wisdom would suggest that a decrease in heating rate would be
required to improve sample resolution, which in this case is not correct.

Resolution maps for the preceding 19-band sample are shown in Fig. 10A-D
for To = 50, 75, 100 and 12YC, respectively. It is seen that the maximum possible
resolution increases with To from 50 to 100°C, then decreases for To = 125°C (similar
to the case of the phenol sample in Fig. 5). This suggests that a starting temperature of
100°C is optimum for this sample, because of the need for maximum resolution (Rs

~ 1.0). The optimum heating rate is r = 2.8°qmin, and the predicted separation
for these conditions (minimum Rs = 1.25) is shown in Fig. IIA. Because the last
critical band-pair (14/15) elutes before 12 min, it is possible to shorten the run time by
using a steeper temperature ramp (30 °qmin) after 12 min. The predicted separation
for these conditions is shown in Fig. lIB, with a run time (16 min) that is 30% shorter
than in Fig. IIA.
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Fig. 9. Computer simulation of runs of Fig. 7 for the 19 largest bands in the chromatogram. Same
conditions; (A) TCfmin; (B) SOC/min. Insets are magnifications of less-well-resolved band pairs.

Separations as in Fig. 11 that exhibit several critical band pairs (3/4,8/9, 14/15;
see also Fig. 10) can sometimes be improved by the use of multi-step temperature
ramps. In these cases, the temperature ramp across each critical band pair is adjusted
to maximize the resolution of that band pair (the similar applicability of multi-seg
ment gradients in HPLC has been demonstrated for several samples [5,7-15]). Wheth
er this is possible for a given sample can be quickly decided through the use of partial
resolution maps, where the resolution of individual (critical) band pairs is studied as a
function of heating rate (and starting temperature).

Fig. 12 shows such maps for To = 100°C and band pairs 3/4, 8/9 and 14/15. Of
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Fig. 10. Resolution maps for the 19 major bands in the spearmint oil sample, corresponding to experi
mental data of Fig. 8. (A) To = SOT; (B) To = 7ST; (C) To = 100"C; (D) To = 12YC.

special interest is the map for bands 3/4, where the maximum resolution levels off at a
value of Rs = 1.32. It was further established via other resolution maps that a change
of To does not improve this result; i.e., the maximum possible resolution of bands 3/4
is Rs = 1.32 (assuming no change in stationary phase, column dimensions, flow-rate,
etc). That is, no further change in the temperature program can significantlya increase
the minimum resolution of the sample found in the linear temperature ramp of Fig.
1lA (Rs = 1.25). Therefore it can be concluded that a multi-ramp temperature pro
gram will not be advantageous for the present sample.

Separation ofadditional bands. Ifbands having an area at least 2% of the largest
band in the sample are included, there are a total of 47 bands to consider. We next
examined optimum conditions for the separation of this 47-component sample. The

" A change in R, by less than 0.1 unit is not considered significant, especially for the case of sep
arations predicted by computer simulation.
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Fig. II. Optimized separations of the 19 major bands in the spearmint oil sample. Conditions as in Fig. 7
except as otherwise noted. (A) To = lOO'C, 2.8'C(min; (8) same as (A), except 30'C(min after 12 min.

two experimental runs of Fig. 8 were again used as input data for computer sim
ulation. However, for a sample this complex, it is imperative to verify that all bands
have been properly matched between the two chromatograms. This is most easily
accomplished by carrying out a run with an intermediate heating rate (4°C/min for
the present case) and comparing the experimental and predicted retention times. If all
bands have been properly assigned, there should be good agreement between these
two sets of numbers. Such a comparison for a 4°Cjmin run with To = lOoC is shown
in Table III. Here it is seen that the two sets of retention times agree within ± 1.0%
(average), and no individual retention-time pairs show unexpectedly large deviations.

Table IV summarizes the optimum conditions obtained from resolution maps
for different values of To: heating rate r, value of Rs for this heating rate, and the run
time. Maximum resolution can be obtained with starting temperatures of 50 < To <
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Fig. 12. Partial resolution maps for the 19 major bands of the spearmint oil sample. Conditions: To =

IOO°C; otherwise as in Fig. 7. (A) map for bands 3/4; (B) map for bands 8/9; (C) map for bands 14/15. See
text for details.

80T, but 80°C is preferred because of the much shorter run time (21 min). Fig. 13
shows the resolution map for To = 80°C.

Fig. 13 indicate.s that six band reversals occur (Rs = 0) for this sample, when the
heating rate is increased from I to 20°C/min. In addition, the band spacing of several
other band pairs changes significantly with variation in heating rate. Because of the
complexity of Fig. 13, it is unlikely that trial-and-error changes in heating rate would
lead the average chromatographer to an acceptable separation of this sample. Fig. 14
shows the predicted separation of this sample for the optimum conditions of Table
IV: To = 800C and r = 4.4°C/min. The critical band pairs (4/5 and 14/15) are
expanded and shown on the side of this Fig. 14 for a better picture of the resolution
achieved.

Samples such as this which have a number of different critical band pairs are
often better separated with a multi-ramp temperature program, because different
parts of the chromatogram require different heating rates for optimum band spacing



TABLE III

COMPARISONS OF EXPERIMENTAL AND PREDICTED SEPARATIONS OF SPEARMINT OIL
SAMPLE (47 bands)

Band Retention times (min)

To = 70"CWC/mina Fig. 15

Expt. Calc. Error Expt. Calc.

1 5.23 5.21 -0.02 5.55 5.45
2 6.02 6.02 0.00 6.14 6.03
3 6.13 6.13 0.00 6.22 6.11
4 632 6.33 0.01 6.35 6.23
5 6.40 6.40 0.00 6.40 6.27

6 7.20 7.24 0.04 6.94 6.81
7 732 7.37 0.05 7.02 6.89
8 7.41 7.45 0.04 7.08 6.95
9 8.36 8.42 0.06 7.67 7.51

10 9.21 9.30 0.09 8.17 8.02

11 9.90 10.00 0.10 8.64 8.50
12 10.34 10.45 0.11 8.92 8.79
13 10.94 11.09 0.15 9.35 9.24
14 11.29 11.45 0.16 9.58 9.49
15 11.29 11.45 0.16 9.58 9.47

16 11.52 11.69 0.17 9.73 9.65
17 11.71 11.86 0.15 9.87 9.79
18 12.12 12.28 0.16 10.16 10.10
19 12.23 12.42 0.19 10.27 10.26
20 12.31 12.49 0.18 10.20 10.19

21 12.57 12.74 0.19 10.50 10.47
22 13.07 13.25 0.18 10.83 10.85
23 13.54 13.69 0.15 11.16 11.21
24 14.03 14.20 0.17 11.59 11.67
25 14.53 14.72 0.19 12.02 12.13

26 14.78 14.95 0.17 12.39 12.33
27 14.96 15.16 0.20 12.60 12.54
28 1532 15.43 0.11 12.83 12.77
29 15.50 15.70 0.20 13.12 13.03
30 15.89 16.10 0.21 1332 13.45

31 16.01 16.22 0.21 13.88 13.57
32 16.61 16.83 0.22 14.69 14.18
33 17.75 17.96 0.21 15.03 15.43
34 17.90 18.10 0.20 15.23 15.62
35 18.01 18.29 0.28 15.42 15.84

36 18.33 18.48 0.15 15.63 16.06
37 18.65 18.88 0.23 16.09 16.57
38 18.83 19.00 0.17 16.76 16.66
39 18.97 19.12 0.15 16.77 16.81
40 19.27 19.43 0.16 17.18 17.26

41 19.37 19.58 0.23 17.34 17.38
42 19.75 19.99 0.24 17.72 17.85
43 20.08 20.31 0.23 18.24 18.20
44 20.57 20.80 0.23 18.97 18.70
45 23.02 23.24 0.22 20.55 20.87

46 24.87 24.98 0.11 21.97 22.20
47 24.95 25.18 0.23 22.13 22.35

a Linear temperature program.
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TABLE IV

SUMMARY OF RESOLUTION MAPS FOR 47 LARGEST BANDS OF SPEARMINT OIL SAMPLE

a For each value of To' a value of r giving maximum resolution was selected; the values of R, and run
time for this value of r are shown and the critical bands are identified.

and maximum resolution; e.g., as in Fig. 12. The general approach for developing an
optimized multi-ramp program for GC is similar to that used in the design of multi
segment gradients for HPLC, as discussed in detail in refs. 4 and 5. This involves
optimizing the separation of early bands with a linear temperature program, followed
by a change in heating rate for the next group of bands, and continuation of this
process for the whole chromatogram. The ability (with computer simulation) to ex
amine a large number of possible temperature programs greatly reduces the time
required for this procedure (by a factor of a hundred or more).

A similar trial-and-error (plus logic) approach for the present sample (see ref.
16 for details) was successful in increasing the resolution of this 47-band sample to
Rs = 1.2, corresponding to a doubling of the resolution found in the optimized
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Fig. 13. Resolution map for the 47 largest bands of spearmint oil sample. Conditions: To = 80°C, other
conditions as in Fig. 8 unless noted otherwise.
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Fig. 14. Optimized separation of the spearmint oil (47 bands) based on a linear temperature program.
Conditions: To = 80'C. 4.4'C/min, other conditions as in Fig. 8. Critical band pairs [4/5 (*),14/15 (**)]
expanded on side.

linear-program separation of Fig. 14. The resulting separation is shown in Fig. 15,
where predicted (A) and experimental (B) chromatograms are compared. The good
agreement between these two separations is further documented in Table III, where
retention times are compared. The average deviation between experimental and pre
dicted retention times is only ± 1.3%.

Optimizing the separation of individual compounds in complex chromatograms
For some GC assays, there may be more interest in particular compounds or in

certain regions of the chromatogram, vs. the adequate resolution of the whole sample.
In such cases we usually desire some minimum resolution of the compound(s) of
interest in the shortest possible time. Computer simulation is particularly useful in
optimizing a separation with respect to selected parts of the chromatogram. The
general approach is similar to that pursued in Fig. 12, i.e., using partial resolution
maps. We will illustrate this for band 16 from the 47-band spearmint oil sample.

Partial resolution maps (as in Fig. 12) indicated that any starting temperature
between 50 and 100°C would allow the adequate resolution (R s = 2.0) of band 16.
Systematic trial-and-error simulations were next used to map resolution and run time
(retention time of band 16) vs. To and r. These simulations are summarized in Fig.
l6A, where resolution is plotted vs. the retention time of band 16 for different values
of To (r varying). It is apparent that a starting temperature of 100°C allows the
quickest elution of band 16 with Rs = 2.

Once band 16 has left the column with adequate resolution and minimum run
time, the heating rate can be increased sharply to elute the balance of the sample from
the column in the shortest possible time. The resulting (optimized) separation of band
16 in the spearmint oil sample is illustrated in Fig. l6B (simulation) and compared
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Fig. IS. Optimized multi-ramp separation of the spearmint oil (47 bands). Conditions: 50/120/140/ I88'C in
0/7/17/23 min, other conditions as in Fig. 8. (A), computer simulation; (B) experimental separation; (C)
expansion of critical regions from (B).

with the experimental run in Fig. 16C. Again there is reasonable agreement between
the predicted and experimental separations".

Change in column length or flow-rate
Once the temperature program has been optimized for band spacing and maxi

mum resolution, it may be desirable to change column length or flow-rate for either

a The somewhat poorer resolution of bands 13-21 in the experimental chromatogram (Fig. 16C) is
probably the result of several factors: (i) the presence of other (very) small bands, in addition to the 47
largest bands of this sample (sec Fig. 17 in this connection), (ii) slight tailing of the various bands compared
to a Gaussian peak, and (iii) a lower plate number in the separation of Fig. 16C vs. the input runs of Fig. 8
(the run of Fig. 16C was carried out several months later).
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an increase in resolution or a decrease in run time. This requires that the run-time be
adjusted at the same time (as discussed in Part II [2]), in order to maintain b constant
(eqn. 4, Part II) and preserve the optimized band spacing.

Minimizing errors in computer simulations of complex samples
Computer simulation requires accurate data, if the res,ulting predictions of sep

aration are to be reliable. This means that the experimental runs used for this purpose
must meet certain criteria that have been discussed in previous papers [1,3]. For
complex samples such as the spearmint oil sample described in this paper, small errors
in retention can result in large relative errors in predicted values of resolution. An
analogous situation exists for the computer simulation of HPLC separations, as has
been discussed in some detail [14]. One of the more common errors in the mea
surement of experimental retention times occurs for the case of severely overlapping
bands, where only one retention time is reported by the data system. This is illustrated
in Fig. 17A for overlapping bands 14 and 15 from the 8°C/min run used as input for
the spearmint oil sample. If a single retention time (10.38 min) is used for both bands
in computer simulation, significant errors (± 0.5 in Rs) can arise in the later prediction
of resolution as a function of experimental conditions.

A comparison of band 14/15 in Fig. 17A (S"C/min run) with the same two
bands in the 2°C/min run (Fig. 17B) shows that band 15 is eluted first in the run of
Fig. 17A (note the bulge on the leading edge of this band). By making small ad
justments in the estimated retention times of bands 14 and 15 in Fig. 17A, and using
these estimates for the prediction of retention under other run conditions, a compari
son of predicted and experimental retention can then be used to select the best reten
tion times for bands 14 and 15 in Fig. 17A (10.39 and 10.35 min for bands 14 and 15,
respectively). This procedure was used in the present study in order to refine the
predictive accuracy of computer simulation for the spearmint oil sample. In this
connection, note the good agreement for the predicted retention times of bands 14
and 15 in Table III (and especially the similar errors for each band).

In most cases, errors of this type (due to band overlap) will not be significant
and can therefore be ignored. However, when important differences are found be
tween subsequent predicted and experimental chromatograms, errors of this kind can
be suspected and corrected as above.

CONCLUS10NS

The use of computer simulation for facilitating GC method development has
been demonstrated for several different samples and applications. Method devel
opment begins by using resolution maps to define the dependence of programmed
temperature separations on the starting temperature and heating rate. For less com
plex samples, this usually leads directly to optimized separation conditions. Isother
mal separations can also be evaluated as an alternative to temperature-programmed
runs.

More complex samples can be approached in the same way, but often such
samples cannot be separated by means of any linear temperature program (for any
combination of starting temperature and heating rate). Using computer simulation, it
is possible to identify samples of this type with minimum effort. It is also possible to



COMPUTER SIMULATION IN GC METHOD DEVELOPMENT. III.

A

57

14 15 16 17

Fig. 17. Retention time errors in experimental runs due to overlapping bands (bands 14-17 shown). Bands
[4 and 15 in 2 and 8'C/min runs used as input for the spearmint oil sample (47 bands). (A) 2'C/min; (B)
8'C/min. Numbers at peaks indicate retention times in min.

improve such separations significantly by means of multi-ramp temperature pro
grams. The attempted development of optimized multi-ramp programs by the usual
trial-and-error process (in the laboratory) will often prove impractical, because of the
large number of experimental runs that would be required. Computer simulation can
make use of partial resolution maps to reduce the number of required trial-and-error
runs, while allowing such runs to be carried out (on the computer) in a small fraction
of the time required in the laboratory.

Computer simulation is equally useful for the problem of optimizing the sep
aration of one or a few bands in a complex sample, as opposed to resolving the entire
sample. "Limited resolution maps" provide a systematic means of identifying opti
mum conditions for such cases, requiring only a few minutes of computer simulation.
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ABSTRACT

The application of computer spreadsheet calculations to the optimization of complex chromato
graphic separations on serially coupled capillary columns has been demonstrated. The equations used
require a minimum of measured data for the prediction of retention times in the coupled systems. The
calculations make no assumptions about equivalence of column diameters, and they can be easily extended
to more than two columns, if desired. Temperature effects on flow-rate and on analyte capacity factors (k')
are also taken into account. The spreadsheet allows convenient calculation of the minimum resolution at
different combinations of column lengths and temperature. The method is shown to give reasonable
agreement with measured retention times and excellent agreement with measured k' values.

INTRODUCTION

Much work has been published recently on the subject of optimizing capillary
gas chromatographic (GC) separations through the use of serially coupled columns.
A number ofdifferent variables have been manipulated to change the selectivity of the
coupled system. Mathematical methods have been used to predict the temperature and
pressure for an optimal separation for two columns connected directly [1-3] or with
independent flow control [4-7]. Another potential mode of selectivity optimization is
varying the lengths of the coupled columns. This method is practical only if
calculations can give accurate predictions of retention times in the coupled system.
Among the most active workers in this area are Buys and Smuts [8,9] and Purnell and
co-workers [10-12], who emphasized the necessity of accounting for carrier-gas
compressibility. These methods have been quite successful in predicting the retention
times on coupled columns from the data on separate columns. Purnell determines the
resistance to gas flow in a column by plotting the dead time at several different inlet
pressures against a function of the pressure. This resistance factor is then used in
calculation of the column dead-volume time at any specified inlet pressure. In the case
of serially coupled columns, the resistance factors are used in calculation of the
junction pressure for the two columns, from which further calculations give the ratio of
dead-volume times on the front and back columns. The latter ratio is used in predicting

0021-9673/91/$03. 50 © 1991 Elsevier Science Publishers B.V.
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the capacity factors (k' ) on the coupled system. The method may be applied to either
packed or capillary columns, and it does not require that the columns to be connected
have the same inside diameter.

A similar calculation has been employed successfully by Villalobos [13,14]. One
difference in this method is that the retention time and resolution are calculated for the
junction of the column as well as at the outlet. The method assumes that both columns
involved have the same internal diameter, but this has been avoided by modifying the
column lengths used in the calculation by a correction factor involving the fourth
power of the ratio of column diameters.

We have been working independently on the problem of calculating the
optimum lengths of dissimilar capillary columns which can be coupled to effect
a desired separation. In the interest of simplicity of instrumentation, we have assumed
a common mass flow-rate and a common temperature for the columns. While the
calculations used are very similar to those of Purnell, they are limited to open-tubular
columns, dealing primarily with the dimensions of the columns rather than with
measured flow resistance. The algorithm begins with the specification of a desired
volume flow-rate at the column outlet and predicts the head pressure and dead-volume
time for each of the coupled columns. While in principle no chromatographic
measurements are necessary to make these calculations, a single determination of
flow-rate and dead-volume time for the separate columns at a known inlet pressure
serves to determine the column J.D. more precisely and to increase the accuracy of the
predictions. Once the dead-volume times are calculated, the retention times are
calculated from known k' values on the individual columns as usual, except that the
variation ofk' with temperature is also taken into account. This paper shows how these
equations can be used with a standard computer spreadsheet program to optimize
separations in a coupled capillary system, with respect to both column length and
temperature.

THEORY

The laminar flow occurring in a capillary GC column under typical operating
conditions is described by Poiseuille's equation (see ref. 15)

dP

dx
(1)

where P represents the pressure due to flow resistance, J1 is the gas viscosity, U is the
average velocity across the column diameter, x is the distance measured from the
column head and D is the column inner diameter. Since the mass flow is constant and
since for an ideal gas the volume is inversely proportional to the pressure, it follows
that

(2)

where Po and U0 are the pressure and the flow velocity at the column outlet. Since it is
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the volume flow-rate (j) which is usually measured at the column outlet, Uo is
conveniently replaced by

Combining eqns. 2 and 3 with eqn. 1 gives

(3)

dP

dx
(4)

Since the viscosity of an ideal gas is invariant with pressure, II can be treated as
a constant in eqn. 4 for any given temperature. Integration of eqn. 4 for a column of
length L operating at inlet pressure Pi then gives Poiseuille's formula (see ref. 16) for
the relationship between pressure and flow-rate

(F; - P?;)nD4

f = 2561lPoL
(5)

Since all of the parameters on the right-hand side of eqn. 5 can be measured, the
flow-rate for a capillary column under any combination of temperature, inlet pressure
and outlet pressure can in principle be predicted. In practice, the fourth-power
dependence on column diameter means that the uncertainty in the diameter usually
leads to significant errors in the predicted flow-rate. However, a single measurement of
the flow-rate under known conditions of temperature and pressure gives in effect
a calibration of the column diameter, so that the flow-rate may be accurately predicted
for other conditions. Alternatively, solution of eqn. 5 for Pi allows prediction of the
inlet pressure required for a desired flow-rate.

Integration of eqn. 4 for an arbitrary fraction of the column length leads to an
expression for the pressure as a function of the distance from the column head

P= (6)

The dead-volume time for a column operating under steady-state conditions can
be calculated from a consideration of the volume V which passes any point in the
interior of the column in a unit of time. Keeping in mind the inverse relationship
between volume and pressure, the following expression relates the volume flow at any
point within the column to the flow-rate measured at the outlet and to the linear
velocity of the gas

(7)
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where t is the time. Combining eqns. 6 and 7 then gives

dx
dt

2 X 2 2p. - - (p. - P )
I L I °

(8)

Solution of eqn. 8 for t gives the time required for the carrier gas to advance a
distance x down the column

(9)

When the variable x in eqn. 9 equals L, t equals the dead time to, and the
expression reduces to the equivalent of Purnell's equation (see eqn. 5 in ref. 11) for
column dead time

(10)

Eqn. 10 can be used to make a second determination of the column diameter if
the outlet flow-rate and dead-volume time are measured at known inlet and outlet
pressures. It is equivalent to the diameter determination given by eqn. 5, except that the
viscocity of the carrier gas does not have to be known. We have found that the most
consistent measurements of D are obtained from eqn. 10 after determination of the
dead time according to the method of Ambrus [17]. The value of D thus obtained can
be used to calculate to for any desired length of the column at any desired flow-rate.

The equations described provide the means to calculate retention times on any
combination of serially coupled column portions. The details of the method are as
follows:

(1) Measure the length of each column to be used.
(2) With each column individually, connect the head to an injector operating at

a known pressure, and after equilibration measure the flow-rate at the outlet, the
column temperature, the laboratory temperature, and the barometric pressure.

(3) Connect the column to the detector and inject a test mixture ofhydrocarbons
for determination of dead time by the method of Ambrus.

(4) After correcting the measured flow-rate to the column temperature,
substitute the measured parameters into eqn. 10 to determine the diameter of each
column.

(5) Choose a flow-rate for the coupled system and specify the length of the tail
section. Use eqn. 5 to calculate Pi for that section.

(6) Using the pressure calculated in step 5 as Po, use eqn. 5 to calculate Pi for the
next column in the series. For this calculation, the volume flow-rate must be corrected
to the new value of Po, and the values of D and L which apply to this column segment
must be used.

(7) Repeat step 6 for any more column segments to be connected to the head end
of the series.
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(8) Use eqn. 10 to calculate to for each column in the series.
(9) Calculate the retention time for each analyte on each segment from the

corresponding k' value for that segment by the usual equation

(11)

The total retention time for component n is then given by the sum of the retention
times on the connected columns. It should be noted that the use ofeqn. 11 assumes that
each original column is uniform, so that the k' values for any segment will be the same
as those measured on the entire column.

The calculation of retention times allows a simple form of chromatographic
optimization by maximization of the spacing between adjacent peaks. A more
systematic approach is the use of window diagrams [18] applied to the IY. values of
adjacent peaks (IY. = k]jk'l)' The window-diagram approach may be very conveniently
applied with a spreadsheet. However, since it is really resolution which is being
optimized, we chose to derive diagrams for the resolution of neighboring peak pairs.
This requires a knowledge of the theoretical plate number for each component to be
analyzed. While prediction of theoretical plate numbers has also been accomplished
[19], it would make the spreadsheet much more complex. We chose the simplifying
assumption that a given column would give the same inherent plate number for all
analytes. The lower apparent plate number for peaks of lower retention time was
assumed to be due to extra-column band broadening. It has been shown that the
extra-column variance may be determined by a plot of the observed peak variance (J2

versus t 2, where the slope of the plot is the inverse of the inherent column theoretical
plate number N and the intercept is the extra-column variance (J; [20]. The apparent
plate number Na for a given peak is then given by

(12)

In our initial work, the assumption was also made that if a column of length L
had Ntheoretical plates, a fragment of length !taken from this column would have N[
plates, according to the following formula:

I
N[ =-N

L
(13)

The inherent plate number for the combined column was then given by the sum
of N[ for the individual columns. It has since been shown by Guiochon and Gutierrez
[19] that the correct form is given by

HeLe = L HiLi
i=l

(14)

where H represents the height equivalent of a theoretical plate, L the column length,
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subscript c the total coupled system, and subscript i the individual column segments
which are connected. When, as is approximately true in the present work, the height
equivalent of a theoretical plate for the column segments is the same, eqns. 13 and 14
lead to the same results. In the general case, the parameters He and Lefrom eqn. 14 may
be used to calculate the inherent plate number N e for the coupled system, and the latter
may be used in eqn. 12 to predict the apparent plate number as a function of retention
time. Resolution is conveniently calculated by the usual expression

R _ _ t--,-z_-_t1_

s - 2(O"z + 0"1)
(15)

While this treatment ignores the relationship between plate height and carrier
velocity, this factor can be minimized by adjusting the inlet pressure to keep the
calculated average linear velocity near the optimum value.

The other variable which may be conveniently controlled to optimize the
coupled-column separation is temperature. It has already been shown (eqn. 5) that the
only effect of temperature on the flow-rate for a capillary column lies in the
temperature dependence of the carrier-gas viscosity. This is expressed in ref. 3 by the
relationship

(16)

where a is a constant and T is the temperature. While the tabulated data for helium
viscosity may be fitted to eqn. 16, a simple second-order regression gives a closer fit in
the temperature range above O°e. Expressing the viscosity as a function of temperature
allows the relationship between pressure, flow-rate, and dead time to be calculated for
any temperature. What remains for calculation of the selectivity is an expression for
the relationship between k' and temperature. For the latter, we used the approach of
measuring k' at three different temperatures and regressing log k' against the reciprocal
of the absolute temperature. The regression parameters were used in the spreadsheet to
express all of the k' values as a function of temperature. The chromatogram could thus
be simulated for any combination of columns at any desired flow-rate and
temperature.

EXPERIMENTAL

Chromatography was carried out on a Hewlett-Packard 5880 gas chromato
graph with a split injector containing a packed insert. The insert contained about
1/4 in. of 2% SE-30 on 100-120-mesh Gas Chrom Q. The split flow was 50 ml/min,
with column flow controlled by the constant head pressure. Helium was used as the
carrier gas, and a flame-ionization detector was used.

Two fused-silica columns were used in this work, nominally 30 m x 0.32 mm
J.D. The first contained a bonded methyl silicone phase (DB-I, J&W Scientific) of
1 /.lm thickness, while the second contained a bonded Carbowax phase (DBWax, J&W)
of0.5 /.lm thickness. The column length was determined by careful measurement of two
unwrapped coils and by counting of the total number of coils.

The GC oven temperature was calibrated against a laboratory thermometer. The
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column flow-rate was determined by attachment of the injector end as usual, while the
detector end was extended through the detector jet to the top of the chromatograph. It
was connected through a septum to a soap-film flow meter, which was previously filled
with helium to prevent errors due to differential diffusion of helium across the soap
film. After thermal equilibration of the column at a known temperature, the flow-rate
was measured carefully, and the column head pressure, barometric pressure and
laboratory temperature were recorded. The measured flow-rate was corrected for the
vapor pressure of water and was then corrected to the column temperature.

After connection of the tail of the column to the detector, the dead time was
determined by injection ofa mixture ofn-alkanes ranging from Cs to C 12 . A regression
of the retention times according to the method of Ambrus was used for determination
of to' The measured pressures, flow-rate, column length and dead time were used in
eqn. 10 to determine the actual column diameter.

The retention times of the solvents to be separated were determined by injection
of a few microliters into a septum vial. After the liquid had evaporated, 5 ,ul of vapor
was injected onto the chromatograph. Vapor injection was used to avoid retention
time shifts that might result from overloading of the column.

The resolution calculations were carried out with Lotus 1-2-3, version 2.01,
running on an AT&T PC 6300. One spreadsheet was used to calculate the k' values and
the resolution of neighboring peaks for varying lengths of connected columns.
Another was used to generate a simulated chromatogram, assuming Gaussian peaks
and using peak variances calculated as described in the Theory section.

RESULTS

The measurements used for initial characterization of the two columns are
summarized in Table I. It may be seen that the column diameters calculated according
to eqn. 10 are in good agreement with the nominal values. The measured k' values on
both columns at three temperatures for the set of 34 solvents studied are given in
Table II. With these constants, retention times were calculated for serially connected
combinations at 50°C, starting with the full OBWax column at the head and increasing
the OB-I column length at the tail from zero to the full 30 meters. The OBWax column
length was then reduced to zero. The results are shown in Fig. I, with the same
calculation assuming the OB-I column at the head shown in Fig. 2. While dramatic
differences in relative retention times are predicted, it is clear that there is no
combination which gives good spacing for all 34 component peaks. Window diagrams

TABLE I

MEASUREMENTS USED TO CHARACTERIZE THE INDIVIDUAL COLUMNS

Column 1 = 30 m of bonded methylsilicone; column 2 = 30 m of bonded Carbowax.

Column Pi (p.s.i.g.)" Po (p.s.i.g.)" L (m) T,ol CC) Tmom CC) F (ml/min)b to (min) Dca" (mm)

1
2

26.4
26.2

L4.4
14.2

31.43 50
31.94 50

23
23

2.326
2.237

L.48
1.59

0.323
0.325

a Absolute pressures.
b Measured at Po and room temperature.
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TABLE II

EXPERIMENTAL k' VALUES FOR TEST SOLVENTS ON THE INDIVIDUAL COLUMNS

Measurements were made at Pi = 12 p.s.i.g.

Peak Name T = 40°C T = 50°C T = 60°C
No."

k' k' k' k' k' k'coli col 2 coil col2 coil col 2

1 Methanol 0.364 1.718 0.274 1.156 0.196 0.81 I
2 Ethanol 0.460 2.372 0.362 1.560 0.275 1.066
3 Acetonitrile 0.508 3.835 0.423 2.565 0.301 1.754
4 Acetone 0.542 0.864 0.450 0.609 0.333 0.464
5 Isopropanol 0.623 2.262 0.483 1.473 0.373 1.010

n-Pentane 0.726 0.068 0.571 0.054 0.438 0.048
6 lerl.-Butanol 0.787 1.803 0.612 1.183 0.464 0.811

Methyl acetate 0.869 0.968 0.652 0.672 0.497 0.501
7 Methylene chloride 0.842 2.197 0.659 1.461 0.503 1.016
8 n-Propanol 1.135 5.447 0.827 3.426 0.614 2.244
9 Methyl ethyl ketone 1.483 1.712 1.090 1.177 0.810 0.849

10 Ethyl acetate 1.831 1.550 1.320 1.050 0.954 0.756
II n-Hexane 1.824 0.146 1.347 0.11 7 0.987 0.092
12 Chloroform 1.831 4.534 1.360 2.931 1.000 1.965
13 Tetrahydrofuran 2.076 1.265 1.535 0.899 1.124 0.675
14 Ethylene dichloride 2.316 6.443 1.697 4.085 1.235 2.710

n-Butyl chloride 2.574 1.052 1.866 0.741 1.353 0.551
15 n-Butanol 2.888 12.735 2.021 7.675 1.425 4.819

Benzene 2.888 2.359 2.095 1.632 1.516 1.159
16 Cyclohexane 3.141 0.417 2.277 0.306 1.647 0.253

Dioxane 4.027 6.06l 2.837 3.959 2.000 2.710
17 n-Heptane 4.593 0.320 3.194 0.243 2.222 0.191
18 Methyl isobutyl ketone 5.528 3.971 3.788 2.621 2.614 1.804

Pyridine 5.528 15.414 3.788 9.680 2.614 6.239
19 Toluene 7.404 5.065 5.076 3.353 3.497 2.313
20 n-Butyl acetate 11.374 6.851 7.375 4.338 4.853 2.865

n-Octane 11.558 0.722 7.577 0.514 5.020 0.253
21 Ethyl benzene 17.117 9.861 11.178 6.319 7.379 4.205
22 m-Xylene 18.502 10.922 12.021 6.968 7.895 4.627
23 p-Xylene 18.645 10.411 12.082 6.659 7.941 4.422
24 a-Xylene 22.397 15.039 14.408 9.473 9.405 6.196

n-Nonane 29.082 1.615 17.955 1.107 11.320 0.787
n-Decane 73.181 3.615 42.554 2.356 25.536 1.605
n-Undecane 184.150 8.074 100.854 5.025 57.601 3.268

" Peak numbering for subset used in separation optimization.

confirmed this observation, with the minimum a value never exceeding 1.01. Varia-
tions in the temperature changed the selectivity somewhat, but no conditions could be
found for simultaneous separation of all components with these columns.

Because of the complexity of the separation, we decided to limit the optimization
to a subset of the solvents which were of most interest in our laboratoy. The
components selected are those which are numbered in Table II. The plot of (J2 vs. t 2 for
these components on the DB-l column gave a straight line, with the intercept
corresponding to (Jexterna) = 0.018 min and the slope to a column plate number of
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Fig.!. Calculated k' values for 34 solvents on column 2 coupled ahead ofcolumn I. The left side of the graph
represents column 2 alone, with the length of column I increasing in the x-direction to its full length at the
midpoint of the x-axis. Column 2 then decreases until the right side represents column I alone.
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Fig. 2. Calculated k' values for 34 solvents on column 1 coupled ahead of column 2. The plot is the same as
Fig. I except for the reversal of column order.
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70000. The corresponding plot for the DBWax column gave a poorer fit, primarily
due to significant broadening of the peaks for some of the more-polar components.
The broadening was accompanied by increased tailing, indicative of residual
unblocked hydrogen-bonding sites on the DBWax column. The assumption of a
common plate number for all components is thus not really true for this column, and
the fit to a straight line was poorer. However, the linear regression gave the same
<Texternal of 0.018 min, and the column plate number was 55000. With these constants,
the spreadsheet was programmed to calculate the retention times for each set of
conditions, to sort the peaks in order of increasing retention time and to calculate the
resolution of all adjacent peaks. The minimum resolution was tabulated for each case.
A plot of this value versus column length gave a window diagram which suggested
areas where calculations should be made at shorter intervals.

In order to test the validity of the theory, we first calculated the retention times
expected for connection of the complete DBWax column ahead of the DB-I column.
For a temperature of 500 e and an outlet flow-rate of 3 ml/min, the method predicted
a column head pressure of 24.2 p.s.i.g. The comparison of the retention times found
under these conditions with those predicted is shown in Table III. While the peak order

TABLE III

COMPARISON OF CALCULATED AND EXPERIMENTAL RETENTION TIMES FOR SOLVENT
SUBSET ON THE SERIALLY CONNECTED FULL COLUMNS

Values were measured at 50°C; P; = 24.2 p.s.i.g.; retention times in min; number code for solvents as in
Table II.

Solvent te,,,

I 5.70
2 6.58
3 8.54
4 4.87
5 6.58
6 6.17
7 6.77
8 10.75
9 6.76

10 6.81
11 5.02
12 10.44
13 6.77
14 [3.09
15 20.36
16 6.56
17 7.55
18 12.85
19 [5.84
20 20.57
21 29.05
22 31.34
23 30.83
24 39.09

fexp

5.22
6.09
7.96
4.53
6.09
5.74
6.26
9.94
6.26
6.26
4.66
9.67
6.26

12.13
18.89
6.09
7.0[

11.94
14.72
19.14
27.05
29.18
28.75
36.37

k'calc

0.81
1.09
1.71
0.55
1.09
0.96
1.15
2.41
1.15
1.16
0.59
2.31
1.15
3.[6
5.46
1.08
1.40
3.08
4.03
5.53
8.22
8.95
8.79

11.41

k'oxp

0.79
1.08
1.72
0.55
1.08
0.96
1.14
2.40
1.14
1.14
0.59
2.31
1.14
3.15
5.46
1.08
1.40
3.08
4.03
5.54
8.25
8.98
8.83

11.43
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agrees very well with that predicted, the observed times are all slightly shorter than
expected. A possible explanation for the discrepancy is uncertainty of the column-head
pressure, since the gauge was not calibrated against any outside standard. In addition,
variations in the outlet (atmospheric) pressure on different days were not included in
the calculations. Nevertheless, the last two columns of Table III show that the
agreement between predicted and experimental k' values is very good, with an average
deviation (root mean square, Lm.s.) of 0.8%.

With the success of the prediction for connection of the whole columns, we
returned to the question of optimizing the separation. Calculations were made with
variations in the column order, the lengths and the temperature. In the length
calculations, the full length ofone column was assumed while the other was varied. The
temperature was varied over the range which gave a reasonable predicted total run
time. Even with the analysis limited to the subset of solvents, complete resolution could
not be obtained for all components simultaneously. The best conditions which could
be found (17.8 m of DBWax column attached at the head of the 31.4-m DB-I column,
temperature 48°C) gave a predicted minimum resolution of 0.40. This occurred
between the peaks for tert.-butyl alcohol and ethanol, with nearly the same resolution
between ethanol and isopropyl alcohol.

To test the prediction, we cut a 17.8-m length from the DBWax column and
attached it to the front of the DB-I column. With a pressure of 17 p.s.i.g. and a column
temperature of 48°C, the retention times found are given in Table IV, along with the
predicted values. While again the observed times are systematically shorter than those
predicted, the general agreement is good except in three areas. The ethanol-tert.
butanol (peaks 2 and 6), m-xylene-p-xylene (peaks 22 and 23) and acetonitrile
cyclohexane (peaks 3 and 16) pairs were found to be coincident. Since especially the
latter peak pair seemed outside the expected range of variation, we looked for a cause.
The compounds were chromatographed on the 17.8-m section of DBWax column
alone, and the k' values were found to be larger than those measured on the original
column by an average factor of 1.04. This is evidence that the initial assumption of
invariant k' as a function ofcolumn length is not completely valid. Either a variation in
stationary phase thickness along the length of the column or a variation in column
diameter could give rise to this result. We have no evidence as to which factor is most
significant, but if the variation is in column diameter, the derivation ofeqns. 5 and 10 is
not valid, and additional deviation between predicted and experimental chromato
grams would be expected.

The revised k' values measured on the 17.8-m section of DBWax column were
used in a repeat of the calculations. Essentially the same optimum separation was
predicted, but with a DBWax section of 17.2 m. The DBWax section was therefore
shortened to 17.2 m-and re-attached to the DB-l column. The retention times and k'
values for a run with this combination at 48°C and 17.1 p.s.i.g. are given in Table V,
compared with the predicted values. Once again, the measured retention times are
systematically shorter than those predicted, but the k' values are in generally good
agreement. The acetonitrile-eyclohexane pair now separate as predicted. The ethanol
tert.-butanol pair still elute as a single peak, although the k' values measured separately
are slightly different. The lack of resolution may be partly due to the lower plate
number mentioned earlier for these polar compounds on the DBWax column.

The spreadsheet was also used to generate a simulated chromatogram for the
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TABLE IV

COMPARISON OF CALCULATED AND EXPERIMENTAL RETENTION TIMES FOR SOLVENT
SUBSET AT THE PREDICTED OPTIMUM SERIAL COMBINATION

17.8 m of column 2 at head, 31.4 m of column I at tail; values were measured at 48°C; P; = 17.2 p.s.i.g.;
retention times in min; number code for solvents as in Table II.

Solvent lcalc lcxp k' k'
calc "p

I 4.48 4.23 0.71 0.70
2 5.12 4.83 0.96 0.94
3 6.43 6.27 1.46 1.52
4 4.04 3.89 0.54 0.56
5 5.21 4.97 0.99 1.00
6 5.03 4.83 0.92 0.94
7 5.45 5.20 1.08 1.09
8 8.24 7.86 2.15 2.16
9 5.77 5.51 1.21 1.21

10 5.98 5.73 1.29 1.30
11 4.83 4.62 0.85 0.86
12 8.39 8.02 2.21 2.22
13 6.09 5.86 1.33 1.36
14 10.40 9.95 2.98 3.00
15 15.56 14.90 4.95 4.99
16 6.52 6.27 1.50 1.52
17 7.90 7.58 2.02 2.05
18 11.84 11.35 3.53 3.56
19 14.77 14.16 4.65 4.69
20 19.79 18.99 6.57 6.63
21 28.27 27.13 9.81 9.90
22 30.45 29.21 10.65 10.74
23 30.17 29.21 10.54 10.74
24 37.47 35.93 13.33 13.44

predicted separation, assuming Gaussian peaks and the plate numbers calculated
above. The simulated and actual chromatograms are compared in Fig. 3. Except for
the peak tailing for some components in the actual chromatogram, the two compare
very well. The plot of (J2 VS. t 2 for the coupled columns gave a scatter comparable to
that for the DBWax column alone, with an intercept corresponding to (Jextern.) of
0.025 min and a slope corresponding to 102 000 theoretical plates. The slight increase
of (Jextern.) (0.4 s) may not be significant, but it could be evidence for extra variance
caused by coupling of the columns. The plate number agrees well with the 99 600
predicted by the calculation, with the major outliers being acetonitrile and the alcohols
as for the DBWax column alone.

CONCLUSIONS

Standard spreadsheet programs running on a personal computer can be used to
make very successful predictions of the chromatograms which will result from the
serial coupling of capillary columns. A simple measurement of column dead time and
of k' values for the analytes on each column is sufficient for the prediction of the
separation for any desired combination oflengths. Determination of k' values at three
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TABLE V

COMPARISON OF CALCULATED AND EXPERIMENTAL RETENTION T[MES FOR SOLVENT
SUBSET AT THE REVISED PREDICTED OPTIMUM COMBINATION

17.2 m of column 2 at head, 3\.4 m of column [ at tail; values were measured at 48'C; P; = [7.2 p.s.i.g.;
retention times in min; number code for solvents as in Tab[e II.

Solvent tcalc lcxp k' k'calc exp

I 4.44 4.11 0.72 0.68
2 5.08 4.76 0.97 0.95
3 6.39 6.03 1.48 \.47
4 4.00 3.82 0.55 0.56
5 5.17 4.86 \.01 0.99
6 4.99 4.73 0.94 0.93
7 5.41 5.10 1.10 \.09
8 8.20 7.64 2.[9 2.12
9 5.73 5.4[ \.23 1.2 [

[0 594 5.63 1.31 1.30
II 4.79 4.57 0.86 0.87
[2 8.36 7.84 2.25 2.2[
[3 6.06 5.77 1.35 1.36
14 10.37 9.70 3.03 2.97
[5 15.53 [4.47 5.04 4.92
16 6.48 6.20 1.52 \.53
17 7.86 7.5[ 2.06 2.07
18 [1.8 [ l1.I6 3.59 3.56
[9 14.74 13.94 4.73 4.70
20 [9.76 [8.70 6.68 6.65
2[ 28.25 26.73 9.98 9.93
22 30.43 28.77 [0.83 10.76
23 30.15 28.42" 10.72 10.62"
24 37.46 35.35 13.57 13.45

" Retention time estimated from unresolved shoulder.

different temperatures further allows calculation of the chromatogram for any
combination at any desired temperature. The columns need not be of the same
diameter, and the method could easily be extended to the coupling of three or more
columns, if desired. The primary limitation is the assumption ofconstant diameter and
stationary phase thickness along each column, which has not proved quite true in
practice.

The equations utilized in this study are also useful for work with a single
capillary column. After measurement of the dead time at one column-head pressure
and temperature, it is simple to calculate the head pressure required for a given dead
time at any desired temperature. With gas chromatographs using pressure-controlled
flows, this allows prediction ofthe pressure required to keep the average linear velocity
within the optimum range for maximum plate number. It also allows a check on
whether the column J.D. matches the nominal value. With the wide availability of
personal computers, such methods can be a routine tool of the gas chromatographer.
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ABSTRACT

A hydrogen storage alloy was applied as an absorbent for hydrogen and as a catalyst for the hydro
genation of unsaturated hydrocarbons such as ethylene, propylene and acetylene for the determination of
trace hydrocarbons in hydrogen by gas chromatography with photoionization detection. The hydrogen
storage alloy was used at ambient temperature and under the pressure of the carrier gas. The conversion
yields were 103% for ethylene to ethane, 77% for acetylene to ethane and 102% for propylene to propane
and the detection limits were 0.01 ppm for methane, 0.02 ppm for ethane and 0.01 ppm for propane.

INTRODUCTION

Gas chromatography (GC) has been widely used for the determination of
hydrocarbons components, as inherent impurities, in process gases such as hydrogen,
nitrogen, oxygen and argon [1]. Photoionization detection (PID), which is based on the
emission from a direct current discharge in helium gas, is a universally sensitive
detection method [1] and has especially high sensitivity for inert gases [2]. We have
reported in previous papers [3,4] that PID is suitable for the determination of trace
amounts of inert gases such as nitrogen, argon, krypton and xenon. PID has a higher
sensitivity to hydrocarbons such as methane, ethane and propane, which have lower
ionization potentials than that of helium, and has a sensitivity similar to or higher than
that of flame ionization detection (FlO) [5].

However, in the determination of hydrocarbons such as methane, ethane and
propane in hydrogen, it has been difficult to separate and determine directly and

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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accurately trace amounts of the hydrocarbons below the parts per million level without
reducing the proportion ofhydrogen, as a major component, prior to introduction into
the detector.

From the viewpoint of quality control ofcylinder and/or bulk hydrogen gas, it is
more practical to determine the total hydrocarbons in hydrogen in order to evaluate its
purity; the carbon content in gases is a major concern in semiconductor manufacturing
processes because the carbon may be deposited on the surface of water and infl uence
the product yields of the device.

It is not necessary to determine individual hydrocarbon impurities, such as
ethane, ethylene and acetylene, in hydrogen. If unsaturated hydrocarbons can be
converted quantitatively into the corresponding saturated hydrocarbons, the gas
chromatograms obtained will be simpler and the analysis time can be reduced. We
found that unsaturated hydrocarbons could be converted quickly and very efficiently
into saturated hydrocarbons by the use of a precolumn packed with a suitable
hydrogen storage alloy (HSA), which was operated at room temperature and at the
pressure of the carrier gas.

An HSA was used for the absorption of hydrogen, which is a major component
of the sample gas, and also for the catalytic conversion of unsaturated hydrocarbons
(e.g., ethylene, acetylene and propylene) to the corresponding saturated hydrocarbons.

This paper describes a method for the group determination of C 1-C3 hydro
carbons in hydrogen with the use ofPID and the hydrogenation ability of an HSA at
room temperature.

EXPERIMENTAL

Apparatus
A schematic diagram of the experimental apparatus is shown in Fig. 1. It consists

of a gas sampler, a precolumn (hydrogen absorber) and a gas chromatograph
(GC-263-30; Hitachi, Tokyo, Japan) with a photoionization detector. A precolumn
was installed between the gas sampler (1.5 m)) and the stainless-steel analytical column
(3m x 3 mm I.D.), which was packed with active alumina (60-80 mesh). The
precolumn (30 cm x 9.5 mm a.D. V-shaped stainless-steel tube) was filled with

Fig. l. Schematic diagram of the experimental apparatus. A = Gas chromatograph; B = interface;
C = integrator; D = precolumn (HSA); E = heating block; F = thermo-controller; G, H = air-actuated
six-port valves; I = sample loop; J = pressure transducer; K = hydrogen and helium gas inlet for HSA
activation and purge; L = hydrogen and helium gas outlets; M = sample gas inlet; N = sample gas outlet;
V = diaphragm stop valves (the arrow shows the direction of carrier gas flow).
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a hydrogen storage alloy (HSA, 16-60 mesh) as described previously [4]. All fittings,
such as the reducer and union tee (Nupro, Willoughby, OH, U.S.A.) were made of
stainless-steel. This system can be programmed with a computerized integrator
(C-R4A; Shimadzu, Kyoto, Japan) through an interface and is able to analyse and
automatically report the results. Analytical results are computed by an absolute
calibration method from the peak area. The operating conditions for the GC-PID
system and the precolumn were as follows: oven temperature, 80°C; detector
temperature, 100°C; carrier gas, helium at a flow-rate of 50 ml/min; discharge gas,
helium at a flow-rate of 40 ml/min; discharge potential, 750 V; and precolumn
temperature, room temperature (ca. 25°C).

Materials
The HSAs used, obtained from Japan Metals and Chemicals (Tokyo, Japan) are

listed in Table I. The particle size of the pulverized HSA was initially in the range 16
60 mesh.

TABLE I

HYDROGEN STORAGE ALLOYS

HSA

HSA-I
HSA-2
HSA-3

Composition

LaNi4.9 Ala.!
MnNi4 .s Ala.s [4]
CaNis

Reference gases were prepared by the gravimetric method and were supplied by
Toyo Sanso (Tokyo, Japan). Most of the experiments to evaluate the applicability of
the HSA as a hydrogenation catalyst were conducted with reference gases having the
following compositions: (1) 10.0 ppm CH4 , 9.7 ppm C2H6 , 9.6 ppm C3Hs in H 2 ; (2)
9.1 ppm C2H4 , 9.5 ppm C3H 6 in H 2 ; (3) 10.2 ppm C2H 2 in H 2 ; and (4) 8.0 ppm C2H4 ,

9.3 ppm C2H6 , 8.5 ppm C2H 2 , 8.9 ppm C3H6 , 8.5 ppm C3Hs in He. High-purity
helium (Toyo Sanso, [A] grade, 99.9999%) was employed as the carrier gas and
discharge gas without further purification. The activation and regeneration of HSA
were carried out with the procedure used previously [4], as shown in Table II.

RESULTS AND DISCUSSION

Selection of HSA
Several HSAs were examined to see if unsaturated hydrocarbons (e.g., ethylene)

can be converted completely into saturated hydrocarbons (e.g., ethane). The
chromatographic profiles obtained after passing through the precolumn, which were
packed with different HSAs, are shown in Figs. 2--4. HSA-lled to unasymmetrical and
strongly tailing peaks for C3 hydrocarbons, as shown in Fig. 2. HSA-2 and HSA-3
provided better peak shapes for C2 and C3 hydrocarbons. The quantitative results
showed that the HSA-3 had an improved performance, i.e., it could absorb much more
hydrogen than HSA-2 without any loss of saturated hydrocarbons such as methane,
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TABLE II

ACTIVATION AND REGENERATION PROCEDURES FOR PRECOLUMN FILLED WITH
HSA-I-3

Activation steps

Precolumn turned to the activation position

Evacuation (under vacuum for 30 min)

Hydrogen absorption
(at ca. 25°C, 6 atm for 30 min)

Evacuation (under vacuum at 140°C for 30 min)

Precolumn turned back to the analytical position
(heat at 180°C for 30 min)

Precolumn cooled to ca. 25°C

GC analysis

Regeneration steps

Precolumn turned to the activation position

Evacuation (under vacuum at 140°C for 30 min)

Precolumn turned back to the analytical position
(heat at 180°C for 30 min)

Precolumn cooled to ca. 25°C

GC analysis

ethane and propane and also could be successfully activated and regenerated by the
procedures described previously [4]; HSA-3 provided better peak shapes, especially for
propylene, than the other HSAs. The HSA-3 was therefore chosen for subsequent use.

Efficiency of hydrogenation
A series of experiments were conducted to evaluate the hydrogenation efficiency

for converting C1-C3 unsaturated hydrocarbons at sub-parts per million levels in
hydrogen into saturated hydrocarbons using activated HSA-3. The peak area for each
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Fig. 2. Chromatograms obtained with HSA-J. (A) I = CH 4 (1.0 ppm); 2 = C2 H6 (1.0 ppm); 3 = C3Hs
(1.0 ppm). (B) 4 = C2H 6 from C2H4 (1.0 ppm); 5 = C3 Hs from C3 H6 (1.0 ppm). (C) 6 = C2H 6 from C2H 2

(1.0 ppm). Asterisks show air peak.
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Fig. 3. Chromatograms obtained with HSA-2. A, Band C as in Fig. 2.

of the gases that passed through the precolumn was compared with that obtained
without the precolumn; the sample gases used in both experiments were prepared by
diluting the standard gas with high-purity hydrogen by the use of mass flow
controllers.

The results showed that ethylene and propylene were completely converted into
ethane and propane, respectively, within experimental error and acetylene was
partially absorbed and converted into ethane with a constant hydrogenation ratio of
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Fig. 4. Chromatograms obtained with HSA-3. A, Band C as in Fig. 2.



80 H. OGINO, Y. AOMURA, T. HOBO

103 ± 2%,77 ± 3% and 102 ± 3% for CZH4 , CzH z and C3H 6 , respectively. Only
acetylene, which has a carbon--earbon triple bond, showed a lower efficiency of
hydrogenation than the other unsaturated hydrocarbons. Hence if a sample contains
acetylene and other Cz hydrocarbons, the analytical result obtained will be slightly
lower than the real value. Fortunately, this will only slightly affect the determination of
the purity of hydrogen as the impurity is present in mere trace amounts. In the 30 cm x
9.5 mm O.D. precolumn, over 120 ml of hydrogen could be absorbed; with a sample
size of 1.5 ml, more than 80 samples can be analyzed.

Typical gas chromatogram
Typical gas chromatograms of gas mixtures in hydrogen obtained by a direct

method (without the precolumn) and the present method (with the precolumn) are
shown in Fig. 5. In the former chromatogram, a large hydrogen peak overlapped the
peaks of later eluted components. Consequently, it was difficult and/or impossible to
measure th peak areas of trace amounts of impurities accurately owing to the tailing of
the large hydrogen peak. It takes more than 30 min untill the complete elution of
hydrogen is achieved and the next analysis is possible. On the other hand, such a large
hydrogen peak did not appear on the chromatogram obtained by the present method
and also only saturated hydrocarbon peaks were eluted and an analysis could be
finished within 10 min.

Reproducibility and detection limits
In order to evaluate the quantitative performance of the system, standard gas

mixtures were repeatedly injected into the system. The results showed that the
reproducibilities (relative standard deviation, n = 5-6) were 1.49, 0.76,0.81,0.34,2.73
and 0.51 % forCH4 (1.04 ppm), C ZH 6 (1.01 ppm), C3H s (1.04 ppm), C ZH 4 (0.98 ppm),
CzH z (1.08 ppm) and C3H 6 (1.03 ppm), respectively. The detection limits, which were

A B

3

! ! , I

12 16 20 24

TIME (min)

Fig. 5. Comparison between chromatograms obtained for C,-C3 hydrocarbons with and without the
precolumn (HSA-3). Sample gas contains CH 4 (1.0 ppm), C2H6 (1.0 ppm) and C3Hs (l.O ppm) in hydrogen.
I = H 2 ; 2 = CH 4 ; 3 = C2H 6 ; 4 = C3Hs.



GC OF TRACE IMPURITIES IN HIGH-PURITY HYDROGEN 81

calculated from the minimum peak areas given by the integrator detection, were ca.
0.02,0.01 and 0.01 ppm for CH4 , CZH 6 and C3H g , respectively.

The calibration graphs were linear up to ca. 5 ppm in the concentration range
examined. The relative sensitivities (methane = 100) were 174 ± 3 for ethane and
ethylene, 127 ± 5 for acetylene and 247 ± 3 for propane and propylene, respectively.

In conclusion, the proposed procedure could be used to determine C1-C3

hydrocarbons down to the parts per billion level if the gas chromatograph is equipped
with a highly sensitive detector such as a photoionization detector or a helium
ionization detector [5].
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ABSTRACT

A method for the determination of benzene, toluene, ethylbenzene and xylenes in plant foliage was
developed. Using a gas chromatography-quadrupole mass spectrometer in the selected-ion monitoring
mode, calibration graphs and detection limits for these hydrocarbons were determined. Pseudotsuga men
ziesii (Mirb.) Franco needles and Cotoneaster dammeri Schn. "Skogholm" leaves were extracted with
dichloromethane; the optimum extraction time was determined to be 6 h. Differences in the amounts of the
hydrocarbons absorbed could be measured.

INTRODUCTION

Monocyclic aromatic hydrocarbons (MARs) constitute an important fraction
of the volatile organic compounds (VOCs) in ambient air. They are emitted by
industrial processes and automobile exhausts. Average concentrations of benzene,
toluene, ethylbenzene and xylenes in urban air vary from 1to 70 f.1g m-3

, with peaks for
benzene and toluene above 100 f.1g m-3 [1-3]. As an increase in the content of benzene
and other aromatics compensates for the decrease in octane number in unleaded fuel,
increases in emission may be expected.

Exposure to aromatic hydrocarbons can cause serious health problems. Benzene
is known to be a leukaemic agent in humans. The toxic properties of toluene,
ethylbenzene and xylenes have also been frequently studied [4,5]. In addition, these
hydrocarbons are photochemically reactive and contribute to smog.

An important feature of MARs is their high lipophilicity [6]. They may be
enriched in plant cuticles by their partitioning between the vapour state and the
lipophilic cuticle. Recently, there has been some interest in the absorption of organic
compounds by plant foliage. Frank and Frank [7] measured the uptake of tetra
chloroethene by spruce needles and determined the partition ratios between air and

a R.K. is "aspirant" (research assistant) at the "Nationaal Fonds voor Wetenschappelijk Onder
zoek" (Natural Fund for Scientific Research, Belgium).

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



84 R. KEYMEULEN, H. VAN LANGENHOVE, N. SCHAMP

needles. In several studies, the accumulation of mainly persistent semi-volatile
chlorinated hydrocarbons in coniferous needles was investigated [8-11].

The aim of this study was to develop a simple but sensitive method for measuring
amounts of benzene, toluene, ethylbenzene and xylenes absorbed in plant cuticles, in
order to evaluate whether this is an important mechanism for the elimination of these
pollutants from air.

EXPERIMENTAL

Sample preparation
Samples of Pseudotsuga menziesii (Mirb.) Franco needles were collected along

a highway in the north of Belgium, running from the southeast to the northwest, which
is approximately perpendicular to the direction of the prevailing winds in this area.
Needles were sampled at 1.5 m above the ground on the side exposed to the highway by
cutting them from the twigs with a pair of scissors. They were dropped into glass tubes
provided with screw-caps without touching with the fingers. Approximately I g of
needles (fresh weight), corresponding to 90-110 needles, were sampled per tube.

Leaves of Cotoneaster dammeri Schn. "Skogholm", a 0.5-m high shrub, were
collected on the side of a road with dense traffic in the city of Ghent, Belgium, in the
same way as the Pseudotsuga needles.

Dichloromethane, containing an internal standard (5 ng ,u1-1), was added to the
tubes to extract MAHs from the cuticle [1.2 ml ofdichloromethane per gram of needles
(fresh weight)]. The tubes were tightly closed with screw-caps and Teflon tape and
placed in a slowly rotating drum (to improve contact between the solvent and the
needles) for a certain period of time (see Results). The extracts were then filtered
(Millex-HV 0.45 ,urn) and aliquots of 1 ,ul of filtrate were injected into the gas
chromatograph

Analysis
A Hewlett-Packard Model 5890 gas chromatograph equipped with a Model

5970A quadrupole mass spectrometer and a Model 200 computer system was used to
analyse the leaf extracts. A 30 m x 0.258 mm J.D. fused-silica capillary column coated
with a 0.25-,um thick layer of DB-5 stationary phase was used with splitless injection.
The carrier gas was helium at a linear velocity of 0.48 m S-1. The injector temperature
was 250°C and the gas chromatograph-mass spectrometer interface temperature
260°C. The initial oven temperature was 20°C, increased at 2°C min-1 for 14 min to
48°C, then at 15°C min-1to 230°C. The sampling rate was five selected ion monitoring
cycles per second.

RESULTS AND DISCUSSION

Instrumental parameters
The HP quadrupole mass spectrometer was used in the selected-ion monitoring

mode. In Table I, the selected masses used for data acquisition and the time interval for
each group of ions sampled are given.

As the leaf extracts also contained large amounts of terpenes, exhibiting
retention times of 15 min and more, data acquisition had to be terminated at 14 min,
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TABLE I

PARAMETERS FOR DATA ACQUISITION IN SELECTED-ION MONITORING

Group Time interval for
sampling (min)

mjz Compound

I
2
3
4

2.50--4.00
4.00-6.60
6.60-9.00
9.00-14.00

77, 78
91, 92
66, 98
91, 106

Benzene
Toluene
Perdeuterooctane
Ethylbenzene, m-jp-xylene, o-xylene

immediately after elution of the a-xylene peak. At this moment, the rate of column
temperature increase was changed in order to elute the terpenes quickly from the
column.

To avoid peak tailing, which easily occurs at the low concentrations used, the
internal standard in the extracts should be an apolar compound. As it should also be
completely absent from ambient air, perdeuterooctane was chosen.

Calibration graphs
To obtain calibration graphs, eight standard solutions of mixture of 0.25,0.5,

0.75, I, 2.5, 5, 7.5 and 10 ng ,ul-l benzene, toluene, ethylbenzene, m-jp-xylene and
a-xylene and a constant concentration of 5 ng ,ul-l internal standard (perdeutero
octane) were injected. Then the ratios of the peak area of the MAH to that of the
internal standard were plotted against corresponding concentrations for each
aromatic compound. In this way, five linear eight-point calibration graphs with

~g/g d.w.
4,....:---"-----------------------,

3

252015105

0+-----.,------,-----,---------,-----'
o

t1me (h)

Fig. I. Concentrations of(.) toluene, (+) ethylbenzene, (*) m-jp-xyleneand (0) o-xylene in Pseudo/sugo
menziesii (Mirb.) Franco needles (/Ig g-l dry weight) as a function of the extraction time.
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correlation coefficients of 0.999 were obtained. The relative standard deviations of the
ratios for 1 ng jll-l were determined to vary from 1.6 to 3% for five injections.

Detection limits
Detection limits of the MAHs were determined by diluting the standard solution

until signal-to-noise ratio of 3 was reached. In this way, detection limits of 50 pg jll-l
for ethylbenzene, m-jp-xylene and o-xylene and 10 pg jll-l for benzene and toluene
were obtained (the relative standard deviations varied from 10.2 to 13.9% for five
injections).

Analysis of plant extracts·
Extraction efficiency. The amount ofaromatic compounds that is extracted from

the leaves is dependent on the extraction time. The most efficient extraction time was
determined by analysing samples of dichloromethane that had been in contact with
Pseudotsuga menziesii (Mirb.) Franco needles for 0.25, 1,3,6,15 and 24 h. Fig. 1shows
that the extraction is completed after 6 h.

To understand why this long extraction time is necessary, the morphological
structure of the plant cuticle should be considered. The plant cuticle is composed of
different layers: an outermost epicuticular wax layer, soluble in organic solvents, and
the cuticle proper and cuticular layers, which are insoluble in organic solvents [12]. As
10-30 s are sufficient to extract the epicuticular wax layer from leaves [12], and as in
these experiments 6 h are necessary to extract MAHs, it seems that only a very small
fraction of the MAHs can be absorbed in the epicuticular wax layer. The largest
fraction of the MAHs can be assumed to be absorbed in the cuticle proper and the
cuticular layers. The cuticle proper consists of insoluble polymeric cutin, whereas the
cuticular layers are composed of a polymeric structure ofcutin and cellulose, in which
wax and pectin are embedded [12,13]. The extraction time of 6 h can thus be
rationalized as the time necessary for the MAHs to migrate out of this polymeric
structure into the dichloromethane solution.

Concentrations. With the method described, concentrations of MAHs in 1- and
2-year-old needles of six different Pseudotsuga menziesii (Mirb.) Franco trees and in
the leaves of six different Cotoneaster dammeri Schn. "Skogholm" shrubs were
determined (Table II).

In needle extracts of Pseudotsuga menziesii (Mirb.) Franco, benzene could not be
detected. The xylenes were found in the highest concentrations (up to 10 jlgjg of needle
dry weight). Differences in concentrations between the needles of six Pseudotsuga
menziesii (Mirb.) Franco trees and between 1- and 2-year-old needles are observed.
Especially the concentrations of ethylbenzene, m-jp-xylene and o-xylene are higher in
2- than in l-year-old needles from the same tree. In leaves of Cotoneaster dammeri
Schn. "Skogholm", only benzene (0.3-0.7 jlg g-l dry weight) and toluene (0.03-0.08 jlg
g-l dry weight) could be detected. Differences in MAH content between the leaves
from six Cotoneaster shrubs can also be noticed.

CONCLUSION

Using the proposed method, differences in the concentrations of benzene,
toluene. ethylbenzene. m-jp-xyleneand o-xylene, absorbed in 1- and 2-year-old needles
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of different Pseudotsuga menziesii (Mirb.) Franco trees and in leaves of different
Cotoneaster dammeri Schn. "Skogholm" shrubs could be determined.

Apparently, the absorption ofmonocyc1ic aromatic compounds is dependent on
the plant species, the individual plant and the age of the leaves. Further investigations
are necessary to find the causes of these differences. Also, experiments on any possible
degradation ofMAHs in plants are necessary in order to determine elimination rates of
MAHs from air by plants.

REFERENCES

1 H. B. Singh, L. J. Salas, B. K. Cantrell and R. Redmond, Atmos. Environ., 19 (1985) 1911-1919.
2 B. M. Wathne, Atmos. Environ., 17 (1983) 1713-1722.
3 A. Person, A. M. Laurent, Y. Le Moullec, F. Coviaux and B. Festy, Pollut. Atmos., 120 (1988) 40 1-41 O.
4 M. Sittig, Toxic Priority Pollutants, Health Impacts and Allowable Limits, Noyes Data, Park Ridge, NJ,

1980, pp. 87-90, 344-347, 217-220.
5 B. J. Dean, MUlat. Res., 47 (1978) 75-97.
6 A. Sato and T. Nakajima, Er. J. Ind. Med., 36 (1979) 231-234.
7 H. Frank and W. Frank, Environ. Sci. Tee/mol., 23 (1989) 365-367.
8 A. Reischl, M. Reissinger, H. Thoma and O. Hutzinger, Chemosphere, 18 (1989) 561-568.
9 G. Eriksson, S. Jensen, H. Kylin and W. Strachan, Nature (London), 341 (1989) 42-44.

10 C. Gaggi and E. Bacci, Chemosphere, 14 (1985) 451-456.
11 E. H. Buckley, Science, 216 (1982) 520-522.
12 J. T. Martin and B. E. Juniper, The Cutie/es of Plants, Arnold, London, 1970, pp. 74-75.
13 P. J. Holloway, in D. F. Cutler, K. L. Alvin and C. E. Price (Editors), The Plant Cuticle, Academic Press,

New York, 1982, pp. 1-4.



Journal a/Chromatography, 541 (1991) 89-98
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 22 979

Location of double bonds in polyunsaturated fatty acids by
gas chromatography-mass spectrometry after 4,4
dimethyloxazoline derivatization

LAURENT FAy* and URS RICHL!

Nestec Ltd. Research Centre, Vers-chez-les-Blanc, P.O. Box 44, CH-IOOO Lausanne 26 (Switzerland)

(First received August 17th, 1990; revised manuscript received November 13th, 1990)

ABSTRACT

The location of double bonds in polyunsaturated fatty acids is determined by gas chromatography
mass spectrometry after 4,4-dimethyloxazoline (DMOX) derivatization. A procedure for DMOX prep
aration, starting from fatty acid methyl esters (FAMEs) is proposed. The most interesting properties of
these derivatives are presented especially for the analysis of long-chain polyenoic fatty acids. The use of
DMOX derivatives in combination with FAMEs can be very useful for the identification of fatty acids in
unknown samples.

INTRODUCTION

A major problem in the analysis of unsaturated fatty acids is the determination
of the position of the double bond in the alkyl chain. In the past, a number ofdifferent
mass spectrometric methods for the structure elucidation of fatty acids have been
proposed and excellent reviews [1,2] summarize all the different aspects.

In contrast to the methods ofanalysing underivatised fatty acids by tandem mass
spectrometry [3,4], derivatization methods which introduce a group of low ionization
potential (fragmentation-directing functionality) are attractive because they can be
performed on a simple gas chromatographic-mass spectrometric (GC-MS) system
working in the electron impact (EI) ionization mode. Following the latter approach,
many different derivatives of the carboxylic group have been investigated: pyrrolidides
[5,6], picolinyl [7-12], piperidyl and morpholinyl [13] esters, triazolopyridines [14] and
2-alkenylbenzoxazoles [15]. Using these derivatives, the determination of the position
offunctionalities such as double and triple bonds, branches or cyclopropane rings has
been described.

However, these derivatives have low volatility, especially with long-chain
polyunsaturated fatty acids, and their chromatographic behaviour is not good enough
to permit the separation of all the acid derivatives which are often present in complex
mixtures. In addition, their mass spectra sometimes leave doubt about the sites of
unsaturation,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Recently, Zhang et al. [16] described the use of2-alkenyl-4,4-dimethyloxazolines
(DMOX) for the location of double bonds in long-chain olefinic acids. These
derivatives have a high volatility for chromatographic analysis and their mass spectra
show easily recognizable diagnostic peaks for the determination of the position of
unsaturation. The same derivatives have also been used for the determination of
methyl branching [17] and cyclopentenyl and triple bond location [18,19]. However,
the described reaction between free fatty acids and 2-amino-2-methylpropanol was not
quantitative and residual material could not be removed.

This paper describes another way ofobtaining DMOX derivatives, starting from
FAMEs routinely used for the analysis oflipids by Gc. The methyl esters, obtained by
transesterification of the triglycerides, form the corresponding DMOX derivatives by
reaction with 2-amino-2-methylpropanol (Scheme 1). The products can easily be
extracted from the reaction mixture.

EXPERIMENTAL

Materials
All fatty acid standards were purchased from Supelco (Gland, Switzerland).

Acetyl chloride and 2-amino-2-methylpropanol were obtained from Fluka (Buchs,
Switzerland) and were used without further purification. All solvents were of
analytical-reagent grade.

Derivatization
The direct transesterification method of Lepage and Roy [20] was slightly

modified (hexane replacing benzene [21]). In a Reacti-vial (Pierce, Socochim, Pully,
Switzerland), 10 pI of fat sample were dissolved in 1 ml of methanol-hexane (4:1) and
100 pI ofacetyl chloride were slowly added. The vials were tightly closed and heated at
100aC for 1h. After cooling, 1ml of6% KZC03 and I ml ofhexane were added and the
mixture was gently shaken. The hexane phase was dried (NaZS04) and evaporated
under a stream of nitrogen at room temperature. The DMOX derivatization was
carried out by adding 500 pi of2-amino-2-methylpropanol, heated overnight at 180aC.
After cooling, the reaction mixture was dissolved in 5 ml of dichloromethane and
washed twice with 2 ml of distilled water. The dichloromethane solution was dried
(NaZS04) and evaporated under a stream of nitrogen at room temperature. The
residue was dissolved in hexane and was ready for injection.

Eo

-

cerR CH 3-CO-CI [H
o-cerR ~ OH + R-cero-cH 3

o-cerR
CH3 -OH

OH (FAMEs)

~O

+ ::r: 180'C .. ~NYR-C R-C~
\O-CH "03

(DMOXl

Scheme I.
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Gas chromatography~mass spectrometry
The equipment used was a Hewlett-Packard 5880 gas chromatograph, a Kratos

MS-30 mass spectrometer and a DS55 data system (Kratos, Manchester, U.K.). The
GC-MS conditions were as follows: fused-silica column (30 m x 0.32 mm J.D.)
DB-WAX; carrier gas (helium) pressure, 10 p.s.i.; on-column injection at 60°C; oven
temperature programme, 60°C (1 min), increased at 30°Cjmin to 200°C and then at
3°Cjmin to 240°C (5 min); ion source temperature, 240°C; EI ionization at 70 eY.

An HP-5971A GC-MS system with an HP-GI030A MS Chemstation (Hewlett
Packard, Geneva, Switzerland) was also used. The oven temperature programme was
50°C (1 min), increased at 30°Cjmin to 150°C and then at 4°Cjmin to 250°C (10 min).
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RESULTS AND DISCUSSION

In our first experiments, the DMOX derivatization reaction of free fatty acids
according to Zhang et al. [16] was not complete and the gas chromatograms showed
residual materials interfering with DMOX derivatives. Therefore, we developed a new
DMOX derivatization procedure starting from FAMEs. This method allows the
qualitative and quantitative analysis of fatty acids in an unknown sample in two steps.
First, all the common fatty acids are easily determined by analysis of the FAME
derivatives obtained after the direct transesterification of triglycerides. In a second
step, if there is doubt about the structure of unsaturated acids, the FAMEs can be
derivatized directly to the corresponding DMOX derivatives, which are then analysed
by GC-MS.

Fig. 1 shows the chromatograms of a standard mixture of 27 FAMEs and of the
DMOX derivatives obtained with the same column under the same conditions. The
elution orders of DMOX and FAME derivatives are identical. The chromatographic
properties of DMOX derivatives allow their resolution on a polar column without
applying high temperature or long isothermal periods. Typical elution temperatures of
DMOX are about 10-1 5°C higher than those required by the corresponding FAMEs.

The proposed reaction of FAMEs with 2-amino-2-methylpropanol is carried out
overnight at 180°C. The procedure yields a quantitative derivatization and after
extraction with dichloromethane no residual FAMEs interfere with the DMOX
derivatives (Fig. 2).

These drastic conditions are required in order to obtain a complete reaction
between FAMEs and 2-amino-2-methylpropanol and quantitative formation of
oxazoline derivatives. If the reaction is performed at lower temperatures residual
FAMEs are still present and produce interferences with DMOX derivatives. Under the
chosen conditions, no discrimination effect and no decomposition products of fatty
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Fig. 2. Mass chromatograms of DMOX derivatives (mlz 113) and FAMEs (mlz 87) in a standard mixture
after DMOX derivatization carried out overnight at 180°C. No residual FAMEs can be detected in the
sample.



LOCATION OF DOUBLE BONDS IN FATTY ACIDS 93

acids have been detected. The derivatives obtained are stable for at least I week at
room temperature.

The mass spectra ofDMOX derivatives clearly show the positions of the double
bonds in mono- or polyunsaturated fatty acids. An unsaturation is located by an
interruption of the regular pattern produced by successive chain cleavages of
methylene units. The double bond position can be determined using the rule
formulated by Andersson and co-workers [22,23] for pyrrolidide derivatives: if an
interval of 12 atomic mass units (a.m.u.), instead of the regular 14 a.m.u., is observed
between the most intense peaks clusters of fragments containing nand n - I carbon
atoms in the acid moiety, a double bond occurs between carbons nand n + 1 in the
molecule.

Fig. 3 shows the mass spectrum of C22: 1 (13), which contains two peaks at m/z
252 and 264 locating a C-13 double bond. The base peak at m/z 113 and the intense ion
at m/z 126 are produced by McLafferty rearrangement and a cyclization reaction,
respectively [16].

For all monoenoic acids studied, the double bond located between carbons nand
n + 1also gives abundant ions with n + 2, n - 2 [16] and n + 3 carbon atoms. In this
case, the small ions locating the double bond are always surrounded by three ions with
more abundant intensities. For example, the spectrum in Fig. 3 presents such a pattern
with prominent peaks at m/z 238, 292 and 306.

DMOX derivatives are very attractive for the analysis of long-chain polyenoic
fatty acids. Unlike pyrrolidide, picolinyl or triazolopyridine derivatives, DMOX of
polyunsaturated fatty acids are well eluted on polar GC columns and easily transferred
into the MS source. After EI ionization, they produce mass spectra which clearly show
the molecular ion and the positions of unsaturation.
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Fig. 3. Mass spectrum of the DMOX derivative ofC22:l (13).
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Table I summarizes the results obtained for 22 unsaturated fatty acids after
DMOX derivatization. Only the diagnostic fragments, locating the double bond
positions, are presented.

Fig. 4 shows the spectrum ofC22:6 (4,7,10,13,16,19). The rule of the 12 a.m.u.
intervals can easily be applied and indicates double bonds at the C-7, -10, -13, -16
and -19 positions. However, the location of the C-4 unsaturation cannot be identified
by the 12 mass units rule. This unsaturation is located by an intense odd-mass ion at
mlz 139. The formation of this ion could be explained by ionization of the nitrogen
atom followed by cyclization and cleavage of the rest of the aliphatic chain (Scheme 2).
For C-5 and C-6 unsaturations, corresponding ions were observed at mlz 153 and 167.

The use of ions at mlz 139, 153 and 167 allows the unambiguous location of C-4,
-5 and -6 double bonds even for fatty acids with a non-regular distribution of the
unsaturations. As an illustration, Fig. 5 presents the mass spectrum of the C18:3
(5,9,12) acid. The C-9 and -12 double bonds are located by the 12 a.m.u. interval and
the C-5 unsaturation by the intense peak at mlz 153.

The method described here has also been used successfully for fatty acids with
conjugated double bonds. An example is the analysis of seed oil from Calendula

TABLE I

CHARACTERISTIC IONS IN EI MASS SPECTRA OF DMOX DERIVATIVES OF 22 UNSATURATED
FATTY ACIDS

Fatty acid
DMOX

M + . Diagnostic fragments
mlz (intensity, %) mlz (intensity, %)

C22:6 (4,7,10,13,16,19) 381(5)

C20A (5,8,11,14)
C20:5 (5,8,11,14,17)

C18:1 (6)
C18:3 (6,9,12)
CI8A (6,9,12,15)

C22:4 (7,10,13,16)
C22:5 (7,10,13,16,19)

C20:3 (8,11,14)

C14:1 (9)
C16:1 (9)
C18:1 (9)
C18:2 (9,12)
C18:3 (9,12,15)

C15:1 (10)
C17:1 (10)

C18:1 (I J)
C20:1 (II)
C20:2 (11,14)
C20:3 (11,14,17)

C22:1 (13)
C22:2 (13,16)

357(9)
355(5)

335(4)
331(18)
329(8)

385(14)
383(7)

359(4)

279(7)
307(7)
335(13)
333(10)
331(20)

293(8)
321 (7)

335(10)
363(10)
361(15)
359(16)

391 (9)
389(19)

166(4), 178(3), 206(3), 218(2), 246(3), 258(2), 286( I), 298( I), 326(0.5),
338(0.1), 139(9)

180(3), 192(2), 220(3), 232(2), 260( I), 272(1), 153(19)
180(3), 192(2), 220(3), 232(2), 260(2), 272(1), 300(1), 312(1), 153(17)

166(13), 167(24)
194(13), 206(8), 234(7), 246(4), 220(27), 274(19), 166(21), 167(33)
194(6),206(3),234(4),246(2),274(2),286(1), 220(7), 260(6), 166(9), 167(12)

168(7), 180(13), 208(7), 220(4), 248(9), 260(4), 288(3), 300(2)
168(6),180(9),208(6),220(4),248(6),260(2), 288(3), 300(2), 328(2), 340(1)

182(2), 194(1),222(2),234(1),262(1),274(1)

196(2), 208(3), 182(16), 236(13), 250(9)
196(2),208(2), 182(15),236(11),250(12)
196(3), 208(3), 182(16), 236(13), 250(11)
196(3), 208(2), 236(5), 248(2), 222(15), 276(11)
196(3), 208(2), 236(6), 248(3), 276(8), 288(2)

210(1), 222(2), 196(10), 250(11), 264(9)
2J0(2), 222(2), 196(9), 250(9), 264(9)

224(1), 236(3), 210(7), 264(9), 278(9)
224(1), 236(2), 210(6), 264(8), 278(8)
224(1), 236(3), 264(5), 276(2)
224(2),236(1),264(5),276(2),304(5),316(2)

252(1),264(1),238(5),292(5),306(5)
252(1), 264(1), 292(3), 304(2)
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Fig. 4. Mass spectrum of the DMOX derivative of C22:6 (4,7,10,13,16,19).

officinalis. After transesterification, the GC-MS analysis of the FAMEs obtained
shows two unknown peaks. The chromatogram of the corresponding DMOX
derivatives is presented in Fig. 6 and the mass spectrum of the first unknown peak in
Fig. 7. This peak 1 was identified as C 18:3 (8,10,12). Its spectrum shows characteristic
ions between mlz 182 and 260. Peak 2 has the same mass spectrum and is identified as

..

...

mlz 139

Scheme 2.
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an isomer. The difference between these two acids is probably the cis/trans
configuration of the double bonds. For this oil various isomers of octadecatrienoic
acids, including calendic acid (trans-8,trans-1O,cis-12-octadecatrienoic acid), have
been proposed [24].

In conclusion, DMOX derivatives of fatty acids can be obtained easily and
quantitatively from the corresponding methyl esters. Mass spectra of DMOX
derivatives are very useful for double bond location, especially in polyunsaturated and
conjugated systems. The good chromatographic properties of DMOX derivatives
allow the effective resolution of complex mixtures. The combined use of FAMEs and
DMOX derivatives can be a very attractive method for fatty acid analysis.
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ABSTRACT

Three capillary columns were studied for the determination of peroxyacetyl nitrate, peroxypropionyl .
nitrate and some alkyl nitrates of atmospheric importance. Two non-polar HP-l 100% dimethyl polysilox
ane columns, of 0.53 and 0.32 mm 1.0., yielded the best resolution of all compounds studied. The interme
diate polarity HP-17 50% methyl-50% phenyl polysiloxane wide-bore column could not resolve peroxy
propionyl nitrate from 2-butyl nitrate. Compared with capillary columns with polar Carbowax stationary
phases, the columns studied gave a better resolution of peroxyacetyl nitrate and peroxypropionyl nitrate,
and there was no interfering water peak. Alkyl nitrates could be determined simultaneously. Detection
limits were in the low ppb range.

INTRODUCTION

Peroxyacetyl nitrate (PAN) is a significant component ofphotochemical smog in
urban centres [1,2]. In addition, PAN is ubiquitous in clean atmospheres, where it
constitutes a major part of odd nitrogen [3]. Peroxypropionyl nitrate (PPN), the next
higher PAN homologue, occurs in the atmosphere at concentrations that are a small
fraction of those of PAN. Because of these extremely low concentrations ofPPN, few
ambient measurements of this compound have been reported [4]. Similarly, very few
recent studies of atmospheric determinations of organic nitrates have been published
[5,6].

The determination of PAN, PPN and organic nitrates is usually carried out by
gas chromatography with electron-capture detection (GC-ECD). The columns used
for the separation of PAN and PPN are usually packed columns with the stationary
phases Carbowax 400 or Carbowax 600 and 4.8% QF-I + 0.18% diglycerol on
deactivated Chromosorb [4,7,8]. Recently capillarly columns have been employed for
the determination of PAN and PPN [9-11]. ECD of PAN, PPN and organic nitrates is
the preferred method of detection because of its high sensitivity. Calibrating the
detector for PAN remains a very different task, however despite the numerous
calibration procedures reported in the literature [12,13]. For the calibration of the
detector for organic nitrates and PPN there are virtually no data. It is usually assumed

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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that PPN and alkyl nitrates have the same response factors as PAN [1].
As we have recently shown, destruction of PAN and PPN on the column owing

to their residence in the chromatographic column during analysis is much more
extensive on a packed column than on a wide-bore capillary column [11], probably
owing to the greater inertness of the capillary columns. In addition, capillary columns
give better resolution and shorter analysis times. In this work we evaluated three
capillary columns, differing in inside diameter, length and polarity of stationary phase,
for the determination of PAN and PPN and examined their use for the simultaneous
determination of some alkyl nitrates of atmospheric importance.

EXPERIMENTAL

All mixtures were prepared at room temperature in a 4.5-1 glass flask, equipped
with two ports with septa and a Teflon stopcock and connected to a vacuum line
provided with Teflon stopcocks. Pure PAN and PPN solutions in tridecane were
synthesized by nitration of the corresponding peroxy acids following the procedure of
Gaffney et al. [14]. The peroxyacids were prepared from the anhydrides of acetic and
propionic acids as specified by Nielsen et al. [15]. Methyl and ethyl nitrate were
prepared by nitration of methanol and ethanol according to standard methods [16].
2-Butyl nitrate was prepared by stirring 2-bromobutane dissolved in tetrahydrofuran
(THF) with silver nitrate dissolved in water at room temperature for 4 h in the dark.
After filtration of silver bromide, the THF layer containing 2-butyl nitrate was
separated in a separating funnel. A pale yellow product remained after vacuum
vaporization of THF at room temperature.

GC-ECD of the vapour of this reaction product diluted in air yielded only one
peak. All the compounds studied were identified by their retention times. In addition,
PAN and PPN were identified by observing that their chromatographic peaks
disappeared when an air stream containing separately pure PAN and pure PPN was
passed through an alkaline solution. Similarly, methyl and ethyl nitrate, which are
major thermal decomposition products of PAN and PPN, respectively, were identified
by observing that their peak areas increased when pure PAN or pure PPN was left to
decompose in a glass flask at 50°C.

Gas chromatography
Three capillary columns were evaluated for the determination of PAN, PPN and

met1:lcyl, ethyl and 2-butyl nitrate: two wide-bore columns of different polarity, viz.,
a nonpolar HP-I 5-m fused-silica cross-linked 100% dimethyl polysiloxane (gum) of
0.53 mm J.D. and 2.65 pm film thickness, and an intermediate polarity HP-I7 IO-m
fused-silfi;a cross-linked 50% phenyI-50% methyl polysiloxane of 0.53 mm J.D. and
2.0 pm film thickness, and a non-polar HP-I cross-linked methylsilicone gum 15-m
column of 0.32 mm J.D. and 1.05 pm film thickness.

A Hewlett-Packard 5890A gas chromatograph equipped with a 63Ni electron
capture detector, operated in the constant-current, variable-frequency mode, was
employed in all analyses. The injector and oven temperatures in all instances were
maintained at 30°C and the detector at 45°C. These temperatures were found in
a recent study to be optimun1{or the determination of PAN and PPN [11]. Helium was
the carrier gas at a flow-rate of 5 mljmin for the HP-I, 7 mljmin for the HP-I7
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wide-bore columns and 3 ml/min for the HP-I 0.32 mm I.D. column. The make-up gas
was 10% CH4 /Ar with flow-rates 30 ml/min for all columns used.

Two factors were taken into consideration when selecting the flow-rates of the
carrier and make-up gases: first that an optimum separation of all five compounds in
the shortest possible time, principally in order to limi t the destruction of PAN and PPN
on the column, should be attained and second that the response of the detector should
be as high as possible. Direct injections of 0.5 ml of sample mixtures were made
manually into the injection port using gas-tight syringes provided with Teflon plungers
for the wide-bore columns. The variation in the manual injections was ± 5%, as
established from five replicate injections. For the column of 0.32 mm LD., 0.1 ml of
sample was introduced in the splitless mode of a split/splitless injection port. The
integrator used was an HP Model 3396A.

Calibration
As mentioned earlier, calibration of the detector for the tested compounds is

a major task. With PAN and PPN, the difficulty lies primarily in obtaining pure PAN
and PPN standards and in their thermal instability. The methods of preparing PAN
and PPN solutions in hexane or tridecane have solved the problem of preparation of
the standards [15,16]. However, as these standards are not 100% pure and because of
the thermal destruction of PAN and PPN, a primary calibration procedure is still
necessary.

The first method ofcalibration that we employed involved alkaline hydrolysis of
PAN or PPN and determination of the resulting nitrite anion by ion chromatography.
PAN or PPN gaseous mixtures in synthetic air were prepared by injecting appropriate
amounts of liquid PAN-tridecane into a FEP Teflon bag of ca. 100-1 volume to make
a PAN or PPN air mixture of approximate concentration 200 ppb. The PAN or PPN
air mixture was pumped for 120 min through an impinger containing 10 ml of25 mM
sodium hydroxide solution at a flow-rate of 100 ml/min, such that gaseous samples
taken after the impinger gave no ECD signal for PAN or PPN. Aliquots of the
hydrolysis mixture were diluted 1:5 with eluent in order to reduce the system peak and
injected into the ion chromatograph employing a 100-,ul sample loop. From the total
concentration of NOz to which nitrate anion was added, as NO; is probably an
oxidation product of NOz,and the volume of air passed through the impinger, we
calculated the PAN concentration in the FEP bag. Simultaneous injection ofa PAN or
PPN air mixture into the gas chromatograph allowed the calibration ofthe detector for
the given compound.

Attempts to employ the same calibration procedure for the alkyl nitrates failed
because the alkyl nitrates were less than 10% retained in the hydrolysis solution and in
an irregular manner. We also attempted to use the determination of acetate anions as
the basis of calibration. This yielded 3 mol of acetate ions per mole of nitrite ions,
however. This great deviation from the expected 1: I mole ratio could be attributed to
the presence of peracetic acid, which GC-ECD showed to be present, left over from the
PAN synthesis.

A Dionex 4500i ion chromatograph with a conductivity detector was used for the
determination of nitrite and nitrate anions. The columns used were Dionex AS4A with
a Dionex AG4A precolumn and a micro-membrane suppressor column. With 1.8 mM
NaHC03-1.7 mM Na2C03 as the eluent at a flow-rate of 2 ml/min, the nitrite anions
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Fig. I. Typical ion chromatogram from calibration procedure for PAN. Peaks: I = Cl-; 2 = NO;;
3 = NO;.

eluted in 1.8 min, well resolved from the previous CI- peak, as shown in Fig. 1.
Before ion chromatography became available in our laboratory, we carried out

calibration of the electron-capture detector for PAN, PPN and organic nitrates by first
converting them to NO followed by chemiluminescence detection of NO. The main
components of this system are a Pye Unicam Model 104 gas chromatograph,
a molybdenum converter (a 20-cm long quartz tube of O.D. 1/4 in., packed with
molybdenum cut wire heated to the desired temperature) and a chemiluminescence
reaction cell situated in front of an EM! 9658R cooled photomultiplier.

In contrast to the commercially available NO x instruments, our laboratory
made NO x detector is operated at flow-rates typical of GC, ca. 30 ml/min, and has
a detection limit of 10 ppb of NO. In the past this system was operated with
a chromatographic column packed with the same material as the analytical packed
column employed in GC-ECD. The idea was to separate the nitrogen-containing
compounds on the column, convert them to NO as they elute from the column and
detect them with the NO x detector. As the NO x detector can easily be calibrated with
a primary NO standard, simultaneous injection of the nitrogen-containing compounds
into the GC-ECD system would allow its calibration as well. Now, however, we
operate our GC-NOx system without this column because of destruction of PAN and
PPN on the column and also because the NO primary standard does not yield
reproducible results when passed through a column. Care must be exercised to
introduce nitrogen-containing compounds that are as pure as possible, or at least
without nitrogeneous impurities.
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The first step in using the GC-NOx system is to make an NO x signal vs.
molybdenum converter temperature plot, such as shown in Fig. 2, in order to find the
converter temperature necessary for the complete conversion of nitrogen-containing
compounds to NO. At the plateau of the diagram for each compound we assume
a 100% conversion to NO.

Intercomparison of our two ECD calibration methods for PAN and PPN
showed that the NO x method yields only 77 ± 5% of the concentration obtained by
ion chromatography for both PAN and PPN. This difference could presumably be
attributed to a less than 100% efficiency of their conversion to NO.

RESULTS AND DISCUSSION

Response factors
Using the GC-NOx chemiluminescence detection system we were able to

determine the ECD response factors of all the compounds studied. The response
factors of PAN and PPN obtained by GC-NOx detection were corrected by 23%
according to the calibration results based on the ion chromatographic method. As
shown in Table I, contrary to the assumptions reported in the literature [1], the alkyl
nitrates have different response factors to PAN. PAN and PPN have the highest
response factors equal within experimental uncertainty. Although there was a slight
column to column variation, the ECD response of methyl nitrate is on average
50 ± 5%, ofethyl nitrate 68 ± 2% and of2-butyl nitrate 46 ± 2% of that of PAN. The
PPN response, within the experimental uncertainty, is identical with that of PAN.

Chromatographic analyses
The primary aim of this work was to find a chromatographic column for the

better determination of PAN and PPN, i.e., with better resolution, shorter retention
times and hence minimal on-column destruction. Recent interest in alkyl nitrates in the
atmosphere, however, prompted us to examine whether the same column could also be
used for the simultaneous determination ofperoxyacyl nitrates and alkyl nitrates. For
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Fig. 2. Effect of temperature on conversion of nitrogen-containing compounds to NO on the molybdenum
converter. 0, PAN; 6, PPN; ., methyl nitrate; A, ethyl nitrate; D, 2-butyl nitrate.



104 G. MINESHOS, N. ROUMELIS, S. GLAVAS

TABLE I

RESPONSE FACTORS (%) COMPARED WITH PAN BASED ON THE GC-NOx DETECTION
SYSTEM

Column Methyl Ethyl 2-Butyl PAN PPN
nitrate nitrate nitrate

HP-l wide-bore 45 70 48 100 93
HP-l 0.32 mm J.D. 59 69 44 100 89
HP- I7 wide-bore 45 66 100 105

the alkyl nitrates we selected methyl and ethyl nitrate, which are the major organo
nitrogen thermal decomposition products of PAN and PPN, respectively, and 2-butyl
nitrate, which was recently shown to occur in the atmosphere in the highest
concentration of all > C3 alkyl nitrates [5]. In addition to the resolution and retention
times achieved, the three columns were also evaluated for the detection limits attained.

Figs. 3, 4 and 5 show typical chromatograms of a mixture of the above
compounds with the 5-m wide-bore HP-I, the 15 m x 0.32 mm J.D. HP-I and the 10-m
wide-bore HP-17 columns, respectively. With all the columns the carrier gas flow-rate
was adjusted so that the retention times of PAN and PPN would be ca. 2-3 and 4.5-6.5
min, respectively, in order to minimize as much as possible their destruction on the
column, provided ofcourse that the resolution was satisfactory. The make-up gas was
adjusted so as to obtain the maximum ECD response without impairing the resolution
of the least resolved peaks, air-methyl nitrate and PPN-2-butyl nitrate.

PAN and PPN on the non-polar HP-I wide-bore column are eluted in 2.00 and
4.60 min, respectively. A typical chromatogram is shown in Fig. 3. PAN and ethyl
nitrate are baseline resolved from the other peaks. The resolution between PPN and
2-butyl nitrate is 0.6, as shown in Table II. This column gives a poorer separation of
methyl nitrate from the air peak. One can, however, still use this column to determine
methyl nitrate down to the low ppb range for direct injection. Although the resolutions
achieved with this short column are inferior to those with the HP-I 0.32 mm J.D.
column, consistent with its small number of theoretical plates, as shown in Table II, its
great advantage is its large sample capacity. Sample volumes up to I ml could be used
with this column, thus improving the detection limits for the determination of PAN, at
the expense of the resolution of methyl nitrate from the air peak and thus its poor
detection. With this column the detection limit of PAN could be lowered to 50 ppt for
direct injection of a l-ml sample. PPN, which has the same ECD response factor as
PAN, would have the same detection limit as PAN when measured alone. When PPN

TABLE II

CHROMATOGRAPHIC CHARACTERISTICS OF THE THREE COLUMNS

Column J.D. (mm) Length (m) Nsys Resolution,
(maximum) PPN-2-butyl nitrate

HP-I 0.53 5 1200 0.6
HP-I 0.32 15 7600 1.4
HP-17 0.53 10 520
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Fig. 3. Typical chromatogram of studied mixture with HP-I wide-bore column. Numbers at peaks indicate
retention times in min.

is present in the mixture studied, however, it has a higher detection limit because of its
slight overlapping with 2-butyl nitrate and therefore increased uncertainty in the
integration. It is estimated that in samples with approximately equal area counts of
PPN and 2-butyl nitrate, the PPN detection limit for direct injection of a 0.5-ml sample
would be 0.2 ppb.

The detection limits of methyl, ethyl and 2-butyl nitrate are 7, I and 5 ppbv,
respectively. As with PPN, the detection limits, in addition to the varied response
factors, depended on the resolution achieved. This explains the lower detection limit
for ethyl nitrate compared with the other alkyl nitrates.

The HP-I 0.32 mm I.D. capillary column yielded a much better resolution of
methyl nitrate from the air peak and of PPN from 2-butyl nitrate, as shown in Fig. 4.
The optimum retention times of PAN and PPN with this column increased by almost
25% compared with the HP-I wide-bore column. These increased retention times
would result in increased destruction of PAN and PPN during their passage through
the column [II]. For this reason, and as the resolution achieved was satisfactory, it was
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Fig. 4. Typical chromatogram of studied mixture with HP-l 0.32 mm J.D. column.

not necessary to employ a full 25- or 30-m capillary column. The resolution of 1.4
between PPN and 2-butyl nitrate achieved with this column was the best ofall columns
when the sample injected was 0.1 m!. The low sample capacity of this column, however,
did not allow injection volumes larger than 0.2 ml without significant deterioration of
the resolution of methyl nitrate from the air peak, at a methyl nitrate concentration of
8 ppb. This sample limitation was only applicable to methyl nitrate. Sample volumes of
0.5 ml can easily be injected in the splitless mode and thus lower the detection limits
mainly of PAN and ethyl nitrate, but also of PPN and 2-butyl nitrate. The detection
limits obtained were 0.3,0.6, 7 and 3 ppbv for PAN, ethyl nitrate, 2-butyl nitrate and
PPN, respectively.

The intermediate polarity HP-17 column also gives very good separations of
PAN. As shown in Fig. 5 however, PPN is not resolved from 2-butyl nitrate. On the
other hand, it is obvious that on this column methyl nitrate is better resolved from the
air peak than with the HP-I columns. The number of theoretical plates of this column
calculated from the PAN peak, which is eluted in 3.07 min when the carrier gas
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flow-rate is 7 ml/min, is significantly less than those for the other two columns, as
shown in Table II. The numbers of theoretical plates were calculated taking into
account the slight peak asymmetry using the equation

where tR is the retention time, WO,l is the peak width at 0.1 of the peak height and B/A
accounts for the peak asymmetry [17]. The detection limits for PAN and methyl and
ethyl nitrate, which are almost baseline resolved, were 0.1, 1and 0.7 ppbv, respectively,
for a direct 0.5-ml sample injection.

CONCLUSIONS

The non-polar 100% dimethyl polysiloxane gum column is superior to the more
polar 50% dimethyl-50% phenyl polysiloxane column for the separation of PAN,
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PPN and alkyl nitrates. When these columns are compared with a capillary column
with a polar Carbowax stational/y phase, as recently reported by Helmig et al. [10], they
present dear advantages. First, PAN and PPN are better resolved with all the columns
examined in this work and second, and very important, there is no water peak, so that
no precolumn and backflushing are required. An additional advantage, of course, is
that our tested columns can be used for the simultaneous determination of alkyl
nitrates. The elution of chlorofluorocarbons with these columns does not seem to be
a disadvantage because preliminary tests with some chlorofluorocarbons have shown
them to elute in the "windows" of the chromatogram of PAN, PPN and alkyl nitrates.
Finally, the columns used in this work have been in continuous operation for almost
2 years with an average number of 30 injections per day, which could explain their
small number of theoretical plates. Comparison with the capillary Carbowax column,
which has a short lifetime, again favours the less polar stationary phases presented
here. As the HP-l wide bore column seems to be comparable to, if not better than, the
HP-I 0.32 mm J.D. column, and given the facility with which wide-bore columns can
be installed in a: gas chromatograph equipped with packed-type injection ports, we
propose this type of column for the determination of nitrogen compounds of
atmospheric importance.
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Detection specifique par chromatographie gazeuse
spectrometrie de masse des amines sympathomimetiques
urinaires dans Ie cadre des controles antidopage
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69437 Lyon Cedex 03 (Franee)

(Reyu Ie 20 juin 1990; manuscrit modifie reyU Ie 23 novembre 1990)

ABSTRACT

Use orgas chromatography-mass spectrometryf;)/' u/'inary sympathomimetic amine detection in anti-doping
control

A specific, sensitive and reliable gas chromatography-mass spectrometry (GC-MS) technique for
detection of sympathomimetic amines following urinary extraction is proposed.

Amphetamine, phentermine, ephedrine, mephenorex, methylphenidate, benzphetamine, clobenzorex
and internal standard (fenfluramine) are extracted from urines at pH 7.0 using elution by chloroform
isopropanol on C I8 cartridges. Derivatization followed by GC-MS analysis allows identification of these
drugs founded on relative retention times and mass spectra.

The quantitation limit for derivatizable drugs was found to be 200 ng/ml and 500 ng/ml for under
ivatizable drugs.

INTRODUCTION

Les amines sympathomimetiques non phenoliques: amphetamine (AM), phen
termine (PT), ephedrine (EPR), mefenorex (MF), c1obenzorex (CB), benzphetamine
(8M), methylphenidate (MPD) sont largement utilisees chez les sportifs [1] et chez les
drogues [2,3]; de ce fait, il est necessaire de deve10pper des techniques de detection
sensibles et fiables. Les techniques de dosage radioimmunologique (RIA) [4] ou
fluoroimmunologique [5] ne sont pas specifiques d'une molecule donnee et presentent
des reactions croisees avec des substances de structure voisine. La detection des
amphetamines par chromatographie sur couche mince [6] offre des limites de detection
plus elevees que par chromatographie gazeuse-spectrometrie de masse (CG-SM).
D'autre part, les screenings realises en chromatographie gazeuse couplee, soit a un
detecteur NPD [7], soit a un detecteur a ionisation de flamme [8], ne permettent
d'identifier la drogue recherchee que par son temps de retention relatif a un etalon
interne.

La CG-SM permet une detection de faibles quantites de drogues dans l'urine et

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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leur identification absolue directement, de fac;on precise et exacte, par leur temps de
retention relatif et leur spectre de masse. La technique que nous avons developpee
utilise une extraction des drogues sur cartouche CIS suivie d'une derivation par
l'anhydride trifluoro acetique (TFA). Les amines sympathomimetiques sont ensuite
analysees par CG-SM.

MATERIELS ET METHODES

Appareillage
Ensemble chromatographe en phase gazeuse-spectrometre de masse, CG-SM,

QP 1000, Shimadzu; passeur automatique d'echantillon AOC-9, Shimadzu; systeme
informatique pour Ie stockage et Ie traitement des donnees, ordinateur V 286 Victor
relie a une imprimante KX-P 1083 Panasonic.

Materiels et reactifs
Bac d'extraction Vac-Elut; cartouches CIS, 500 mg de phase, 3 ml, Bond-Hut;

thermobloc Gebr-Liebisch, Brackwede (R.F.A.); vortex Janke et Kunfel, IKA-Werk
(R.F.A.); pH-metre, PHN 75, Tacussel; methanol, Uvasol, Merck; ethanol absolu, pro
analysis, Merck; 2-propanol, pro analysis, Merck; eau pour preparations injectables,
Aguettant; chloroforme, Spectrosol, SDS; acetate d'ethyle, Codex, Carlo Erba; TFA
anhydride, Pierce; soude, R. P. Normapur, Prolabo; acide chlorhydrique, Rectapur,
Prolabo; amphetamine sulfate, Rhone Poulenc; methyl amphetamine hydrochloride,
Delagrange; phentermine base, Roussel Uclaf; clobenzorex hydrochloride, Roussel
Uclaf; (±) ephedrine hydrochloride, Aldrich; fenfluramine hydrochloride, Servier;
benfluorex hydrochloride, Servier; mefenorex hydrochloride, Roche; methylphenidate
hydrochloride, Ciba-Geigy; benzphetamine hydrochloride, Upjohn.

Les solutions meres sont preparees par dissolution du produit pur dans I'ethanol,
sauf pour l'amphetamine qui est dissoute dans I'eau. Elles ont une concentration de
1000 mg de produit pur sous forme base par litre de solvant.

Conditions operatoires de la separation par CG~SM
Chromatographie. Colonne "wide-bore" en velTe, SPB-I, 30 m x 0,75 mm LD.,

1,0 J1m d'epaisseur de film, Supelco; gaz vecteur helium N 60, Air liquide;pression en
tete de colonne: 0,25 bar; injecteur: mode splitless, 300°C; programmation des
temperatures du four: 120°C pendant 4 min puis programmation de 20°C/minjusqu'a
260°C puis stable pendant I min; duree du cycle chromatographique: 20 min.

Injecteur automatique. Volume d'injection, I J11.
Spectromerre de masse. Mode d'ionisation, impact electronique a 70 eV;

filament, 60 J1A; temperature du separateur, 280°C; temperature de la source, 250°C;
gaz d'appoint, 20 ml/min; gain, 1750 V; gamme de balayage de 49 a 549 u.m.a. (vitesse
de balayage de 1,1 s.).

MISE AU POINT DE LA DERIVATION

Certaines amines sympathomimetiques possedant un groupement amine I ou
amine II sont polaires (Tableau I). Cette polarite provoque un effet de trainee sur les
traces chromatographiques d'oll un manque de resolution des pies. En transformant
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TABLEAU I

STRUCTURE CHIMIQUE DES AMINES SYMPATHOMIMETIQUES

III

EPHEDRINE

rLCH_ CH- CH :3
,\:=-..r- I I

OH NHCH;;

PHENTERMINE

CH :3

I
~" . CH2 _ C_ NH 2
~ I

CH :3

METHYLPHENIDATE

" COOCH;;
/

Q-C~

AMPHETAMINE ET DERIVES AMPHETAMINIQlJES

R 2
/o- CH 2 _CH_N

" ;. I "-
/ R :3

R1 CH 3

Denomination Commune Internationale R 1

Amphetamine H
Fenfluramine CF3

Benzphetamine H
Mefenorex H
C~~morex H
Benfluorex CF 3

H
H
CH 3

H
H
H

H
C2Hs
CH 2C6 Hs
(CH 2hCI
CH 2C6 H.Cl
(CH 2lzOCOC6 Hs

ces amines I et II en amines III trifluorees, ce problt::me' disparait. L'agent de derivation
utilise est Ie TFA [9].

Nous avons choisi Ie benfluorex (BFR) comme etalon pour la mise au point de la
derivation car il presente une structure chimique et un comportement chromato
graphique proche des amines sympathomimetiques, et il n'est pas derivable,

Les differents essais de derivation ont ete realises avec des solutions de travail
a lOa mg/I pour AM, PT, EPH, FFR, MF, CB et MPD, et a250 mg/l pour BFR, Les
solutions de travail sont preparees par dilution des solutions meres dans un volume
approprie d'ethanol.

Quantite de reactif
Sur deux residus secs A et B (A = AM, PT, EPR, FFR et BFR; B = MF, MPD,

CB et BFR) ont ete testees differentes quantites de TFA: 50, 100,200 et 500 Ill. Pour
chaque quantite, deux essais ont ete realises. Les variations des intensites relatives des
pics chromatographiques sont sensiblement identiques (± 5% d'ecart) quelque soit la
quantite de TFA. Nous avons opte pour une quantite de TFA de 200 Ill.
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Temperature de derivation
Les residus secs A et B, apres ajout du reactif de derivation, ont ete soumis

a differentes temperatures: 55, 65, 75, 85, et 95°C. Deux essais ont ete realises pour
chaque temperature. Les reponses relatives sont plus importantes de 18 a 20% pour
AM et PT, pour une temperature comprise entre 75 et 95°C. Pour les autres substances,
les variations des intensites relatives des pics chromatographiques restent identiques:
une variation de ±3% a ete observee.

Temps de reaction
Nous avons teste les temps de contact: 5,10, 15,30 et 60 min sur les residus A et

B. Deux essais ont ete faits pour chaque temps. Pour Ie temps 5 min, nous obtenons la
meilleure reponse. La repetabilite de la derivation dans les conditions suivantes
-volume de reactif de 200 ,ul, temperature de 85°C et temps de contact de 5 min
donne des coefficients de variation allant de 5,4 a9,2% sauf pour EPR pour laquelle il
est de 11 % (nombre d'essais egal a 6). Alors que1Jour un temps de 15 min [9], les
coefficients de variation varient entre 2,5 et 5,6% (sauf pour EPR pour laquelle il est de
9,2%, pour un meme nombre d'essais). Malgre une reponse inferieure de 13 a28% ,115
min par rapport a 5 min, nous avons choisi Ie temps de contact de 15 min car nous
avons une meilleure repetabilite de derivation.

Donc, les conditions de derivations sont: quantite de TFA, 200 ,ul; temperature,
85°C; temps de reaction, 15 min.

MISE AU POINT DE L'EXTRACTION URINAIRE

Le screening est pratique en CG-SM, mode courant ionique total (TIC). Un
logiciel de fragmentometrie a ete utilise pour I'integration des pics. Nous avons utilise
Ie mode TIC et non Ie fragmentometrie de masse (SIM) car I'un des interet de ce
screening est, d'une part, la detection rapide des amines sympathomimetiques, et
d'autre part la future adaptation de cette methode a beaucoup d'autres composes.

Un essai pr6liminaire, par injection des amines sympathomimetiques, a permis
d'obtenir leurs spectres de masse (Figures I et 2). Le Tableau II regroupe les ions
utilises en fragmentometrie. La Figure 3 represente Ie fragmentogramme d'un extrait
urinaire avec les ions principaux de chaque substance.

Choix de fa technique d'extraction
Les techniques d'extraction liquide-Iiquide frequemment employees [8,10,11]

decrivent une methodologie consommatrice de temps, de solvants et necessitant des
extractions multiples pour obtenir un rendement correct et des extraits debarrasses des
impuretes.

Pour remedier aces inconvenients, nous avons choisi I'extraction solide-liquide
sur cartouche C18 . En effet, cette methodologie presente les avantages suivants [12,13]:
economie de solvants, rapidite de la manipulation, faibles volumes d'echantillons
traites, taux de recuperation eleves, et elle permet d'obtenir des extraits propres.

Description de notre technique
Nous avons utilise des cartouches C18 a500 mg de phase greffee. Un echantillon

de 10 ml d'urine amene au pR desire et contenant I'etalon interne fenfluramine (FFR)
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Fig. I. Spectres de masse des amines sympathomimetiques (impact i:lectronique:70 eV). (A) Amphetamine
TFA; (8) phentermine-TFA; (C) ephedrine; (D) fenfluramine-TFA.

a ete passe goutte agoutte sur la colonne. Apres rin9age de la colonne par I ml d'eau,
l'elution a ete faite par divers melanges chloroforme-isopropanol. Apres evaporation
de l'eluant sous courant d'azote aune temperature inferieure a70°C, Ie residu sec est
derive par Ie TFA. Apres evaporation du TFA sous courant d'azote a temperature
ambiante, Ie residu sec est repris par 300,u1 d'acetate d'ethyle. L'injection de I ,ul dans Ie
chromatographe a ete faite par l'injecteur automatique.

Les differents parametres de l'extraction sont testes dans les paragraphes
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TABLEAU II

IONS UTILISES POUR LA FRAGMENTOMETRIE

Substances Ions (m/z)

AM-TFA
PT-TFA
EPH-TFA
FFR-TFA
MF-TFA
MPD-TFA
CB-TFA
BM

140
140
154
168
216
180
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91
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Fig. 3. Fragmentogramme d'un extrait urinaire, charge en amines sympathomimetiques (I Ilg/ml).
I = Clobenzorex; 2 = methylphenidate; 3 = benzphetamine; 4 = mefenorex; 5 = fenfluramine; 6 = phen
termine et ephedrine; 7 = amphetamine; 8 = courant ionique total du chromatogramme correspondant.
Temps de retention en min:s.



116 A. FRANCESCHINI, 1. M. DUTHEL, J. J. VALLON

suivants. Pour evaluer leur variabilite, la FFR est alors utilisee comme etalon externe;
el1e est introduite avant l'etape de derivation.

Choix du solvant apHfixe
Par transposition de l'extraction liquide-liquide [10] a l'extraction solide

liquide, nous avons teste differents melanges de chloroforme-isopropano!.
Pour un volume de chloroforme 1,5 a 3,5 fois superieur au volume d'iso

propanol, la quantite de substance eluee reste constante.
Nous avons choisi Ie melange de solvant chloroforme-isopropanol (3:2, v/v).

Volume de solvant necessaire
Le volume de solvant, apH 7, necessaire pour une elution superieure a95% des

amines sympathomimetiques, est de 3 m!.
Par mesure de securite, nous avons choisi un volume de 4 m!.

Influence du pH urinaire
Dans la gamme de pH teste, la Figure 4 montre que l'elution est la plus

importante a pH 7 pour la majorite des substances.

Limite de quantification
La concentration minimale urinaire d'amines sympathomimetiques detectables

en utilisant Ie TIC est de 200 ng/ml pour les substances derivables et de 500 ng/ml pour
les substances non derivables.

Validation de la technique d'extraction
Pour la validation, nous avons effectue des essais de stabilite des amines

sympathomimetiques dans l'urine, de reproductibilite et de rendement d'extraction.
Essai de stabilite des produits dans l'urine. Deux pools d'urines chargees Pi

(contenant AM, PT et BM) et P2 (contenant EPH, MF, MPD et CB) ont ete stockes
ajour 0 (Jo) a+ 4°C pendant 21 jours.

A10 , 1 + 1,1 + 7,1 + 14 etJ + 21, deux aliquots de chaque pool sont preleves et
analyses.
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Fig. 4. Influence du pH sur l'extraction des amines sympathomimetiques.
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La Figure 5 montre la stabilite des produits sur 21 jours. Entre J + 1 et J + 7,
nous constatons une diminution de la quantite de substance extraite puis une
stabilisation des pourcentages extraits (pour BM, nous n'avons obtenu des resultats
que sur 14jours). Au vu de ces resultats, un stokage des echantillons urinaires a- 200 e
est preferable.

Essai de stabilite des extraits urinaires. Des extraits ont ete conserves atempera
ture ambiante pendant trois jours. Pour les substances derivees, nous obtenons Ie
troisieme jour une variation de ±2% de la reponse par rapport au premier jour. Pour
la benzphetamine (non derivable), nous obtenons une variation superieure a ± 10%.

Reproductibilite de ['extraction. Elle a ete testee sur trois jours atrois niveaux de
concentration differents: Ie niveau bas qui correspond a la limite de quantification
(Lq), Ie niveau moyen qui est egal acinq fois Lq et Ie niveau haut qui vaut 50 fois Lq.

Sur ces trois jours, pour chacun des trois niveaux de concentration, nous avons
extrait cinq aliquots. L'etalon interne (FFR) est ajoute a I'urine au moment de
I'extraction. Le Tableau III donne les coefficients de variation obtenus sur I'ensemble

TABLEAU III

REPRODUCTIBILITE DE L'EXTRACTION

Les moyennes sont celles des rapports de surface des pics par rapport a l'etalon externe (FFR).
c.Y. = Coefficient de variation.

Drogue

AM
PT
BM
EPH
MPD
MF
CB

Niveau

Bas Moyen Haut

.\' c.Y. (%) x c.Y. (%) .\' c.Y. (%)

66,25 9,7 62,55 3,9 56,82 4,0
129,85 4,5 159,9 3,7 176,0 3,9
92,45 10,6 109,3 9,2 172,9 7,7

.136,1 6,7 127,0 4,8 160,4 5,6
111,1 4,7 88,6 8,9 125,2 5,5
95,3 4,8 87,0 6,9 87,8 4,1

140,2 4,6 142,8 4,7 151,0 4,8
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(b) extrait urinaire. A = Amphetamine; B = phentermine; C = ephedrine; D = fenf1uramine; E =
mCfenorex; F = benzphetamine; G = methylphenidate; H = clobenzorex. Temps de retention en min:s.

TABLEAU IV

RENDEMENT D'EXTRACTION

Drogue

AM
PT
EPHa

MF
BM
MPD
CB

Rendement (%; n = 5)

101 ± 4,1
99 ± 3,9
97 ± 3,0

lOI ± 7,2
108 ± 10,0
95 ± 8,9

102 ± 5,2

a Nombre d'essais = 2.
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des trois jours et pour chaque niveau. La Figure 6a montre Ie courant ionique total
obtenu apartir d'un melange de solutions pures, alors que la Figure 6b montre celui
d'un extrait urinaire pour une quantite injectee equivalente.

Rendement ou taux de recuperation. Les essais de rendement ont ete faits sur
I'ensemble des substances pour une concentration urinaire de 1 /lg!ml. Les resultats
sont consignes dans Ie Tableau IV.

CONCLUSION

L'extraction des urines sur cartouche CiS suivie d'une acetylation et d'une
analyse par CG-SM permet un screening rapide et fiable des amines sympathomime
tiques.

Apres administration orale, 30 a80% de la dose sont elimines dans les urines de
24 h sous forme inchangee [14-16]. Les !imites de quantification obtenues par notre
methode correspondent a une prise orale minimale par jour de 10 mg pour les
substances derivables et de 25 mg pour les drogues non derivables, ce qui correspond
aux limites basses des posologies therapeutiques [17].

Par consequent, la technique peut servir au dosage des amines sympathomime
tiques dans les liquides biologiques.

Nous proposons de l'utiliser comme technique de contrale antidopage chez les
sportifs et pour la surveillance des drogues.
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RESUME

Une technique rapide, sensible, specifique et fiable d'extraction et de detection
des amines sympathomimetiques dans les urines, uti!isant la CO-SM, est decrite.

Apres ajustement du pH urinaire a 7 et addition de l'etalon interne (fen
fluramine), I'amphetamine, la phentermine, I'ephedrine,Ie mefenorex, Ie methyl
phenidate, la benzphetamine et Ie elobenzorex sont extraits sur cartouche CiS par un
melange chloroforme-isopropanol. Le solvant organique est evapore. Les drogues
sont derivees par I'anhydride trifluoro acdique (TFA), qui est ensuite hapore.
L'extrait final est repris dans I'acetate d'ethyle et injecte en CO-SM.

Les drogues sont identifiees par leur temps de retention re1atif et leur spectre de
masse. La limite de quantification est de 200 ng!ml pour les substances derivables et de
500 ng!ml pour celles qui ne Ie sont pas.
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ABSTRACT

The chemical warfare agents, sarin and soman, were detected and confirmed during full scanning
capillary column ammonia chemical ionization mass spectrometry at nanogram levels in spiked extracts of
a diesel exhaust environment sampled onto the charcoal of a Canadian C2 respirator canister. The selec
tivity of ammonia chemical ionization enabled the use of selected ion monitoring and resulted in detection
limits of 40 pg and just above 500 pg for sarin and soman respectively in this extract. This diesel exhaust
environment, typical of what might be encountered under battlefield conditions, was used to evaluate
capillary column ammonia chemical ionization tandem mass spectrometry as a possible verification tech
nology. Chemical interferences were reduced and significantly better detection limits, IS pg and 80 pg for
sarin and soman rcspectively, were obtained during gas chromatographic~tandem mass spectrometric
analysis of these agents in the presence of numerous interfering diesel exhaust and charcoal bed compo
nents.

INTRODUCTION

Chemical weapon use, although prohibited by the 1925 Geneva Protocol,
has been documented in several armed conflicts, including the Iran/Iraq war [I].
Verification of chemical agent use has often been difficult, due in part to inadequate
battlefield sampling and identification procedures. Capillary column gas chromato
graphy (GC)-flame ionization detection may be used for the routine screening of
samples for the presence of chemical warfare agents [2,3]. However, it is generally
agreed that confirmation of the chemical warfare agents or their degradation prod
ucts requires identification by mass spectrometry (MS). Electron impact (El), the
traditional MS method of ionization, has gained wide acceptance for the verification
of organophosphorus chemical warfare agents, as the EI mass spectra of numerous
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chemical warfare agents, their decomposition products and related compounds have
been published [4-9].

EI mass spectra generally provide excellent structural information [10], but the
presence of little or no molecular ion information often hinders the identification of
organophosphorus compounds. Chemical ionization (CI) MS [11], a milder ioniza
tion technique, has been used with increasing frequency to provide molecular ion
information for these compounds [12]. CI-MS using methane, isobutane, ethylene or
methanol has been applied to the analysis of organophosphorus chemical warfare
agents [5,13] and pesticides [14-19]. More recently, the efficacy of ammonia CI-MS
[20] has been demonstrated for phosphorus oxyacids [21], several organophosphorus
pesticides [14,18,22] and organophosphorus chemical warfare agents, their decompo
sition products and related impurities [6,8,9,23,24].

During a recent study designed to evaluate MS methods for the verification of
chemical warfare agents in airborne samples similar to those collected during battle
field airborne sampling, it was apparent that the major limitation during capillary
column GC-EI-MS analysis was the chemical noise associated with the hydrocarbon
content [25]. Ionization under ammonia CI-MS conditions should result in better
detection limits than under EI conditions, with the benefit of molecular ion informa
tion, as hydrocarbons are not sufficiently basic to ionize under ammonia CI condi
tions. This mode of operation should reduce the chemical noise associated with the
airborne extract and enable the trace detection of the organophosphorus chemical
warfare agents, sarin and soman. As in the previous study [25], tandem mass spec
trometry (MS-MS) was evaluated as a potential technology for the confirmation of
trace levels of organophosphorus chemical warfare agents in the presence of this
complex airborne matrix.

Tandem mass spectrometers offer a number of highly specific scan functions
including; parent ion, daughter ion, constant neutral loss and reaction ion monitor
ing. During reaction ion monitoring, the method of choice for many trace "target'
compound applications, the first mass analyser is tuned to allow a desired mass (e.g.,
(M + NH4)+) into the collisional activated dissociation (CAD) cell while the second
mass analyser allows only characteristic ion(s) derived from fragmentation(s) of the
ion selected by the first analyser to be detected. The two degrees of selectivity offered
by the MS-MS instrument are further enhanced by the use of gas chromatographic
sample introduction.

MS-MS has been reviewed recently [26--29], and methods have been reported
for selected organophosphorus pesticides [19,30,31], organophosphorus chemical
warfare agents [24,25] and mustard [25]. Although capillary column ammonia chem
ical ionization GC-MS-MS has been suggested as a possible means of chemical
warfare agent confirmation in complex environmental samples [24], there have been
no reported applications of this methodology.

A capillary column GC study using ammonia CI-MS and ammonia CI-MS
MS detection was initiated with the principal objective being the development and
evaluation of these methods for the detection and confirmation of sarin (isopropyl
methylphosphonofluoridate or GB) and soman (pinacolyl methylphosphonofluori
date or GD) in a complex airborne matrix. The air samples during this study con
tained the volatile components of diesel exhaust and was very similar in composition
to battlefield air sampled onto charcoal during a recent interlaboraroty analytical
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exercise [32]. Charcoal from exposed C2 Canadian respirator canisters was solvent
extracted and spiked at several levels to allow evaluation of ammonia CI-MS and
ammonia CI-MS-MS for the trace detection of the chemical warfare agents, sarin
and soman.

EXPERIMENTAL

Standards and sample handling
Sarin and soman were provided by the Defence Research Establishment Suf

field Organic Chemistry Laboratory. Distilled-in-glass dichloromethane was pur
chased from BOH (Edmonton, Canada). All samples and standards were stored in
PTFE-lined screw-capped vials at 4°C prior to GC analysis. Anhydrous-grade ammo
nia (99.99%) was used during CI-MS analyses (Liquid Carbonic).

Air from a diesel exhaust environment was sampled through a Canadian C2
charcoal canister for 4 h at the typical working respiratory rate of20 l/min. The canister
charcoal (l08 g) was Soxhlet extracted for 6 h with 250 ml of dichloromethane and
concentrated to \0 ml under a gentle stream of nitrogen.

Instrumental
Capillary column ammonia chemical ionization GC-MS full scanning and se

lected ion monitoring analyses were performed with a VG 70/70E double focusing
mass spectrometer (VG Analytical, Wythenshawe, U.K.) interfaced to a Varian 3700
gas chromatograph under the following chromatographic conditions. All injections
were on-column [2] at 40°C onto a 15 m x 0.32 mm I.O. J & W OB-5 (0.25 /lm)
capillary column with a 40°C (2 min) -> \OoC/min -> 280°C temperature program.
CI-MS operating conditions were as follows: accelerating voltage, 6 kV; emission, 500
/lA; electron energy, 50 eV; source temperature, 120°C and source pressure, 9 . \0-5
Torr. Full scanning CI data were collected over the 400 to 35 u mass range at 1
s/decade. Both the (M + NH4 )+ and (M + H)+ ions for sarin (m/z 1,58 and m/z 141)
and soman (m/z 200 and m/z 183) were acquired with a 80 ms dwell time and 20 ms
delay per ion during selected ion monitoring CI-MS analysis.

Capillary column ammonia chemical ionization GC-MS-MS analyses were
performed with a VG 70SQ hybrid tandem mass spectrometer equipped with a Hew
lett-Packard 5890 gas chromatograph. All injections were on-column at 40°C using a
Hewlett-Packard on-column injector. The 15 m x 0.32 mm I.D. J&W D8-5 (0.25
/lm) capillary column was held at this temperature for 2 min and then programmed at
either 8°C or 20°C/min to a maximum of 280°C. Ammonia CI source conditions were
identical to those employed during GC-MS analysis with the following exceptions:
accelerating voltage, 8 kV and emission, 1000 /lA. The daughter mass spectra of m/z
158 for sarin and m/z 200 for soman were obtained under the following conditions:
CAO cell, 20 eV (laboratory scale)/air (6.10- 7 Torr) and a quadrupole scan function
of300 to 20 u at 0.5 s/decade. Reaction ion monitoring for sarin was carried out using
the CAD conditions listed above on the m/z 158 to m/z 141 and m/z 158 to m/z 99
transitions with a 80 ms dwell time and 20 ms delay. Soman reaction ion monitoring
was carried out in an identical manner on the m/z 200 to m/z 183 and m/z 200 to m/z
99 transitions.
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The diesel exhaust environment sampled onto the charcoal of Canadian C2
canisters contained primarily hydrocarbon compounds [25] and was similar in com
position to the volatile battlefield components extracted from a respirator canister
circulated as part of a recent interlaboratory analytical exercise [32]. Charcoal ex
tracts used in this study were further complicated by the presence of silicon-contain
ing compounds adsorbed onto the charcoal bed of the Canadian C2 canisters. The
development of suitable mass spectrometric confirmation methods for chemical war
fare agents adsorbed onto charcoal under realistic conditions would be valuable in a
Chemical Weapons Convention verification role as charcoal mask canisters represent
a possible retrospective sampling device.

Capillary column ammonia chemical ionization GC-MS
An interpretable full scanning ammonia CI mass spectrum was obtained for

sarin during capillary column GC-MS analysis of the charcoal extract spiked at the 5
ng level. The acquired ammonia CI mass spectrum contained both (M + NH4 ) + and
(M + H) + ions with relative intensities of 100 and 20 respectively. Soman, which
elutes in a more complex region of the extract chromatogram, could only be tentative
ly identified at the retention time of the first chromatographic peak (two chroma
tographic peaks due to diastereoisomeric pairs), due to the co-elution of an interfe
rence(s). Characteristic ions due to (M + NH4)+ and (M + NH4-C6 H 12)+ at m/z
200 and 116 respectively were observed with relative intensities of 100 and 80 respec
tively. The (M + H)+ ion (typically about 5% of the base ion) was not detectable.
The second chromatographic peak for soman was effectively masked by the matrix
with only the m/z 200 ion being discernable above the chemical background.

A reduction in chemical background during ammonia CI-MS, as compared to
previous EI-MS analysis [25], enabled the use of selected ion monitoring for the trace
detection of sarin and soman. Both the (M + H) + and (M + NH4 ) + pseudo-molec
ular ions of sarin and soman were monitored during analysis of the unspiked extract
and the same extract spiked with sarin and soman at the 500 pg and 50 pg levels. The
pseudo-molecular ions for sarin at m/z 158 and m/z 141 were observed without in
terference at both spiked levels in the same area ratio as observed for a sarin standard.
A detection limit of about 40 pg (signal-to-noise, SIN ratio of 5:1) in the presence of
this complex matrix was estimated, based on the detection of both sarin pseudo
molecular ions. Fig. I illustrates the m/z 158 selected ion monitoring chromatograms
obtained for the unspiked extract and the same extract spiked with sarin at the 500 pg
and 50 pg levels.

In the case of soman, only the m/z 200 ion was detected above the background
chemical noise during capillary column ammonia CI-MS selected ion monitoring
analysis ofthecharcoal extracts spiked at the 500 and 50pglevels(Fig. 2). Thision, dueto
(M + NH4 ) +, was detected with a S/N ratio of about 8: 1 during analysis of the
50 pg spiked extract. The (M + H)+ ion for soman, at m/z 183, was detected with a
SIN ratio of approximately 4: 1, which suggested a method detection limit of just over
500 pg, based on the detection of both pseudo-molecular ions. Monitoring of the two
most intense soman ions, at m/z 200 and m/z 116 (instead of m/z 200 and m/z 183),
was not considered viable under voltage scanning selected ion monitoring due to the
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Fig. 1. Capillary column ammonia chemical ionization GC-MS selected ion monitoring chromatograms
obtained for m/z 158 [(M + NH4 )+ ion for sarin] during analysis of (a) dichloromethane extract of the
equivalent of 4.8 . 10- 4 m3 of air sampled onto the charcoal of a C2 canister and the previous sample
spiked with sarin (GB) at the (b) 500 pg and (c) 50 pg levels. Column IS m x 0.32 mm J.D. J&W DB-5;
temperature, 40°C (2 min) ---. 10°C/min ---. 280°C.
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Fig. 2. Capillary column ammonia chemical ionization GC-MS selected ion monitoring chromatograms
obtained for m/z 200 [(M + NH4 ) + ion for soman] during analysis of (a) dichloromethane extract of the
equivalent of 4.8 . 10- 4 m3 of air sampled onto the charcoal of a C2 canister and the previous sample
spiked with soman (GO) at the (b) 500 pg and (c) 50 pg levels. Conditions as in Fig. 1.
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large mass range, but should be considered for quadrupole or magnetic scanning
selected ion monitoring.

Capillary column ammonia chemical ionization GC-MS-MS
Hesso and Kostiainen [24] reported the first daughter spectra for the pseudo

molecular ions formed during ammonia chemical ionization of sarin, soman, tabun
and VX. The utility of reaction ion monitoring (RIM) for the detection of chemical
warfare agents in a complex or environmental matrix, while mentioned, was not
demonstrated. Use of GC-MS-MS under ammonia CI conditions, for the trace de
tection of these chemical warfare agents was investigated in this study, as this tech
nique could prove to be a more sensitive and specific approach for the trace confirma
tion of sarin and soman in a complex matrix.

The daugher spectra of the (M + NH 4 )+ pseudo-molecular ions of sarin and
soman were acquired under CAD conditions, which, while perhaps not optimal,
provided lower mass ions suitable for use in a RIM experiment. Fig. 3 illustrates the
daughter spectra acquired during analysis of a standard. Daughter ions at m/z 99 and
m/z 141 and, at m/z 85, m/z 99 and m/z 183 were observed for sarin and soman
respectively. Relative daughter ion intensities were different than those observed by
Hesso and Kostiainen [24], which may be due to the use of different CAD gases,
pressures and instruments. The data from these experiments suggested the use of the
(M + NH4 )+ to (M + H)+ and (M + NH 4 )+ to [(CH 3)(F)P(OHh]+ RIM transi
tions for the confirmation of sarin and soman in the airborne sample extracts.

Figs. 4 and 5 illustrate the RIM chromatograms for the unspiked extract and,
500 pg and 50 pg spiked extracts obtained during monitoring of the (M + NH 4 ) + to
(M + H)+ (m/z 158 to m/z 141) and (M + NH4 )+ to [(CH 3)(F)P(OHh]+ (m/z 158 to
m/z 99) transitions respectively. Sarin was readily detected, with no interferences, at
both level~ during capillary column ammonia chemical ionization GC-MS-MS anal
ysis of the spiked extracts under these conditions. Chemical noise due to the extract
components was particularly low for the m/z 158 to m/z 99 transition, as this loss is
more diagnostic than simply loss of NH 3 from the (M + NH4 ) + ion. Conservative
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Fig. 3. Daughter spectra obtained for (M + NH 4 )+ ions of (a) sarin and (b) soman during capillary
column ammonia chemical ionization GC-MS analysis of a standard.
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Fig. 4. Reaction ion monitoring chromatogram for mlz 158 to mlz 141 obtained during capillary column
ammonia chemical ionization GC-MS-MS analysis of (a) dichloromethane extract of the equivalent of 4.8
. 10- 4 m3 of air sampled onto the charcoal ofa C2 canister and the previous sample spiked with (b) 500 pg
and (c) 50 pg of sarin (GB). Column, IS m x 0.32 mm 1.0. J&W DB-5;. temperature, 40'C (2 min) -->

20T/min --> 280'C.
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Fig. 5. Reaction ion monitoring chromatogram for mlz 158 to mlz 99 obtained during capillary column
ammonia chemical ionization GC-MS-MS analysis of (a) dichloromethane extract of the equivalent of 4.8
. 10- 4 m3 of air sampled onto the charcoal of a C2 canister and the previous sample spiked with (b) 500 pg
and (c) 50 pg of sarin (GB). Conditions as in Fig. 4.
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CI-MS-MS sample detection limits for sarin, based on a SIN ratio of5:1, were better
than under CI-MS conditions and were estimated to be 20 pg for the (M + NH4)+ to
(M + H)+ (mlz 158 to mlz 141) transition and 15 pg for the (M + NH 4 )+ to
[(CH 3)(F)P(OHh]+ (mlz 158 to mlz 99) transition.

Soman, as was the case during capillary column ammonia CI-MS analysis, was
not as readily confirmed in the presence of this complex matrix. It was confirmed at
both the 500 pg and 50 pg (SIN = 3: 1) level during RIM of the (M + NH4 ) + to (M
+ H)+ (mlz 200 to mlz 183) transition, but was only confirmed at the 500 pg level
during monitoring of the (M + NH4 )+ to [(CH 3)(F)P(OH)z]+ (mlz 200 to mlz 99)
transition. The inability to detect soman for the latter transition at the 50 pg level was
likely due to the reduced relative ion intensity of the mlz 99 ion in the daughter
spectrum of soman. Conservative CI-MS-MS sample detection limits for soman,
based on a SIN ratio of5:1, were much better than obtained under Cr-MS conditions
and were estimated to be 80 pg for the (M + NH4 ) + to (M + H) + (mlz 200 to mlz
183) transition and 350 pg for the (M + NH4 ) + to [(CH 3)(F)P(OHh] + (mlz 200 to
mlz 99) transition.

Detection limit comparison
The charcoal extract spiked during this study was used in a prior capillary

column GC-MS and GC-MS-MS study under EI ionization conditions [25]. Table I
compares the ammonia CI-MS detection limits with those obtained under El-MS
conditions for three chemical warfare agents spiked into the same airborne sample
extract. Ammonia CI-MS holds a decided advantage over EI-MS during full scan
ning and selected ion monitoring. This was due to a reduction of chemical noise, as
hydrocarbons are not sufficiently basic to form pseudo-molecular ions under ammo-

TABLE I

COMPARISON OF MASS SPECTROMETRIC METHODS FOR THE ANALYSIS OF CHEMICAL
WARFARE AGENTS IN A COMPLEX AIRBORNE MATRIX

N/A = Not applicable for this compound; SIM = selected ion monitoring; RIM = reaction ion monitor
ing.

Method

GC-MS (EI)b
(Full scanning)
GC-MS-MS(EI)b
(RIM on I transition)
GC-MS (NH 3-CI)
(Full scanning)
GC-MS (NH 3-CI)
[SIM of(M + H)+ and (M + NH 4 )+]
GC-MS-MS (NH 3CI)
(RIM on I transition)

Detection limit"

Sarin Soman Mustard

20 ng 20 ng 20 ng

70 pg 60 pg 30 pg

5 ng > 5 ng N/A

40 pg > 500 pg N/A

15 pg 80 pg N/A

a Interpretable mass spectrum for full scanning methods and S/N ratio of 5: I for SIM and RIM
methods.

b Data from ref. 25.
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nia CI conditions. The major disadvantage of this selectivity was the inability of this
method to detect other compounds of chemical defense interest such as the sulfur
vesicant, mustard. Mustard, like the hydrocarbons, was not sufficiently basic to form
significant pseudo-molecular ions during ammonia CI-MS. Mustard and related
compounds do however form abundant (M + H) + pseudo-molecular ions under
isobutane CI conditions [33-35]. However, use of this reagent gas would also lead to
hydrocarbon ionization and likely lead to little, if any, gain in sensitivity. GC-MS
MS, under EI conditions, remains the most practical approach for the verification of
mustard in this complex matrix.

CONCLUSIONS

The chemical warfare agents, sarin and soman, were detected and confirmed
during full scanning capillary column ammonia CI-MS at nanogram levels in spiked
dichloromethane extracts of a diesel exhaust environment sampled onto the charcoal
of a Canadian C2 gas mask canister. The selectivity of this ionization method enabled
the use of selected ion monitoring and resulted in detection limits of 40 pg and just
above 500 pg for sarin and soman respectively in the presence of this airborne extract.

This matrix, typical of what might be encountered under battlefield conditions,
was used to evaluate capillary column ammonia chemical ionization GC-MS-MS as
a possible verification technology. Daughter spectra, obtained during capillary col
umn ammonia chemical ionization GC-MS-MS analysis of sarin and soman, sug
gested use of both the (M + NH4 ) + to (M + H) + and (M + NH4 ) + to [(CH3)(F)P
(OHz]+ transitions for reaction ion monitoring. Reaction ion monitoring of these
collisional activated processes proved to be the most sensitive of the methods evaluat
ed for the verification of sarin and soman. Chemical interferences were significantly
reduced and detection limits of 15 pg and 80 pg for sarin and soman respectively were
obtained during capillary column ammonia CI-MS-MS analysis of these agents in
the presence of matrix component concentrations two to three orders of magnitude
greater than the spiked agents.

Application of tandem mass spectrometry, under ammonia CI conditions, for
the detection of organophosphorus chemical warfare agents appears to be an attrac
tive approach for the verification of "target" compounds in complex environmental
matrices such as those that may be encountered during airborne sampling of battle
field emissions.
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ABSTRACT

All 49 polychlorinated dibenzo-p-dioxins and 87 polychlorinated dibenzofurans containing 4 to 8
chlorines have becn synthesized and purified as individual compounds in quantitative amounts. These
standards have been chromatographed on a series of nine fused-silica capillary gas chromatography (GC)
columns containing silicone stationary phases of diverse polarity (100% methyl, 5% phenyl methyl, 50%
phenyl methyl, 50% methyl trifluoropropyl, 50%, 75')10, 90% and 100% cyanopropyl and liquid crystalline
smectic). The data, expressed in a series of GC chromatograms and in tables of relative retention times, are
the most comprehensive to date with regard to individual congeners and variety of stationary phases and
provide a confirmation of much earlier work. The information shows that all 136 compounds, induding
the biologically important 2,3,7,8-substituted congeners, can be separated from each other mostly with two
stationary phases. However, possible variation in GC conditions and stationary phases necessitates assess
ment of the resolution of near eluting isomers. Comparisons and contrasts to previously published reports
have also been noted.

INTRODUCTION

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofu
rans (PCDFs) are two classes of environmental contaminants which are present as
impurities in a variety of industrial chemicals such as chlorophenols and poly
chlorinated biphenyls (PCBs). They are also formed in heat processes particularly in
the incineration of municipal waste [1], and recently have been found in the bleaching
of pulp and paper [2,3]. The PCDDs (49 congeners) and PCDFs (87 congeners) of

a This study was conducted as project 32/85 of the Working Group on Halogenated Hydrocarbon
Environmental Contaminants, Food Chemistry Commission, International Union of Pure and Applied
Chemistry (IUPAC).

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

NUMBER OF ISOMERS AND CONGENERS OF THE PCDDs AND PCDFs

Chlorine Acronyms" Number of isomers Total
number
homologue PCDD PCDF

I MCDD/MCDF 2 4 6
2 DiCDD/DiCDF 10 16 26
3 TrCDD/TrCDF 14 28 42
4 TCDD/TCDF 22 38 60
5 PnCDD/PnCDF 14 28 42
6 HxCDD/HxCDF 10 16 26
7 HpCDD/HpCDF 2 4 6
8 OCDD/OCDF I I 2

Total Number of congeners

1-8 75 135 210
1-3 26 48 74
4-6 46 82 128
4-8 49 87 136

J.1. RYAN el al.

" CDD = chlorinated dibenzo-p-dioxin; CDF = chlorinated dibenzofuran; M = mono; Di = di;
Tr = tri; T = tetra; Pn = penta; Hx = hexa; Hp = hepta; 0 = octa.

biological interest contain 4 to 8 chlorines and these along with their acronyms are
shown in detail in Table J. For brevity and simplicity when describing and comparing
different congeners, the chlorine substitution is usually designated without using
commas to separate the arabic numbers. PCDDs and PCDFs with the 2,3,7,8
configuration (17 congeners) are the most toxic in experimental animals. These
congeners have been found in wildlife [4], human tissues [5], and food samples [6], and
are the most important for purposes of identification and quantification. Mass
spectrometry (MS) provides unequivocal identification of the elemental composition
(molecular formula) of a substance, but gas chromatographic (GC) techniques are
required to separate and identify those compounds having the same elemental
composition but different structure or constitution (isomers). For example, MS can
detect all 22 TCDD isomers but GC is needed to specify which of these has the
2,3,7,8-substitution.

A plethora of data has been published [7-44] in the last 10 years on the
separation of the isomers and congeners of PCDDsjPCDFs using gas chromato
graphy. In the late 1970s and early 1980s most of this work was performed using
stationary phases coated on inert supports (packed GC columns). In the last 5 years or
so virtually all separations have been carried out on the better resolving capillary
columns where the stationary phase is coated on or chemically bonded to the glass
surface of the wall. In particular, studies on the separation of all 38 TCDFs and 22
TCDDs on both non-polar (methyl silicone) [15,16,35] and polar (cyanopropyl
silicone) [14-16, 18,23,35,40] columns are available and the GC properties of all 128
PCDDsjPCDFs containing 4 to 6 chlorines are known for both non-polar and polar
phases [9,11,13,19-22, 25-29,30, 32-34,39,42]. However, information on GC separa-
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tions is often lacking or incomplete for: (a) the homologues higher than tetrachloro for
medium polar (methyl-phenyl silicones) phases and (b) for all homologues on certain
uncommon phases (e.g. methyl-trifluoropropyl silicones and liquid crystalline). In
addition much of the data are scattered throughout the literature, and are incomplete
for the congeners of biological interest. Some discrepancies also exist between
separations and relative peak assignments reported by various research groups. As
a result, we obtained authentic standards of all 136 PCDDs/PCDFs of biological
interest in pure separate quantitative amounts (not mixtures) by synthesis and
exchange. Their elution order and separations were then examined on a wide variety of
stationary phases on either bonded or wall-coated fused-silica capillary columns using
the liquid phases most commonly in the field as well as these advocated by Yancey
[45-47] in his review of liquid phases. However, this report does not attempt to predict
or provide a theoretical model for separation based on molecular structure.

EXPERIMENTAL

Definition and nomenclature
The terms, congener, isomer, and homologue are often used to describe the

different kinds of PCDDs and PCDFs but unfortunately the usage of these terms has
been inconsistent and confusing. In this paper we use congener to refer to any member
of the class of PCDDs or PCDFs regardless of the degree of chlorination. In this
respect there are 75 possible congeners of PCDDs and 135 congeners of the PCDFs
(Table I). Isomers are compounds with the same elemental compositon or molecular
formula (number and kinds of atoms) but with different structural or configurational
arrangement. It is well known that there are 22 structural isomers of the TCDDs.
Homologues usually refer to groups of compounds with a common structure (e.g.
CDD or CDF) but differing by a constant increment ofcommon atoms (e.g. number of
chlorines). Mass spectrometry (MS) can readily distinguish one homologue group of
PCDDs/PCDFs from another simply by their mass to charge ratio. However, MS is
generally unable to specify which isomer of any homologue is present. Such an
assignment requires the technique ofgas chromatography. A combination of both GC
and MS techniques permits, in theory, the identification of all congeners of the
PCDDs/PCDFs.

The nomenclature for the numbering of the chlorine positions in the CDD and
CDF ring system is that given in Fig. I subscribing to the usage of Chemical Abstracts

CIX~O~CIY
3~O~7

4 6

PC DDs

~
1 98

Clx 0 0 Cly
3

0
7

4 6

PC DFs

x+y ~1 toB

Fig. I. Chemical structures of the congeners of PCDDs/PCDFs.
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TABLE II

SOURCES AND PURITY OF THE 49 PCDDs WITH 4 TO 8 CHLORINES

No. [somer CA registry Systematic Base hex Source and purity"
number number number

TCDDs
I 1234 30746-58-8 162 roD Analabs, U.S.A.; 98%
2 1236 71669-25-5 163 78D D. Firestone, U.S.A.; SI with I239-D (3:2

mixture); RP-HPLC, 97%
3 1237 67028-18-6 164 74D (a) KOR Isotope, U.S.A.; SI, mixture with

1238-D
(b) Pyrolysis (3); RP-HPLC (3), 98%
(c) Photolysis of 12367-D

4 1238 53555-02-5 165 72D (a) KOR Isotope; SI, mixture with 1237-D
(b) Pyrolysis (3); RP-HPLC (3), 97%
(c) Photolysis of 12389-D

5 1239 7]669-26-6 166 7ID D. Firestone: SI, mixture with 1236-D (2:3);
RP-HPLC (2), 97%

6 1246 71669-27-7 167 b8D Pyrolysis; RP-HPLC, 97%
7 1247 71669-28-8 168 b4D Pyrolysis (2); RP-HPLC; NP-HPLC (2), 95%
8 1248 7] 669-29-9 169 b2D Pyrolysis (2); RP-HPLC; NP-HPLC (2), 90%
9 1249 7]665-99-1 170 bID Pyrolysis; RP-HPLC (2), 97%

10 1267 40581-90-6 171 3CD Pyrolysis (2); RP-HPLC, 95%
II 1268 67323-56-2 172 3aD Pyrolysis (2); RP-HPLC (3), 95%
12 1269 40581-91-7 173 39D Pyrolysis; RP-HPLC, 95%
13 1278 34816-53-0 174 36D (a) KOR Isotope; S], 98%

(b) Pyrolysis; RP-HPLC, 97%
14 1279 71669-23-3 175 35D Pyrolysis (2); RP-HPLC (3), 95%
15 1289 62470-54-6 176 330 Pyrolysis (2); RP-HPLC (2), 95%
16 1368 33423-92-6 177 5aD (a) Ultra Scientific, U.S.A.; 98%

(b) Pyrolysis (2); RP-HPLC, 97%
(c) D. Firestone; 3: I mixture with 1379-D

17 1369 71669-24-4 178 59D Pyrolysis; RP-HPLC (2), 95%
18 1378 50586-46-1 179 56D KOR Isotope; SI; 98%
]9 1379 62470-53-5 180 55D (a) Pyrolysis; RP-HPLC, 95%

(b) D. Firestone; 1:3 mixture with 1368-D
20 1469 40581-93-9 181 99D Pyrolysis; RP-HPLC, 95%
21 1478 40581-94-0 182 96D Pyrolysis; RP-HPLC (2), 95%
22 2378 1746-01-6 183 66D (a) Dow Chemical, U.S.A.; 95%

(b) P. Kearney, U.S.A.; 95%
(c) D. Firestone; 98%
(d) National Bureau Standards, Washington,

U.S.A., 98%

PnCDDs
I 12346 67028-19-7 184 fSD Pyrolysis (2); RP-HPLC, 98%
2 12347 39227-61-7 185 f4D W. Miles, Canada; SI; 97%
3 12367 71925-15-0 186 7CD Pyrolysis (2); RP-HPLC (3); 81 % pure; 12467-D,

8%; I2489-D, 11%
4 12368 71925-16-1 187 7aD Pyrolysis; RP-HPLC, 90%, some 12479-D
5 12369 82291-34-7 188 79D Pyrolysis; RP-HPLC (3), 90%, some 12479-D
6 12378 40321-76-4 189 76D (a) Pyrolysis (2); RP-HPLC

(b) W. Miles; SI; 97%
(e) D. Firestone; SI; 97°1<),
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TABLE XI

GC RETENTION TIMES OF PCDFjPCCD ISOMERS RELATIVE TO RT REPRENCE STAN-
DARDS ON A SP-2331 FUSED-SILICA CAPILLARY COLUMN

Reference standards as in Table V.

Elution Isomer RRT Elution Isomer RRT
order order

TCDF
I 1368 1.000 20 1467 1.330
2 1378 l.l15 21 1236 1.330
3 1379 l.l15 22 1349 1.371
4 1347 l.l33 23 1278 1.383
5 1468 l.l49 24 1267 1.435
6 1247 l.l63 25 1279 1.435
7 1367 l.l63 26 1469 1.457
8 1348 l.l87 27 1249 1.461
9 1346 1.218 28 2368 1.473

10 1248 1.218 29 2467 1.533
II 1246 1.250 30 1239 1.576
12 1268 1.250 31 2347 1.582
13 1478 1.256 32 1269 1.616
14 1369 1.256 33 2378 1.633
15 1237 1.256 34 2348 1.639
16 1678 1.312 35 2346 1.667
17 1234 1.312 36 2367 1.685
18 2468 1.330 37 3467 1.770
19 1238 1.330 38 1289 1.835

I3468-PnCDF 1.356 123468-HxCDF 1.845
I368-TCDF 1.062

PnCDF
I 13468 1.000 15 12378 1.240
2 12468 1.026 16 12346 1.249
3 13678 1.070 17 12379 1.262
4 13479 1.091 18 12367 1.277
5 12368 l.l14 19 12469 1.300
6 13478 l.l14 20 12678 1.300
7 12478 l.l37 21 12679 1.368
8 12479 l.l58 22 12369 1.389
9 13467 l.l58 23 23468 1.405

10 12467 l.l81 24 12349 1.432
11 14678 l.l92 25 12489 1.453
12 12347 l.ln 26 23478 1.546
13 13469 1.225 27 12389 1.569
14 12348 1.240 28 23467 1.593

HxCDF
I 123468 1.000 9 124689 1.123
2 134678 1.009 10 123467 1.131
3 134679 1.012 11 123679 1.148
4 124678 1.026 12 123469 1.206
5 124679 1.064 13 123689 1.206
6 123478 l.l05 14 123789 1.308
7 123479 1.105 15 123489 1.347
8 123678 l.l14 16 234678 1.385
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Fig. 3. Liquid chromatograms for a l-I"g injection of a-tocopherol: (a) detection at DI (282 nm); (b)
detection at D2 (282 nm) with C2; (c) detection at D2 (282 nm) without C2.

LC-frit-FAB-MS is used, not more than a few microlitres per minute can be passed to
the FAB-MS system [6,7]. Therefore, if an LC microcolumn is directly coupled to
a FAB-MS or frit-FAB-MS system, the injection volume into the microcolumn must
usually be less than I Ill. This is unsuitable for microanalysis. In our LC system using
the microcolumn, the same volume could be injected as in the usual LC.

(a)

o 4 8 12 0 4 8 12 16 20

Retention time (m in) Retention time (m in)

Fig.4. Liquid chromatograms for a l-I"g injection of tocopherol analogues: (a) detection at D I (282 nm); (b)
detection at D2 (282 nm) with C2.
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ml ofdistilled water were added, followed by 1ml of 1% sodium hypochlorite solution.
The sample was homogenized using a Polytron Model PT20 blender (Brinkmann,
Westbury, NY, U.S.A.) for 1 min at maximum speed. After adjusting the pH to about
6 with 0.1 M HCI or 0.1 M NaOH, the contents were diluted to 50 ml with distilled
water. Aliquots of 5 ml of the solution were filtered through a Millex-HA 0.45-,um filter
(Millipore, Bedford, MA, U.S.A.). The filtrate is referred to as the sample solution.

Enzyme reaction
A I-ml volume of sample solution was introduced into a lO-ml test-tube

containing 3.35 ml of 0.4 M potassium phosphate buffer (pH 6.0; 0.1 mM MgCI2), 0.1
ml ofATP solution and 0.25 ml of methanol. To this was added 0.1 ml ofFluoral-P (0.2
glml in acetonitrile), followed by 0.1 ml of catalase, 0.05 ml of glycerol-3-phosphate
oxidase and 0.05 ml of glycerokinase. The reaction was carried out at ambient
temperature for 20 min. Blank tests were performed by omitting glycerokinase. For
clean-up of the reaction mixture, a Sep-Pak C 1S cartridge column (Waters Assoc.) was
used. The reaction mixture was charged on the cartridge column. After washing the
column with a small volume of distilled water, the derivative offormaldehyde, formed
by reaction with Fluoral-P, was eluted with 5 ml of acetonitrile-water (50:50). The
eluate is referred to as the test solution.

HPLC analysis
A portion (20 ,ul) of the test solution was injected into the HPLC system. The

eluent from the column was monitored with a fluorescence detector using emission and
excitation wavelengths of 510 and 410 nm, respectively, because these conditions were
optimum for detection of the formaldehyde derivative [12]. The peak height obtained
was measured and the concentration of GL in the sample was calculated from
a calibration graph prepared with working standards.

RESULTS AND DISCUSSION

Reaction conditions and clean-up
The reactions involved are illustrated in Fig. 1. In order to establish the optimum

conditions for GL measurement, analyses were carried out at various pH values,

Glycerol + ATP
Glycerokinose

------" Glycerol-3-phosphote+ADP

Glycerol-3-phosphote oxidase

GIycera1-3-phosphate +02-- DIhydraxyacetane-3-phasphate + H202

Catalase

H202 + CH30H -----" HCHO + 2 H20

HCHO + ,(H'C')('rCHl) -
o NH1

Fig. I. Enzymatic and derivatization reactions by which glycerol was determined.
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methanol concentrations, enzyme concentrations and reaction times. The effect of
reaction pH was studied first. Given that the optimum pH of the three enzymes
(glycerokinase, glycerol-3-phosphate oxidase and catalase) is around or above 7.0
[13-15] and that the maximum rate of reaction of formaldehyde with Fluoral-P is
obtained around pH 2.4, a compromise pH range for the determination of GL would
be expected to be 3.0-7.0. The peak height at various pH values was measured using
100 units of catalase, 5 units of glycerol-3-phosphate oxidase and I unit of
glycerokinase. As shown in Fig. 2, the optimum pH for the determination of GL was
6.0. The reaction was also time dependent (Fig. 3). Considering the speed of analysis
and optimum reaction rate, we selected 20 min for routine analysis.

The variables of glycerol-3-phosphate oxidase, glycerokinase and catalase were
optimized individually. We first evaluated the amount of glycerol-3-phosphate
oxidase, a crucial enzyme in this study, for optimization of the enzyme reaction. As
shown in Fig. 4, the peak height increased significantly up to 3.0 units of
glycerol-3-phosphate oxidase, after which it remained constant. Accordingly, 5 units
of this enzyme were used routinely. The optimum amount of glycerokinase required
was then determined and found to be >0.5 unit. Hence I unit of this enzyme was
adopted in routine analysis. The optimum amount of catalase required was also
determined and found to be > 50 units. Because the enzyme is inexpensive, an excess of
catalase (100 units) was used in routine analysis.

The fluoral-P concentration is a critical factor in the determination ofGL by the
proposed method. The optimum concentration was found to be >0.3%, as is clear
from Fig. 5. Accordingly, 0.1 ml of a 20% solution was used in routine analysis (final
concentration, 0.4%).

An additional variable that required optimization was the concentration of
methanol, and the optimum was found to be 3-10%. Methanol concentrations> 10%

100 r 100
..,
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Qi ..,.s:::: .s::::
""- en
0

'"'"c. .s::::

'" 50 ""- 502: 0

'".., c.
0

'"'" 2:
'" ..,
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a 5,5 6.0 6.5 7,0 a 5 10 15 20 25
pH Time ( min)

Fig. 2. Effect of pH on the determination of glycerol. A 2 /-lg/l standard glycerol solution was assayed at
various pH values. Other conditions: glycerokinase, 5 units; glycerol-3-phosphate oxidase, I unit; catalase,
100 units; Fluoral-P, 0.4%; methanol, 5%; reaction time, 20 min; temperature, ambient.

Fig. 3. Effect of reaction time on the determination of glycerol. A 2 /-lg/ml standard glycerol solution was
assayed with various reaction times. Other conditions as in Fig. 2.
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Fig. 4. Effect of amount of glycerol-3-phosphate oxidase on reaction rate. A 2 ,ug/ml standard glycerol
solution was assayed with various amounts of glycerol-3-phosphate oxidase. Other conditions as in Fig. 2.

Fig. 5. Effect of Fluoral-P concentration on reaction rate. A 2 ,ug/ml standard glycerol solution was assayed
with various concentrations of Fluoral-P. Other conditions as in Fig. 2.

decreased the peak height, probably owing to the retardation of the enzymes used
and/or the derivatization reaction. Therefore, we used 0.25 ml of methanol,
corresponding to 5% in the reaction mixture (5 ml).

Particles and/or proteins in the sample should be removed prior to HPLC,
because they otherwise result in a deterioration of the column efficiency. We therefore
used a Sep-Pak C I8 cartridge column for clean-up of the reaction mixture, which
effectively remove particles and proteins.
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Fig. 6. Typical chromatograms of the formaldehyde derivative with Fluoral-P. Chromatographic
conditions: column, Zorbax ODS CIS (250 mm x 4.6 mm J.D.); mobile phase, acetonitrile-water (I: I);
flow-rate, I ml/min. A 2 ,ug/ml standard solution of glycerol was assayed according to the procedure
described under Experimental.
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Conditions for HPLC
Fig. 6 shows a typical HPLC trace obtained with the derivative offormaldehyde.

The concentration of acetonitrile in the mobile phase was very important for a sharp
resolution of the formaldehyde derivative on a reversed-phase column. At acetonitrile
concentrations < 30%, the derivative was retained on the column, whereas it was
eluted from the column without retention using> 70% acetonitrile. The presence ofan
ionic strength modifier such as phosphate buffer had no effect on the retention time
and peak shape of the derivative. Accordingly, acetonitrile-water (1: I) without any
buffer was adopted in this study.

The relationship between the peak height and the amount of GL was evaluated
over the range of 0.1-4 pg/ml in water. The relationship between peak height (Y; pV s)
and the amount of GL injected (x; ng) was obtained by the least-squares method:
y = 0.004x + 50 (n = 3, correlation coefficient r = 0.994). The limit ofdetection for GL
was 0.4 ng per 20-pl injection under the conditions adopted (signal-to-noise ratio = 3).
This corresponds to a value of 1.0 pg/g in the sample when 5 g of sample were assayed.
The reliability of the proposed method was evaluated by repeated analyses of standard
GL solution (2 pg/ml in water). For five assays, the peak heights were found to be
within 98% agreement.

Interference studies
The effect of possible interfering substances, particularly analogues of GL, was

examined. The results are given in Table I. The relatively high specificity of two of the
enzymes, glycerokinase and glycerol-3-phosphate oxidase, and the derivatization
reaction make it unlikely that interferences will be encountered in most types of foods.
Any interference resulting from reducing substances could be removed by using

I

hypochlorite solution in the extraction step. Hypochlorite itself did not affect the
proposed method. Fig. 7a shows the HPLC profile offish sausage spiked with 20 pg/g
of Gl. The peak detected was considered not to be derived from an interfering
substance, as judged from Fig. 7b.

TABLE I

EFFECT OF POSSIBLE INTERFERING SUBSTANCES

A 50-)1g amount ofglycerol was assayed by the proposed method in the presence or absence of the substances
indicated.

Substance Amount Relative peak
()1g) height

(%)

None 100
Propylene glycol 500 99.5
Ethylene glycol 500 101
Trimethylene glycol 500 100
Glucose 1000 100
Ethanol 100 99.7
Ascorbic acid 200 85.0 (99.8)"
Sulphur dioxide 50 43.6 (100)"

" The values in parentheses are results obtained by treatment with sodium hypochlorite prior to
assay.
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Fig. 7. HPLC elution profiles of fish sausage using the present method. Conditions as in Fig. 5. (a) Extract
from fish sausage spiked with 20 jJ.g(g of glycerol; (b) extract from fish sausage.

TABLE II

AMOUNTS OF GLYCEROL PRESENT IN SEVERAL FOODS AND RECOVERIES

Recoveries were determined in triplicate.

Sample Amount Amount Amount Recovery
present added recovered (%)
(jJ.g(g) (jJ.g(g) (jJ.g(g)

White wine 1460 1000 2430 97.0
Red wine 1750 1000 2735 98.5
Fish sausage N.D." 20 19.4 97.0
Ice cream 140 100 95.7 95.7
Mayonnaise N.D. 20 19.8 99.0
Salad dressing N.D. 100 96.0 96.0

a N.D. = Not detected.

Recovery studies
Table II shows the recoveries obtained by spiking samples with GL at three levels

prior to analysis. GL in water was added to the weighed samples in a test-tube and
subjected to analysis as described under Experimental. Good recoveries were obtained
in all instances, which demonstrated the accuracy (> 95%) of the proposed method.
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ABSTRACT

Previously two fully automated methods based on column switching and high-performance liquid
chromatography have been described, one for plasma and urinary catecholamines and the other for cate
cholamine urinary metabolites. Improvements in these methods, after 3 years of routine application, are
now reported. The sample processing scheme was changed in order to eliminate memory effects and, in the
procedure for plasma catecholamines, a pre-analytical deproteinization step was added which enhances the
analytical column lifetime. The applied voltages for the electrochemical detector have been optimized,
resulting in an automated method, suitable for the simultaneous determination of vanillylmandelic acid,
3,4-dihydroxyphenylacetic acid, homovanillic acid and 5-hydroxyindoleacetic acid. The sensitivity of the
methods allows the detection of 2-3 ng/I of plasma catecholamines and 0.01-0.06 mg/l of urinary metabo
lites. Also, it is possible to switch from one method to the other in only 30 min. The normal values obtained
from 200 healthy people are reported, together with a list of 57 potential interfering substances tested.

INTRODUCTION

High-performance liquid chromatography (HPLC) is usefully applied to deter
mination of plasma and urinary catecholamines (C) and related metabolites by
manual [1,2], and automated [3] methods. From the chromatographic point of view,
all these analytes can be easily separated on a reversed-phase analytical column with

a Presented at the 14th International Symposium on Column Liquid Chromatograph). Boston, MA,
May 20-25, 1990. The majority of the papers presented at this symposium have been published in 1.
Chromatogr., Vols. 535 (1990) and 536 (1991).

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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electrochemical detection [1,2], but the utilization of HPLC is adversely influenced by
the fact that is very time consuming to change from a kind of analysis to another.
Consequently, it was considered that it would be convenient, in the context of the
routine activity of a clinical chemistry laboratory, not only to automate the determi
nation of catecholamines, but also to effect a rationalization of the sequence of vari
ous applied methods.

We could optimize the analytical process by combining three steps, sample
clean-up, chromatographic separation and detection, utilizing one only instrument,
specially designed for this application. For this purpose we developed a fully auto
mated analyser, that was first applied to the determination of C [4,5].

The apparatus was constructed by connecting in series a liquid handling sta
tion, a solid-phase autosampler operating with column switching, a highly reliable
HPLC pump and an electrochemical detector. Being a versatile system, it could be
used also for analysing C metabolites [6] and 5-hydroxytryptamine (5-HT) [7].

The experience gained in utilizing this system for over 3 years of routine analy
sis and research allowed us to implement some optimizations, which are reported in
this paper.

EXPERIMENTAL

Chemicals and reagents
Venous blood was drawn in tubes containing 50,ul of 0.01 M tripotassium

ethylenediaminetetraacetate. The protein precipitating solution was 0.8 M 5-sulpho
salicylic acid dihydrate. The urine samples were preserved with 0.1 M hydrochloric
acid. They can be kept for up to I week at 4°C and for 3 months at - 30°C.

The extraction cartridges, containing octadecyl-bonded silica (AASP cassette
CIS, for C extraction) or quaternary amine-bonded silica (AASP cassette SAX, for
metabolite extraction), and the packing material for the ISO mm x 4.6 mm J.D.
saturation column, (customer-packed), containing Sepralite reversed-phase CIS (40
60 ,urn), were obtained from Analytichem International (Harbor City, CA, U.S.A.)
and the analytical column, octadecyl CIS, 3 ,um (50 mm x 4.6 mm J.D.), from Baker
(Deventer, The Netherlands).

Instrumentation
A Model 4233R refrigerated centrifuge was supplied by ALC (Milan, Italy) and

a Microfuge 12 microcentrifuge by Beckman (Fullerton, CA, U.S.A.).
The HPLC instrumentation, employing a four-solvent HPLC pump, and the

sample processor were the same as previously reported [6].

Preparation of standards
To obtain standard solutions, an acidified normal urine sample was fortified

with norepinephrine (NE), epinephrine (E) and dopamine (D) to give concentrations
of 0, 5, 25, 100 and 500 ,ug/l (NE and E) and 0, 25, 100, 400 and 2000 ,ug/l (D).
Standard solutions of metabolites were as before [6]. The calibration standards ob
tained can be stored at - 30°C for 3 months.

Stock solutions of the internal standard (J.S.) dihydroxybenzylamine (DHBA)
(15 mg/l for urinary C; 100 ,ug/l for plasma C) and NE, E and D (100, 50 and 100 ,ug/I,



HPLC OF CATECHOLAMINE AND RELATED METABOLITES 275

respectively, for plasma C) were prepared in 0.1 M perchloric acid and were kept at
4°C. A stock solution of the metabolites internal standard 3-hydroxy-4-methoxyman
delic acid (iso-VMA, 500 mgjl) was prepared in 0.1 M hydrochloric acid and kept at
4°C.

To obtain plasma C standard solutions, a catecholamine-free plasma was forti
fied with NE, D and E to give concentrations of 0, 50, 200,500 and 2500 ngjl (NE, D)
and 0, 25, 100, 250 and 1250 ngjl (E). These standards were prepared fresh daily.

HPLC mobile phases
The four HPLC mobile phases, A (for plasma and urinary C determination), B

and C (for urinary metabolites determination) and D (for washing the HPLC system
when changing from C to C metabolites determination), were prepared as follows:

(A) methanol-acetonitrile-50 mM NaH2P04 (pH 2.8, measured as the pH of
the phosphate buffer) mixed in the ratio 15:8:77 and with 200 mgjl of sodium dodecyl
sulphate (SDS) added;

(B) 50 mM NaH 2 P04 , (pH 2.8);
(C) acetonitrile-50 mM NaH2 P04 (pH 2.8, measured as the pH of the phos

phate buffer) mixed in the ratio 1:3;
(D) methanol-water (3:2).

Buffers for sample processing
The compositions of the buffers and solvents employed in the sample process

ing were as follows:
(i) buffer containing the complexing agent for C analysis: 2.0 M NH4 Cl-NH3

(pH 8.5) buffer containing 0.2% (wjv) of diphenylborate-ethanolamine (DPBEA)
and 0.5% (wjv) of disodium ethylenediaminetetraacetate (EDTA);

(ii) buffer (pH 8.5): 0.2 M NH4 Cl-NH 3 buffer (pH 8.5) containing 0.05%
EDTA;

(iii) plasma C diluting buffer: mix, on the day of utilization. 0.5 ml of I.S.
(DHBA, lOa ,ugjl) + 18 ml of buffer containing the complexing agent + 36 ml of
buffer (pH 8.5);

(iv) urinary C diluting buffer: mix, on the day of utilization, 0.5 ml of I.S.
(DHBA, IS mgjl) + 50 ml of buffer containing the complexing agent;

(v) urinary metabolite diluting buffer: mix, on the day of utilization, 0.25 ml of
I.S. (iso-VMA, 500 mgjl) + 50 ml of buffer (pH 8.5).

Analyser connections
The AASP solid-phase autosampler was connected with the sample processor

(Fig. I). The fully automated analysis consisted of four steps:
(1) Dilution of plasma or urine sample with a buffer. For C determination, this

buffer must contain a complexing agent for derivatization of C into less polar com
pound suitable for reversed-phase extraction. After sample dilution, the automatic
processor mixed the tube by air insufflation.

(2) Filling the 5-mlloop with all the solvents necessary for the sample clean-up.
To keep the solvents separated, 25 ,Ill of air were included at the end of every suction.

(3) Flushing the AASP cartridge with these solvents (load line in Fig. I).
(4) Switching the ten-port valve to inject the sample into the HPLC column

(injection line in Fig. 1).
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Fig. I. Sample processing diagram. A = Syringe pump; B = 5-mlloop; C = needle of the autosampler;
D = injection port; E = AASP extraction cartridge; F = purge solvent drain.

The first step can be applied to the whole batch of samples, before starting to
apply steps 2, 3 and 4 to the first sample. Steps 2, 3 and 4 must be applied consecutive
ly, completing the first sample clean-up and injection before starting with the next
sample.

The diluter has a switching valve, positioned on the top of the syringe pump,
which allows the syringe to suck the solution employed for washing the loop (Fig. 2,
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Fig. 2. Sample processor. The arm (M) moves the needle (C) along the axes X and Yon a tray containing
the samples (up to 90), the buffers and the solvents (up to 8) necessary for the column switching clean-up
(for details, see the text).
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position W). In these applications, the loop washing step must occur just at the end of
each analysis, five times, utilizing 5 ml of water.

Plasma C determination
For plasma C determination, 5 m1 of venous blood were drawn and immediate

ly centrifuged at 5500 g for 10 min at 4°C, then plasma samples were separated and
kept at - 30°C. On the day assigned for analysis, the samples were thawed at room
temperature and deproteinized as follows: 0.5 ml of plasma were transferred to a
centrifuge microtube and 50 III of protein precipitating solution were added with
gentle mixing. After refrigeration at 4°C for 15 min, the microtubes were centrifuged
at 11 000 g for 10 min. The supernatant liquid was transferred to a plastic tube and
positioned on the sample processor.

The details of the automated clean-up and HPLC analysis are as follows:
Step 1: sample, deproteinized plasma; dilution, 250 III of sample + 750 III of

plasma C diluting buffer; apply step 1 to the whole batch of samples before starting to
apply step 2;

Step 2: the syringe pump sucks, in sequence, 1.25 m1 of water, 0.5 ml ofmetha
nol-buffer (pH 8.5) (1 :4), 1 ml of buffer (pH 8.5), 0.8 ml of diluted sample, 0.5 ml of
buffer (pH 8.5), 0.5 ml of methanol;

Step 3: the syringe pumps these solutions in reverse order through the cartridge
(AASP cassette CiS);

Step 4: valve reset, 0.1 min.
The HPLC mobile phase was A with isocratic elution at a flow-rate of 2 ml/min.

The detector settings were as follows: conditioning cell, + 0.45 V; high-sensitivity cell,
detector 1 + 0.10 V, detector 2 - 0.35 V; gain, 100 x 10; response time, 4 s. The
signal monitored (detector 2) was 10 mY; recorder, 10 mY; chart speed, 10 mm/min;
and turnover time, 11 min.

Urinary C determination
Step 1: sample, acidified urine; dilution, 0.15 ml of sample + 0.3 ml of urinary C

diluting buffer;
Step 2: the syringe pump sucks, in sequence, 1.25 m1 of water, 0.5 ml ofmetha

noI-buffer (pH 8.5) (1 :4), 1 ml of buffer (pH 8.5), 0.15 ml of diluted sample, 0.5 m1 of
buffer (pH 8.5), 0.5 ml of methanol;

Step 3: the syringe pumps these solutions in reverse order through the cartridge
(AASP cassette CiS);

Step 4: valve reset, 0.1 min.
The HPLC mobile phase was A with isocratic elution at a flow-rate of 2 m1/min.

The detector settings were as follows: conditioning cell, + 0.45 V; high-sensitivity cell,
detector 1 +0.10 V, detector 2 -0.35 V; gain, 10 x 5; response time, 4 s. The signal
monitored (detector 2) was 10 mY; recorder, 10 mY; chart speed, 10 mm/min; and
turnover, 11 min.

Urinary metabolite analysis
To switch the analyser from C to C metabolite analysis, it was necessary to

wash the HPLC system with mobile phase D at a flow-rate of 1.5 m1/min for 15 min,
to remove SDS from the saturation and analytical columns.
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The details of the automated clean-up and HPLC analysis are as follows:
Step I: sample, acidified urine; dilution, 50.u1 of sample + 0.5 ml of urinary

metabolite diluting buffer;
Step 2: the syringe pump sucks, in sequence, 0.8 ml of water, 25 .ul of 0.3 M

H 3P04 , 0.5 ml of methanol-water (1:1), 1.0 ml of water, 50.u1 of diluted sample,
0.5 ml of water, 0.5 ml of methanol;

Step 3: the syringe pumps these solutions in reverse order through the cartridge
(AASP cassette SAX);

Step 4: valve reset, 0.1 min.
The HPLC mobile phase was a binary gradient between Band C with the

following programme: from 2% to 10% C in 0.1 min; from 10% to 30% C in 0.9 min;
from 30% to 60% C in 2.0 min; from 60% to 80% C in 2.0 min; from 80% to 100% C
in 0.5 min; 100% C for 0.5 min; from 100% to 2% C in I min. The flow-rate was
2 ml/min. The detector settings were as follows: conditioning cell, - 0.10 V; high
sensitivity cell, detector I +0.10 V, detector 2 +0.40 V; gain, I x 10; response time,
4 s. The signal monitored (detector 2) was 10 mY; recorder, 10 mY; chart speed,
10 mm/min; and turnover time, 11 min.

RESULTS AND DISCUSSION

Plasma and urinary C
For C detection the redox mode was adopted [5]. In Fig. 3, the chromatograph

ic profile obtained by analysing urine from a healthy person is shown, and it can be
seen that the analytical column, even ifit is only 50 mm long, can separate the various
analytes well.

In comparison with the previous model, we have changed the flow scheme. In
the original set-up, the ten-port valve allowed the possibility of fitting a loop for
manual injection. Problems occurred because if the treated sample contained sub
stances eluted from the cartridge in a time range 0.1-0.2 min, the loop caused a
memory effect by trapping a ghost peak, which was detected in the next sample
profile, as the loop was not flushed during the sample loading step.

Fig. 4 shows a chromatographic profile obtained for plasma from a healthy
person. In the procedure for the determination of plasma catecholamines, we have
added a pre-analytical deproteinization step; in fact, if deproteinization is not effected
one obtains an identical profile, but the analytical column lifetime is reduced and,
after 190-200 analyses, the separation efficiency decreases and the back-pressure in
creases substantially.

On changing the column frits the back-pressure did not decrease, confirming
that the problem was due to the deterioration of the stationary phase. Addition of
EDTA to the mobile phase did not solve the problem, and the effect on the detector
was a considerable increase in the background current and the displacement of C
voltammograms, which obliged us to apply a higher voltage.

Considering that urinary C analysis did not experience such a problem, it ap
pears clear that the effect on the analytical column was due to plasma proteins. We
added 0.1 % trifluoroacetic acid to the mobile phase, but the situation became worse.

We then tried to check the effect of metal parts of the apparatus: the AASP
cassette cartridge frits are made of titanium, which is compatible with proteins; conse-
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Fig. 3. Chromatogram of a urine containing NE 54 Ilg/l, E 10 Ilg/1 and 0305 Ilg/l. Column, octadecyl CIS'
311m (50 x 4.6 mm 1.0.); mobile phase, methanol-acetonitrile-50 mM sodium phosphate buffer (pH 2.8)
(15:8:77), containing 200 mg/l of sodium dodecyl sulphate; flow-rate, 2 ml/min; detector conditioning cell,
+0.45 V; detector I, +0.10 V; detector 2, -0.35 V; gain, 10 x 5; response time, 4 s.

quently, we replaced all the tubes, including the internal ones to the AASP and those
connecting with the ten-port valve. We utilized biocompatible materials, but the
problem remained. Also, plasma centrifugation at 15 000 g did not have the desired
effect.

Only after having introduced a plasma deproteinization step was the problem
overcome; the average lifetime (n = 6) of the analytical column was optimized and no
reduction in efficiency or pressure increases occurred after 800 analyses.

A further change to the original procedure was the dilution of plasma samples
during step 1, the dilution rate being raised from 2:1 to 1:3. This dilution is very
important, because it greatly improves the precision of the method with the most
difficult samples, taken from patients affected by various and complicated pathol
ogIes.
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Fig. 4. Chromatogram of a plasma containing NE 82 ng/I, E 22 ng/l and D 21 ng/I. Conditions as in Fig. 3
except gain, 100 x 10.

The retention times for NE, E, DHBA and D were 1.50, 1.87, 2.70 and
3.77 min, respectively, and were not influenced either by column ageing or replace
ment.

The detector 2 background current (detection cell) is very low, -0.018 ±
0.002/-lA, and gives a steady baseline, also at high sensitivity values. Hence it is
possible to detect plasma concentrations of NE, E and D of 2, 3 and 3 ngjl, respec
tively. The recovery and precision of the method are unchanged in comparison with
those obtained with the original method. With clinical specimens the intra- and inter
assay relative standard deviations (R.S.D.) for NE, E and D for urinary C were 2.4
and 2.8, 3.0 and 4.5 and 1.8 and 2.6% (n = 20), respectively, and for plasma C were
3.0 and 4.2,3.4 and 5.1 and 3.5 and 5.2% (n = 10), respectively.

As previously reported, when mixed with the complexing agent, C are stable for
more than 5 h at room temperature, giving the opportunity to analyse many samples
in every batch [4].

In Table I are reported the up-dated normal ranges and Table II gives a list of
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TABLE I

NORMAL RANGES OF CATECHOLAMINES

281

Catecholamines

Urinary"

Plasma"

Compound Concentration'

NE 8.5 - 61.6
X'= 31.5 ± 15.30

E 1.0 - 22.4
X'= 7.6 ± 12.53

0 73 - 276
X'= 186 ± 63.4

NE 43 - 240
X'= 76 ± 61.4

E 6 - 45
X'= 14 ± 22.4

0 8 - 41
X'= 13 ± 31.7

" 24-h urine collection, n = 200 (lOO males, 100 females); age 20-50 years.
" n = 100 (50 males, 50 females)
, Urine, ILg/g urinary creatinine; plasma, ng/l.

TABLE 11

HPLC RETENTION TIMES FOR CATECHOLAMINES AND POTENTIAL INTERFERING SUB
STANCES

Substance"

Solvent peak
HVA
Artefact I
DL-(J-3,4-Dihydroxyphenylalanine
Artefact 2
L-DOPA
NE
E
o:-Methyldopa
DHBA
DL-Normetanephrine
·70- Methylnoradrenaline
DL-Metanephrine
o
Deoxyepinephrine
o:-Methyldopamine
Isoprenaline
Serotonine
3-Methoxytyramine

Relative retention
time

0.14
0.18
0.23
0.27
0.36
0.36
0.52
0.68
0.82
1.00
1.02
1.14
1.36
1.39
1.59
1.73
1.82
2.77
3.77

Recovery
(%)

<0.01

<0.01

3
99
99

3
99
0.1

88
0.01

99
76

4
41

3
0.01

"The following substances gave no peak at all: VMA, iso-VMA, MHPG, DOPAC, 5-HIAA, (J-phen
ylalanine, tryptophan, phenylethanolamine, octopamine, tyramine, tryptamine, tyrosine, uric acid, 3
methyluric acid, 1,3-dimethyluric acid, 1,3,7-trimethyluric acid, hypoxanthine, xanthine, creatine, cre
atinine, nicotine, nicotinamide, nicotinic acid, caffeine, theobromine, theophylline, promethazine, pheno
barbital, salbutamol, amitriptyline, doxepin, imipramine, diazepam, nitrazepam, haloperidol,
chlorpromazine, promazine, acetyl salicylate, ibuprofen, probenecid, furosemide.



282 G. GROSSI el al.

potential interfering substances tested. All analytes at concentrations of at least
100 mg/l were determined with the fully automated method and those showing a peak
were also injected manually to calculate the recovery. A difference in relative reten
tion times of 0.10 is sufficient for complete (baseline) separation.

With clinical urine samples no problem due to overlapping of interfering sub
stances was observed, as confirmed by the analysis of the voltammograms of the
peaks. Ghost peaks were very unusual.

Urinary metabolites
Fig. 5 shows the voltammograms obtained for C metabolites. The voltammo

grams, even though maintaining the same shape, change in potential depending on
the mobile phase composition, pH, cleanness and reliability of the HPLC pump. All
the imalytes are oxidized at an applied potential of +0.40 V, as occurs for many
interfering substances. The addition of a counter ion, such as sodium heptane sul
phonate or sodium dodecyl sulphate, influences the retention time of acidic metabo
lites, causing their reduction and decreasing the potential necessary for oxidation, so
various interfering substances can be removed [6].

However, the difference among the optimized oxidization potentials is so high
that it does not allow their simultaneous detection. For this reason, we removed the
counter ion from the mobile phase, and to eliminate the interfering substances we
operated on the potential of detector 1 (gate). Utilizing for detector 1 a potential of
+0.10 V, many interfering substances are removed and the remainder can be separat
ed with a suitable choice of HPLC elution gradient. Under these analytical condi-

O......~+--+---t

100

o

VMA

+ 0.75 V

5-HIAA

+ 0.75 V

100%

o

o

HVA

+ 0.75 V

DOPAC

+ 0.75 V

Fig. 5. Voltammograms obtained for catecholamine metabolites. Abscissa, applied voltage; ordinate, de
tector response, expressed as a percentage of maximum signals obtained.
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tions, the conditioning cell is useless and is utilized at - 0.10 V because with this
potential it does not make any contribution. However, it cannot be omitted because it
allows a quick transfer to the C determination stage and is useful for peak identifica
tion by recording redox-mode voltammograms.

In Fig. 6 a chromatographic profile obtained on analysing a urine sample from
a healthy adult is shown. The retention times for vanillylmandelic acid (VMA), iso
VMA, 3,4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic acid (5
HIAA) and homovanillic acid (HVA) are 1.30,2.40,4.10, 5.90 and 6.30 min, respec
tively. The recovery and precision are unchanged compared with those in the original
method. With clinical specimens, the intra- and inter-assay R.S.D.s for VMA, HVA
5-HIAA and DOPAC were 2.0 and 3.6, 1.9 and 3.0, 2.1 and 3.4 and 2.3 and 3.8%
(n = 20), respectively.

The sensitivity of the method allows urinary concentrations ofVMA, DOPAC,
5-HIAA and HVA of 0.06, 0.04, 0.01 and O.ol mg/l, respectively, to be detected. In
Table III the normal ranges are listed. In clinical specimens, no overlapping of in
terfering peaks was observed.

ISO-VMA,

HVA,
5-HIAA,

OOPAC VMA, , ,
d~ II ~ 1 ~

min
8 6 4 2 Ib

Fig. 6. Chromatogram ofa urine containing VMA 2.8 mg/I, DOPAC 1.3 mg/l, 5-HIAA 2.2 mg/I and HVA
3.1 mg/l. Column, octadecyl C's, 3)lm (50 x 4.6 mm 1.0.); mobile phase, eluent B = 50 mM sodium
phosphate buffer (pH 2.8), eluent C = acetonitrile-50 mM sodium phosphate buffer (pH 2.8) (I :3), binary
gradient between Band C as described under Urinary metabolite analysis; flow-rate, 2 ml/min; detector
conditioning cell, - 0.10 V; detector I, +0.10 V; detector 2, +0.40 V; gain, I x 10; response time, 4 s.
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TABLE III

NORMAL RANGES OF URINARY METABOLITES

24-h urine collection; n = 200 (100 males, 100 females); age 20-50 years.

G. GROSSI et al.

Compound

VMA
X=

DOPAC
X=

5-HIAA
X=

HVA
X=

Concentration (mgjg urinary creatinine)

0.6 - 5.9
2.9 ± 2.31
0.2 - 3.5
1.0 ± 1.31
0.5 - 6.1
2.6 ± 1.12
0.7 - 7.8
3.2 ± 2.42

CONCLUSIONS

The possibility of applying fully automated methods has many advantages. In
addition to the fact that they require less manual intervention and consequently
reduce random errors, only a minimum amount of sample is required for the analysis,
which is of fundamental importance when the samples are drawn from very young
patients (e.g., aged 0-3 years). Moreover, the manual handling of unstable samples
such as DOPAC (unstable at basic pH) or 5-HIAA (unstable at strongly acidic pH)
can cause serious problems in their determination. The problems can be more easily
overcome by applying fully automated methods, as the samples remain unaltered
since they stay for less than I min under unstable conditions.

In the routine clinical chemistry laboratory fully automated methods can give
rapid and simultaneous determinations of many substances, which allows time sav
ings and the determination of substances present at very low concentrations and with
optimum reliability of the analytical methods.
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ABSTRACT

A procedure is described for the determination of a-methyldopa (MD) [L-3-(3,4-dihydroxyphenyl)-2
methylalanine], its metabolite and catecholamines in the urine and plasma of patients undergoing MD
therapy, by high-performance liquid chromatography with dual working electrode coulometric detection.

An efficient sample preparation procedure is presented for the isolation of endogenous MD, its
metabolite and catecholamines from plasma or urine. After deproteinization of a plasma sample with
methanol containing 2% of 0.5 M perchloric acid and dilution of a urine sample (I :200), MD, dihydroxy
phenylacetic acid (DOPAC), 3-0-methylmethyldopa (3-0MMD) and homovanillic acid (HVA) were sep
arated with a Supelcosil LC-18 column. Catecholamines were extracted from the supernatant of deprotei
nized plasma or from urine by ion exchange on a Sephadex CM-25 column and subsequent adsorption on
alumina. The use of the same mobile phase for the concurrent assay of MD, its metabolite and cate
cholamines increased considerably the efficiency of sample separation. Recoveries were close to 100% for
MD, DOPAC, 3-0MMD and HVA and 70% for catecholamines.

The effects of various experimental parameters related to mobile phase composition on chroma
tographic performance are reported. The purity of the eluted compounds was tested by recording both the
first detector response (oxidation current) and the second detector response (reduction current). The ratio
of the detector responses yielded a chemical reversibility ratio for the detected compound. A number of
applications such as monitoring data from patients under MD therapy are presented.

INTRODUCTION

a-Methyldopa (MD), L-3-(3,4-dihydroxyphenyl)-2-methylalanine, is a well
known hypotensive agent, structurally related to the catecholamines and their pre
cursors [1-5]. Recently, MD has been used to treat hypertension during pregnancy
and no serious adverse effects on the foetus have been reported [6].

a Presented at the 14th International Symposium on Column Liquid Chromatography, Boston, MA,
May 20-25, 1990. The majority of the papers presented at this symposium have been published in J.
Chromatogr., Vols. 535 (1990) and 536 (1991).

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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MD has three major metabolic pathways [7]: sulphate conjugation catalysed by
phenolsulphotransferase, O-methylation catalysed by catechol-O-methyltransferase
and decarboxylation catalysed by aromatic L-amino acid decarboxylase. O-Methyl
ation results in the formation of 3-0-methylmethyldopa (3-0MMD), while de
carboxylation results in the formation of a-methyldopamine (a-MDA).

There is a wide range of individual variations in both MD metabolism and the
dose of drug required to control blood pressure in hypertensive patients [8]. The
individual differences in the activities of the above-mentioned enzymes might be one
of the factors responsible for variations in MD metabolism [8]. Hence understanding
the pharmacokinetics of MD is crucial to establishing the optimum therapeutic reg
imen for the drug. Also, the analysis of 24-h urine levels of MD and related com
pounds (3-0MMD, catecholamines and their metabolites) could be useful tools for
studying how drug-metabolizing enzyme activities affect the wide range of individual
variations in human MD metabolism [7]. Moreover, urine MD monitoring could be a
sensitive and non-invasive means for clinical optimization of individual drug manage
ment.

Many methods have been developed for the determination of MD and its me
tabolites, such as fluorimetric [9], paper chromatographic [10], gas chromatographic
[11,12] and high-performance liquid chromatographic (HPLC) methods with ultra
violet [13,14], fluorescence [15] and electrochemical detection [3,15-23]. Most of these
methods have been applied to the evaluation of many interesting biogenic amines.
There is general agreement that the complete profile is more informative in drug
metabolism involving catecholamines. For this reason, we developed a procedure for
detecting MD, 3-0MMD, norepinephrine (NE), epinephrine (E), dihydroxyphenyl
acetic acid (DOPAC) and homovanillic acid (HVA) in biological fluids. MDA was
not determined because the authentic standard was not commercially available.

The two major problems that arise in determining MD, its metabolites and
catecholamines are first the very low levels of free catecholamines with respect to the
amounts of MD and second the half-wave potential of 3-0MMD and HVA, which is
greater than those of cate;cholamines and MD.

The purpose of this study was to overcome these difficulties by using a cou
lometric detector to solve the problems of high electrode potentials and by employing
a sample preparation method that separates catecholamines from other interfering
endogenous compounds. The method includes deproteinization of serum with cold
methanol solution containing 2% of 0.5 M perchloric acid followed by centrifuga
tion. An aliquot of the supernatant was used to measure MD and its metabolite. For
the determination of the catecholamines, an aliquot of the supernatant was purified
using a Sephadex CM-25 column (where MD is not retained) and alumina. The use of
the same mobile phase for the concurrent assay of MD, its metabolite and cate
cholamines increased considerably the efficiency of sample separation in the chroma
tographic system.

EXPERIMENTAL

Materials
NE, E, DA, DOPAC, HVA and N-methyldopamine (NMDA, internal stan

dard) were purchased from Sigma (St. Louis, MO, U.S.A.) and MD and 3-0MMD
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were gifts from Merck, Sharp & Dohme (Darmstadt, Germany). Sodium l-octanesul
phonate (OSA) and ethylene glycol-O,O'-bis-(2-aminoethyl-N,N,N',N'-tetraacetic
acid (EGTA) were purchased from Fluka (Buchs, Switzerland). Methanol (HPLC
grade) and all other analytical-reagent grade chemicals were obtained from Carlo
Erba (Milan, Italy). A Sephadex CM-25 column was obtained from Pharmacia (Up
psala, Sweden) and acid alumina AG-4 from Bio-Rad Labs. (Richmond, CA,
U.S.A.). Water was treated with a Milli-Q system (Millipore, Milford, MA, U.S.A.).

HPLC apparatus
The HPLC system consisted of a Series 4 liquid chromatograph (Perkin-Elmer,

Norwalk, CT, U.S.A.) and a Model 7125 injector (equipped with a 100-/-d loop). The
column used was a reversed-phase Supelcosil LC-18 (15 cm x 4.6 mm 1.0.), particle
size 5 .urn (Supelco, Bellefonte, PA, U.S.A.). A Model 5100 A Coulochem detector
(ESA, Bedford, MA, U.S.A.) was equipped with a Model 5011 A analytical cell. The
potentials were set at +0.40 V for the first electrode and - 0.30 V for the second
electrode. The gain control used for signal amplification resulting in peak height and
area changes was maintained at 2000 for the first electrode and 3500 for the second.
Chromatograms were analysed with a Chromatopac C-R4A data processor (Shimad
zu, Kyoto, Japan) monitoring both detector signals. The mobile phase was 13 mM
sodium acetate containing 0.5 mM OSA (ion-pairing reagent), 0.5 mM disodium
EDTA and 14% methanol (pH 3.10). The compounds were eluted isocratically at
room temperature at a flow-rate of 1.0 ml/min.

Preparation ofplasma sample
Blood samples from patients receiving MD were drawn by venipuncture and

collected in tubes containing 50 .ul of a solution of EGTA (60 mg/ml) and reduced
glutathione (90 mg/ml) and immediately centrifuged at 4°C for 5 min at 2000 g. The
supernatants were stored at - 80°C for assay later. A sample was allowed to thaw at
room temperature and an aliquot of plasma (1 ml) was deproteinized by the addition
of three volumes of ice-cold methanol containing 2% of 0.5 M perchloric acid and
centrifuged at 4°C for 3 min at 4000 g. The supernatant (0.2 ml) was collected, spiked
with 0.1 ml of NMDA (80 ng/ml) and evaporated to dryness under vacuum. The
residue was dissolved in 0.2 ml of mobile phase. The resulting solution (5-20 .ul) was
injected into the HPLC system for the determination of MD, DOPAC, 3-0MMD
and HVA. The isolation of catecholamines was carried out in 1 ml of the supernatant
spiked with 40 .ul of NMDA (80 ng/ml) as an internal standard [24].

A 3-ml volume of 0.1 M phosphate buffer (pH 7) was added to the solution and
the mixture was applied to a Sephadex CM-25 column (2 em x 0.5 em LD.). The
column was conditioned with 5 ml of 0.1 M hydrochloric acid and 10 ml of distilled
water and buffered with 10 ml of 0.1 M phosphate (pH 7). The compounds retained in
the column were washed with 5 ml of distilled water, then catecholamines were eluted
with 5 ml of 1.5 M perchloric acid into conical tubes with caps. A 2-ml volume of
1.5 M Tris buffer (pH 9.3) containing 0.06 M EDTA and 20 mg of acid-washed
alumina [25] were added to the solution. The tube was vortex mixed for 2 min, the
supernatant was removed by vacuum aspiration and the alumina was washed three
times with 1 ml of water. Each wash was followed by centrifugation. The catechol
amines were extracted with 100 {ll of 0.1 M acetic acid by vortex mixing for 2 min,
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allowed to settle and then centrifuged at 4°C for 2 min at 3000 g. The resulting
solution (20-50 Jll) was injected into the HPLC system.

Preparation of urine samples
Urine samples (24 h) were collected (2 h after administration) in plastic contain

ers containing 10 ml of 6 M hydrochloric acid as a preservative, and a I-ml aliquot
was frozen at - 80°C for assay later. A 50-ml volume of water was added to the
thawed urine sample (l ml) and 10 Jll of the solution were injected into the HPLC
system for the determination of MD, 3-0MMD, DOPAC and HVA. The same pro
cedure as described above for the determination of plasma catecholamines was fol
lowed for 0.2 ml of urine sample. The values obtained represented the amount of
unconjugated compounds present. In order to determine totalleve1s, the sample was
adjusted to pH 1, flushed with nitrogen and kept in a boiling water-bath for 20 min
[26]. The hydrolysed sample was then processed in the same manner as the non
hydrolysed sample.

RESULTS AND DISCUSSION

Separation
Several approaches can be used to improve the separation in the reversed-phase

ion-pairing technique to obtain a balance between ion-pairing reagent, organic sol
vent and pH.

The pH of the mobile phase is perhaps the best means of separating the various
substances as it can modify the charge of the functional groups. The finding that on
increasing the pH the retention times of the carboxylic acids and amino acids de
creased can be explained by the fact that ion-pair formation increases as the pro
tonation of carboxylic groups increases [27]. The retention times of HVA, MD and
3-0MMD were the most affected by the modest pH range of 2.60-3.10, whereas the
retention times of amines were not influenced.

Fig. lA shows the effect of pH on the retention of the compounds in the acidic
range. For MD, DOPAC, 3-0MMD and HVA (solid lines) good separation was
obtained at the pH of the mobile phase (3.1), and these conditions also provide a
good compromise between resolution and duration of chromatography. Throughout
the test, the concentrations of sodium acetate and methanol were maintained at
13 mM and 14%, respectively.

An increase in the methanol content of the mobile phase caused a significant
decrease in the k' values of all compounds in the standard mixture (Fig. IB), the
strongest effect being on HVA. The pH and sodium acetate concentration were 3.1
and 13 mM, respectively.

Finally, keeping a constant pH of 3.1 and a 14% methanol concentration, the
effect of ionic strength on the retention was investigated. Fig. lC shows that an
increase in the molar concentration of sodium acetate caused a significant decrease in
the capacity factors of aJl catecholamines and an increase in retention for DOPAC,
MD, 3-0MMD and HVA. The increase in the capacity factors with increasing salt
concentration implies that the retention is due to hydrophobic interaction [28].

A representative chromatogram illustrating the resolution of a standard mix
ture of MD, 3-0MMD, DOPAC and HVA, and also NE, E, DA and NMDA, is
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Fig. I. Effect of (A) pH of mobile phase, (B) methanol content and (C) ionic strength on the capacity
factors of(~) MD, (e) 3-0MMD, (.) DOPAC, (+) HVA, (6) E, (0) NE, (D) DA and (0) NMDA.
When analysing biological samples, the analytes are divided into two groups according to their different
pretreatment procedures, i.c., direct injection and treatment with Sephadex CM-25 and alumina (contin
uous and dotted lines, respectively). Column: Supelcosil LC-18, partiele size Slim, 150 mm x 4.6 mm 1.0.
Mobile phase: the concentrations of OSA (0.5 mM) and disodium EDTA (0.5 mM) were always constant.
The pH of the mobile phase (A) was varied by changing the ratio of sodium acetate to acetic acid, but
maintaining the ionic strength (13 mM) and the methanol concentration (14%) constant. In (B), only the
methanol concentration varied. The effect of ionic strength was investigated maintaining the pH at 3.1 and
methanol concentration at 14% (C). The flow-rate was I ml/min.

shown in Fig. 2. When biological samples are processed, the eight compounds are
divided into two groups according to their respective sample pretreatment (see Exper
imental) and analysed separately. This allows chromatograms to be obtained with
more resolved peaks and the result could represent a substantial advantage as biolog
ical samples often include unknown substances (i.e., endogenous compounds or
drugs) which could give unexpected interfering peaks. Fig. 3 shows chromatograms
from 24-h urine samples after administration of MO (Aldomet 250, MO 250 mg)
(Merck Sharp & Oohme). Fig. 3A represents the detection of MO, OOPAC, 3
OMMO and HVA after direct injection of diluted urine. Aldomet is known to in-
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Fig. 2. Chromatograms of oxidation (E, level) and reduction (E2 level) obtained from a mixture of stan
dard NE (40 ng/ml), E (40 ng/ml), MD (80 ng/ml), DOPAC (40 ng/ml), DA (40 ng/ml), NMDA (80 ng/ml),
3-0MMD (80 ng/ml) and HVA (80 ng/ml). Peaks: I = NE; 2 = E; 3 = MD; 4 = DOPAC; 5 = DA; 6 =
NMDA; 7 = 3-0MMD; 9 = HVA. The positions indicated by arrow No.8 correspond to the retention
time of the unknown peaks (No.8) included in the urine chromatograms (Fig. 3), which perhaps could be
ascribed to MDA. Conditions: column, Supelcosil LC-18, particle size 5 11m, 150 mm x 4.6 mm I.D.;
flow-rate, I ml/min at ambient temperature; mobile phase, 13 mM sodium acetate containing 0.5 mM
OSA, 0.5 mM disodium EDTA and 14% methanol (pH 3.1). Applied potential: E, = +0.40 V, E 2 =

-0.35 V.

crease the level of MD in urine, i.e., the size of MD peak is expected to be greater than
those of other compounds. Therefore, the sample had to be further diluted IO-fold.

Fig. 3B shows catecholamines detected in the same urine sample as shown in
Fig. 3A, which were obtained by analysing the extract from treatment with the Sepha
dex CM-25 column and alumina (see Preparation of urine samples). Interestingly,
both (unknown) peaks No.8 in Fig. 3A and B have the same retention time; the peak
shown in Fig. 3B is out of the range and we confirmed its purity by the above reported
"dilution and re-injection procedure". Further, we suspect that they could be due to
MDA, one of the main MD metabolites in urine, but we have not been able to
confirm this hypothesis as we were unable to obtain a pure standard. Our idea is
based on the following: (a) the chemical structure of the unknown peak could be
similar to that of other amines (NE, E, DA, NMDA), as it is also extracted by
Sephadex CM-25 and alumina; (b) the k' value of the unknown peak could be com
patible with MDA ifit is compared with k' and the structures ofDA and NMDA; (c)
if we consider the different concentrations of the aliquots injected to determine cate
cholamines and MD, the area ratio of the unknown peak and the MD peak is not
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Fig. 3. Chromatograms of (A) 10 III of24-h urine (diluted to I:200) from a hypertensive patient undergoing
250 mg per 24 h oral MD therapy and (B) 100 III of acetic acid eluate from alumina using the same urine.
Peaks: I = NE; 2 = E; 3 = MD; 4 = DOPAC; 5 = DA; 6 = NMDA; 7 = 3-0MMD; 8 = unknown;
9 = HVA. Peaks 1 and 4 reported in (A) cannot be ascribed to NE and DA because of their oxidation
reduction peak-height ratios, which are different from those of standard compounds (some interfering
substances are probably co-eluted). Peaks 8 are suspected to be due to MDA (see Peak identification). For
chromatographic conditions, see Fig. 2.

very different from the concentration ratio between MDA and MD calculated from
previous data [8].

Recovery and reproducibility
Deproteinization by adding trichloroacetic acid, perchloric acid, acetonitrile,

methanol and methanol containing 2% of 0.5 or 1.0 M perchloric acid was examined.
The use of methanol containing 2% of 0.5 M perchloric acid to prepare a protein-free
sample from plasma gave highly reproducible recoveries of MD, its metabolite and
HVA. The recovery was determined by comparing the peak heights of known
amounts of standards added to pooled plasma from healthy subjects carried through
the assay procedures with those resulting from the analysis of the same amount of a
stock standard solution. Table I reports the data for plasma and urine recovery.
Satisfactory recoveries were obtained with good relative standard deviations
(R.S.D.). Table I also shows the linear regression analysis from calibration graphs for
biological samples. The correlation coefficients for all these compounds were higher
than 0.9909. Table II shows the between-assay and within-assay R.S.D.s for plasma
and urine samples.

Peak identification
The peaks of MD, its metabolite and catecholamines were identified by a com

bination of methods. The peak identification was initially performed on the basis of
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tablets was treated in the same way as the diluted stock solution, with the exception
that 35.00 ml instead of 30.00 ml of water were added.

Solid-phase extraction
The solid-phase columns were conditioned immediately prior to use with one

column volume of methanol followed by one column volume of water. The columns
were held in a Vac-Elut 10 processing station operated at a pressure of 34 kPa. The
columns were filled with water before the SAX columns were placed in adaptors on top
of the phenyl columns, i.e., the sample solution first passed through the SAX column
and then through the phenyl column. Reservoirs with 20-llm frits were attached on top
of the SAX columns.

The diluted extracts were aspirated through the columns by a vacuum of85 kPa.
After aspiration of the standard and sample solutions, the quaternary amine columns
were removed and the phenyl columns were washed with one column volume of water
followed by 1.0 ml of methanol-water (20:80). The columns were air-dried under
vacuum (34 kPa) for 30 s. Vitamin B12 was eluted with two 0.50-ml aliquots of
methanol-water (90:10) into 3-ml volumetric flasks. The eluates were diluted to
volume with water.

Chromatography
The diluted eluates were analysed by reversed-phase HPLC on a 150 x 3.9 mm

J.D. IlBondapak C18 (10 Ilm) column (Waters Assoc.). A Waters Assoc. Guard-Pak
precolumn module containing a Guard-Pak IlBondapak C18 insert was used to protect
the analytical column. Binary gradient elution was used (Table I). Reservoir
A contained methanol-water (10:90) and reservoir B methanol-water (90: 10). The
reservoirs were continuously sparged with helium. Chromatography was carried out
under ambient conditions at a flow-rate of 1.0 ml/min. The injection volume was 200
Ill. Vitamin B12 was detected at 550 nm.

The HPLC system was considered to be acceptable when the relative standard
deviation of the vitamin B12 peak area of six consecutive injections was less than 1.0%.
A tailing factor (7) was calculated according to USP XXII [7] in order to check the
asymmetry of the peak. The number of theoretical plates (n) was also calculated.
Typical values of n were in the range 20 000--40 000 and of T in the range 1.1-1.2.

Quantification was achieved by comparing the vitamin B12 peak area of the
sample preparation with that of the standard preparation.

TABLE I

GRADIENT USED

Time (min) B (%)

o 0
15 50
17 100
27 100
30 0
40 0

Type of gradient

Linear
Linear

Linear
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RESULTS AND DISCUSSION

J. DALBACKE, I. DAHLQUIST

Tablet extraction
It has been reported [8,9] that vitamin B12 is not stable in aqueous solutions

containing vitamin C and copper(II) and/or iron(II) ions. Ascorbic acid (vitamin C) in
aqueous solution is easily oxidized to dehydroascorbic acid. The oxidation is catalysed
by copper(II) and iron(II) ions. The instability of vitamin B12 in aqueous solution is
mainly due to the presence of dehydroascorbic acid [10]. As the multivitamin
multimineral tablets we were to analyse contained iron, copper and vitamin C, it was
necessary to stabilize vitamin C in the tablet extracts so that vitamin B12 did not
degrade. The active constituents of the tablets are given in Table II. Hudson et al. [5]
have proposed an extraction solution containing APDC, citric acid and dimethyl
sulphoxide when tablets containing iron and/or copper are to be analysed. These
compounds have the ability to form stable coordination complexes with copper(II)
and iron(II) ions. The extraction solution proposed by Hudson et al. was modified by
decreasing the percentage of dimethyl sulphoxide. We investigated the stability of
vitamin B12 in the extraction solution used in our method by analysing the supernatant
24 h after tablet extraction. A 10% degradation of vitamin B12 was observed in the
tablet extract and no degradation was observed in the standard extract. It was not
possible to increase the amount of tablets owing to greater problems with degradation
of vitamin B12 in the extraction solution.

Solid-phase extraction
When tablets were extracted, readily oxidized and reduced constituents were

dissolved and participated in several parallel reactions, which led to new potential
interfering compounds. Hence a sample clean-up was needed. The mixture was too
complex to be cleaned up by a single solid-phase extraction step.

The tablet extract was diluted prior to solid-phase extraction in order to decrease
the solvent strength. Vitamin B12 was not retained on the phenyl column if this dilution
step was excluded.

Most coloured substances in the extraction solution were retained on the SAX
column and vitamin B12 was retained on the phenyl column. Vitamin B12 could be seen
as a red band when it was eluted from the phenyl column. The stability of vitamin B12

TABLE II

TABLET COMPOSITION

Active constituent Amount per tablet Active constituent Amount per tablet

Vitamin A 0.9 mg Nicotinamide 16 mg
Vitamin B1 1.2mg Iron(II) 18 mg
Vitamin B2 1.4 mg Zinc(II) 15 mg
Vitamin B6 2.1 mg Copper(II) 2 mg
Vitamin Bl2 3/lg Iodine 0.15 mg
Folic acid 0.4 mg Manganese 2.5 mg
Vitamin C 60 mg Chromium 50/lg
Vitamin 0 3 5/lg Selenium(IV) 50/lg
Vitamin E 9 mg Molybdenum 0.15 mg
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between 0.5 and 100 ng and the detection limits ofSAs on the chromatograms were 0.5
ng (signal-to-noise ratio > 5).

Establishment of clean-up system
In a previous study [21], the following clean-up procedure was successfully

applied to the determination of residual pyridonecarboxylic acid antibacterials in fish.
The analyte is extracted from the sample by blending with organic solvent, the
resulting extract is centrifuged and the supernatant is decanted and applied to
a prepacked cartridge. After elution from the cartridge with a suitable eluent, the
analyte is determined by HPLC. Because this procedure is very simple and rapid, we
wished to apply it to the determination of SAs. To apply this procedure effectively,
various conditions were optimized as described below and a satisfactory clean-up
system as given under Experimental was established.

Comparison ofprepacked cartridges. The cartridge to be used in this method is
required to possess both the ability to retain SAs with an organic solvent and then to
release SAs with a suitable eluent. Several commercially available normal-phase and
ion-exchange types (Baker 10 amino, cyano, diol, quaternary amine, carboxylic acid
and aromatic sulphonic acid) prepacked cartridges were compared. SAs (5 J1g each)
were dissolved in 40 ml ofethyl acetate and applied to the cartridges. The ethyl acetate
solution which passed through the cartridges was collected and evaporated to dryness.
SAs in the residue were determined by HPLC and the amounts of SAs retained in the
cartridge were calculated. Although SAs were perfectly retained on the amino and
aromatic suIphonic acid cartridges, the proportions of SAs retained on the quaternary
amino cartridge were 90-100% and those on the cyano, diol and carboxylic acid
cartridges were less than 20%.

Because the amino and aromatic sulphonic acid cartridges gave satisfactory
retention of SAs, they were successively compared with respect to the elution
behaviour of SAs. After the application of SAs to the cartridges in the same manner as
described above, SAs were eluted from the cartridges with the mobile phase,
acetonitrile-0.02 M aqueous phosphoric acid solution (24:76), and then determined by
HPLC. Whereas more than 95% ofSAs could be recovered from the amino cartridge
using 20 ml of the eluent, only SIZ and SMR were eluted from the aromatic sulphonic
acid cartridge. We concluded that the amino cartridge is the most suitable for our
objective.

Elution of SAs from the cartridge. In order to determine analytes in the eluent
from the cartridge by HPLC, the eluent is usually evaporated and the residue is
dissolved in a suitable solution before injection into the HPLC system. However, these
treatments are not desirable for a simple and rapid determination, so we wished to
elute the SAs with a small volume of the mobile phase, because the eluent can be
injected into the HPLC system without any treatment. The elution patterns of SAs
from the cartridge were investigated using the mobile phase as the eluent. Usually, the
retention power of the cartridge is weakened by the influence of the sample matrix. SAs
were applied to the cartridge with an extract of chicken meat. The sample (chicken
meat, 5 g) was extracted by blending with 109 ofanhydrous sodium sulphate and 40 ml
ofethyl acetate and the resulting extract was centrifuged. After addition of SAs (2.5 J1g
each) to the supernatant, the mixture was applied to the cartridge. The cartridge was
washed with 5 ml of n-hexane and then aspirated to remove the n-hexane. The SAs
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We tried to separate NSEG from the mono- to pentaester by reversed-phase
chromatography using an ODS column and a gradient elution method, and also tried
to detect them by using a new post-column reaction detector with high sensitivity and
selectivity. The basis of the post-column reaction was that NSEG are hydrolysed and
the resulting fatty acids are derivatized and detected selectively and sensitively. For the
colour development of fatty acids, the 2-nitrophenylhydrazine (ONPH) method [10],
which has been used for the post-column reaction detector of water-soluble carboxylic
acids [11], was chosen, because it was found that it is also applicable to fatty acids.

This paper describes the optimization of the chromatographic separation and
the post-column reaction and also the determination of NSEG with high resolution
and sensitivity.

EXPERIMENTAL

Apparatus
A schematic diagram of the liquid chromatograph equipped with a post-column

reaction detector is shown in Fig. 1. The liquid chromatograph consisted of
a reciprocating piston pump (Model 655; Hitachi, Tokyo, Japan), a gradient controller
(Model L-5000; Hitachi), a variable-wavelength UV-VIS detector (Uvidec 100-VI;
Japan Spectroscopic, Tokyo, Japan), an injector with a 100-,u1 loop (Model 7125;
Rheodyne, Berkeley, CA, U.S.A.) and a circulator (Model FE; Haake, Karlsruhe,
Germany) for column temperature control. The injector was heated at 60°C with
a specially designed apparatus [12]. The post-column reaction detector consisted of an
acid-resistant pump (NP-S-253; Nihon Seimitsu, Tokyo, Japan), a three-channel
reaction pump (655A-13; Hitachi), a constant-temperature circulating bath (Model
D l-L; Haake) for condensation reaction and two constant-temperature reaction baths
(NRB-15; Nihon Seimitsu) for hydrolysis and the colour development reaction. The
post-column reaction coil was made ofTeflon tubing (0.5 mm J.D.). Chromatograms,
peak areas and retention times were obtained by using a data processor (0-2000;
Hitachi).

12

11

2

Fig. I. Schematic diagram of the liquid chromatograph 1-5 = Pumps; 6 = eluent reservoirs; 7 = reservoir
for potassium hydroxide reagent; 8 = reservoir for ONPH reagent; 9 = reservoir for EDC reagent;
10 = reservoir for sodium hydroxide reagent; II = sample injector; 12 = injector heater; 13 = analytical
column; 14 = reaction coil (10m x 0.5mmI.D.); 15 = reaction coil (20m x 0.5mmI.D.); 16 = reaction
coil (10 m x 0.5 mm I.D.); 17 = reaction bath (120°C); 18 = water-bath (70°C); 19 = reaction bath (100°C);
20 = UV-VIS detector; 21 = data processor.
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Reagents.
Hitachi gel 3057, which is an ODS packing of average particle diameter 3 j1m,

was used as the stationary phase. Authentic fatty acids, monoacylglycerols and
triacylglycerols were purchased from Sigma (St. Louis, MO, U.S.A.), methanol and
ethanol of HPLC grade from Kanto Chemical (Tokyo, Japan), 2-nitrophenylhy
drazine hydrochloride from Tokyo Chemical Industry (Tokyo, Japan), l-ethyl-3
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) from Wako (Osaka,
Japan), sorbitan fatty acid esters (Wako practical grade) from Wako and sucrose fatty
acid esters from Ryoto (Tokyo, Japan) and Dai-ichi Kogyo Seiyaku (Kyoto, Japan).
Other reagents were of analytical-reagent grade.

In the post-column reactor, the following reagents were used: for the hydrolysis
ofNSEG, 0.45 M potassium hydroxide in ethanol~water (50:50); for the condensation
of ONPH and fatty acids, 0.035 M ONPH in 0.25 M hydrochloric acid and 0.15
M EDC in 6% pyridine; and for the colour development reaction, 1.5 M sodium
hydroxide. These reagents were renewed each day.

Procedure for the manual ONPH method
To 4 ml of 100 ppm myristic acid in methanol-water (85:15) containing 5.7 mM

triethylamine (TEA) are added I ml of 0.45 M potassium hydroxide in ethanol-water
(50:50) and 2 ml of ONPH and EDC solution and the mixture is heated at 60°C for 30
min. After cooling, 2 ml of sodium hydroxide solution are added and the mixture is
heated at 80°C for 10 min. After cooling, the absorbance of the resulting solution is
measured at 550 nm.

Post-column reactor
As shown in Fig. I, potassium hydroxide solution (reservoir 7) is added at

a flow-rate of 0.2 ml/min to the eluate from the chromatographic column and passed
through PTFE tubing (reaction coil 14; 10 m x 0.5 mm I.D.) into a reaction bath (bath
17) kept at 120°C, where NSEG are hydrolysed to form fatty acids. Then ONPH and
EDC solution (reservoirs 8 and 9) are added at a rate of0.4 ml/min and passed through
PTFE tubing (reaction coil 15; 20 m x 0.5 mm I.D.) in a circulating bath (bath 18) kept
at 70°C, where fatty acids are condensed with ONPH. Sodium hydroxide solution
(reservoir 10) is added to the flow at a rate of 0.4 ml/min, and the mixture is passed
through PTFE tubing (reaction coil 16; 10 m x 0.5 mm I.D.) in a reaction bath (bath
19) kept at 100G C, where the blank absorbance is reduced and a violet colour of the
hydrazide is developed. Finally, the flow is passed through the UV-VIS detector set at
550 nm.

Procedure for HPLC
A stainless-steel column (150 mm x 4.6 mm I.D.) packed with Hitachi gel 3057

was used and kept at 50°e. The mobile phases used were methanol-water (85: 15)
containing 5.7 mM TEA (solvent A) and ethanol-methanol (75:25) containing 5.7 mM
TEA (solvent B) at a flow-rate of 0.8 ml/min. The analysis was done according to the
gradient programme shown in Table I. A sample containing 10-500 j1g of NSEG
dissolved in 5-50 ,ul of ethanol or isopropanol was injected into the HPLC system.
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Shear
plane

SHORT COMMUNICATIONS

increasing pH

increasing buffer
concentration

distance
from wall

Fig. 1. Influence of buffer pH and concentration on the (-potential. See Theory for details.

where flea = electroosmotic mobility (m 2/s . V), ( = zeta-potential (V), GO = permit
tivity of vacuum (8.85 C 2/N . m 2

), Gr = dielectric constant and 1] = viscosity (kg/m .
s).

Using a simple model, and ignoring the subtle differences between the Debye
Hiickel, Goiiy-Chapman or Stern treatments [11,12], the effect of buffer composition
on the (-potential is shown in Fig. 1. Let the surface potential Vl and the (-potential
(la represent a reference situation. By increasing the pH of the buffer, the charge on
the wall is increased, increasing the surface potential from VI to V2 , and resulting in a
higher potential (2, as observed at the shear plane. When the buffer concentration, or
more precisely the ionic strength, is increased, a given potential Vl will decay faster,
resulting in a decreased potential (1 b' As represented here, it is assumed that changing
the buffer concentration does not affect the surface charge density on the wall. Depen
ding on the case, this may not be a realistic assumption.

Of the two factors, pH and buffer concentration, the latter has been less inten
sively studied, at least within the context of capillary electrophoretic techniques.
Electroosmotic mobilities, or equivalent linear velocities and migration times have
been related to buffer concentration [13-17] and ionic strength [17,18]. The studies
confirm that, at a fixed pH, mobility decreases with increasing concentration, but
confusion exists regarding the mathematical model that should be used to describe
this behaviour. VanOrman et al. [17] have shown that ionic strength is a more mea
ningful quantity than concentration.

Many workers have studied the pH dependence of the electroosmotic mobility
in fused-silica capillaries [2-6]. The effect has also been studied with micellar solutions
[7]. Many more data can be found, hidden in graphs and tables relating analyte
mobilities (or equivalent migration times) to pH, as often methanol or another neu
tral marker is included. It is now generally accepted that the electroosmotic mobility
increases strongly up to pH 7-8. At higher pH, the mobility still increases, but more
slowly. This continued increase at higher pH does not seem to be universally valid.
Apart from our own results (Fig. 2), five other examples were found in the literature
where the reverse occurred. Fujiwara and Honda [13,19] reported a decrease in mobil
ity between pH 6 and 10, using a phosphate buffer [13,19]. They ascribed this
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