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INTRODUCTION

Among the most important techniques in analytical
chemistry are the separation methods. The separation
is followed by the characterization of the individual
compounds. 4

For volatile compounds gas chromatography is the
method of choice considering:

- the separation power which is unparalleled
by any other technigue,

- the minimum sample quantity which is some
orders smaller compared with spectroscopic
techniques. (Except mass spectrometry).

Although primarely a separation method the retention
data directly give qualitative information. Peak areas
are proportional to the quantitative composition of the
sample.

The most recent developments in gas chromatography
have been made in the direction of more sensitive and
specific detectors, faster separations and improvement
of the quantitative aspects of gas chromatography.
Considerably less attention has been paid to the precise
determination of retention data. The number of gas chro-
matographic analysis can be estimated to be about 106 a
day. The number of publications in this field is about
2000 a year.

In contrast to the importance of qualitative analyti-
cal data, the number of papers dealing with improvement
of precise and accurate retention data is disappointingly
low.

Apart from the characterization of unknown compounds
retention data are also used for the calculation of
thermodynamic quantities. In both cases the importance of

accurate measurements can not be emphasised enough,



For the characterization of a compound by purely gas
chromatographic means it is obvious that the more precise
the results, the easier and faster the characterization.

The number of substances having the “same" retenti@n
diminish with the decreasing range of error of the
measurements.

Apart from an increase in accuracy the characteri-
zation of a compound may be enhanced by using stationary
phases of different polarity (AI) or one stationary phase
at different temperatures (dI/dT) or both.

Structure retention relationships, on two stationary
phases of different "polarity" can also give additional
information about the identity of an unknown compound
in a chromatogram. Logarithmic plots of retention data
on two stationary phases allow us to determine the class
of compounds, with a limited number of reference com-
pounds (homology lines).

In such plots isomers are dpon or slightly scattered
around straight lines (isomer lines). A further division
in sub-isomer groups is possible.

Also in this case the accuracy of the measureménts
is essential to bring out sufficient structural detail.

The purpose of this thesis is firstly to make a
precision of one tenth of a retention index unit attain-
able in every laboratory and secondly to make an inker-
national agreement possible between the data so obtained.
The latter purpose can only be achieved if it is realised
that it is both necessary and possible to correct for
systematic errors.

This will alsoc result in an increasing accuracy of
thermodynamic quantities, calculated from gas chromatogra-
phic retention data.

. Therefore in the first part of this investigation,
the influence of several sources of error on repeatability
is studied. The measurement and control of instrument fac-



tors affecting the reliability are improved as far as
possible and reasonable from the point of view of system-
atic error, .
Computer programs were developed for the off=-line
calculation of reliable peak parameters, including absolute
and relative standard deviation of a series of measurements.
Another limitation for the characterization of an

unknown compound in a chromatogram is the separation.

The properties of different column types have been com-
pared. (Chapter 3).

For the separation of complex mixtures long capil-
lary columns are to be preferred (high resoclution and
permeability, sharp peaks and low concentrations, no
solid support, easier temperature and flow control}, .

For the separation of hydrocarbons a procedure is worked
out for the reproducible coating of stainless-steel open~
hole columns.

The low boiling hydrocarbons are separated with micro-
packed columns. These columns prepared in our laboratory,
according to a new technique, compare favourably with other
types of columns. The efficiency of this column type make
these very well suited for high resolution work, in those
tases where open tubular columns with an appropriate sta-
tionary phase are not available.

A low cost self assembled system is described which
enables reproducible measurements in the same laboratory
of about 0.05 index units for hydrocarbons.

The main reasons for the choice of hydrocarbons in
this investigation are:

- the great number of possible isomers, a spe-
cial complication in qualitative analysis of
these compounds,

- reaction chromatography enables the conversion
of many classes of organic substances into hy-
drocarbons. This means an important extension
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of the scope of the hydrocarbon retention data,
- a lot of standard hydrocarbons (the complete
API collection) are available in our laboratory.
With the refined egquipment the influence of several param-
eters (e.g. temperature, pressure, time measurement etc) is
studied. This resulted in the conclusion that a major factor
limiting the accuracy of retention data, is the adsorption
of the solute at the gas—-liguid and gas-solid interface.

A method is proposed to estimate the contribution of
adsorption to retention behaviour. Plotting fhe relative
retention time of the solute against the inverse of the
capacity ratio, retention data corrected for this adsorp-
tion effect are obtained - "ideal" retention data - by

extrapolation.

The difference between the retention index meésured
on a particular column and the corresponding "ideal®
value for benzene (adsorption shift), is proposed as a
measure for the column inertness.

For a particular substance under identical conditions,
the agreement of the retention index, measured in different
laboratories, will be the better the smaller the adsorption
shift for benzene. Of course the best agreement will be
obtained if this shift is zero.

From this point of view this thesis may be seen as a
contribution to bridge the gap between a precision of about
0.1 index unit and an accuracy of the same order.

A list of retention data of 170 odd hydrocarhbons
(C4-C9) is presented on & non polar (squalane) and a polar
{acetyltributylcitrate-Citroflex A4) stationary phase.

The potentialities of accurate measurements as a tool
for the characterization of compounds in a complex mixture

are demonstrated in the last chapter.
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CHAPTER 1
CHARACTERIZATION OF G.C. PEAKS
BY MEANS OF THEIR RETENTION

BEHAVIOUR.

1.1 INTRODUCTION,

The analytical as well as the physicochemical sig-
nificance of gas chromatographic retention data has
been recognised since the beginning of gas chromatography.

Up to now gas chromatography is lagging in its iden~
tifying ability compared with its separation power, which
is unsurpassed by any other technigue. The main reason is
the poor reproducibility of retention data which charac-
terize a substance.

The standard method for the characterization of a
peak in a chromatogram is most frequently based upon meas-
ured retention times or related functions of known sub-
stances and the coincidence of these values with those
of unknown in the chromatogram.

Unfortunately there are several factors which limit
the usefulness of this procedure:

- Determination of retention data on a particu-
lar column is a tedious process. Because of
instability, chemical change (e.g. oxidation)
and the loss of stationary phase, this deter-
mination is not always a once for all operation.

- For hydrocarbons the pure substances necessary
for calibration may be expensive. In many la-
boratories they are not available.

- The use of not unambiguously defined stationary
phases.
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- The precision of the determination of retention
times may be insufficient.

- More than one compound may have the “same" re-
tention time. |

- Incomplete resolution of peaks can lead to the
shifting of the peak maximum as discussed by
Huber and Keulemans (1) and reported by Ettre (2}.

- Mixed separation mechanisms (solution in the
stationary phase and adsorption at the phase
boundaries) can lead to systematic deviations.

Summarising these limitations it may be concluded
that there is a need for tables with accurate retention
data, high resolution columns with a negligible adsorption
effect and stable and well defined stationary phases.

To increase the precision of the measurements refine~
ment of instrumentation is the first step (3-6). With a
high quality instrument the influence of the variation of
the process parameters on the quantity to be measured can
be estimated. Por slight changes of the set values of these
parameters a linear relationship between these parameters
and the measured guantities may be assumed, The proportion-
ality constants corresponding with these relationships
enable the calculation of the extent of control, which is
required to achieve a desired precision.

A decrease in the variation of the critical parameters
will result in a higher precision of the measurements.

1.2 STANDARDIZATION OF RETENTION DATA.

In order to enable the general use of published re~
tention data, their standardization is required.

Since the beginning of gas chromatography the proper
expression of retention data was one of the most discussed
problems. This subject is briefly discussed in the appendix.
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The retention index was introduced in 1958 by Kovits
(7). It was designed in first instance to minimise the
discrepancies in the reporting of retention data. In this
system retention data are given on a relative basis.
n-Alkanes, bracketing the compound to be characterized,
are used as reference standards, The interpolation is log~
arithmic.

Since that time the Kovats index has been advocated
by many authors (2, 8-11), as a means for the standardi-
zation of retention data. It appears to be widely accepted
as such or after appropriate modification nowadays.

A survey of the literature on the retention index,
dealing with the concept, its origin, the pro and contra

is given by Walraven (12}.
1.3 EXCHANGE OF RETENTION DATA BETWEEN LABORATORIES.

The characterization of a compound by purely gas
chromatographic means, requires standarxds for calibration.
In many laboratories,for hydrocarbons, these standards are
not available. :

Therefore comparison of measured data and literature
data is necessary. That is, for future work sets of collect~
ed retention data will be essential for characterization
purposes. Of course the value of such a collection is de-
pendent on the accuracy of the data.

The interlaboratory irreproducibility is the main pro=-
blem in the characterization of G.C. peaks. A review of
the literature, partly accumulated in compilations of re-
tention data (8, 13-15), reveals a lack of agreement be-
tween different sources. Large ranges of retention values
can be observed for compounds chromatographed under iden=-
tical conditions on supposedly similar columns. For instance

Icyclohexane on squalane as the stationary phase at 100°C
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shows a discrepancy of 60 index units. On this basis Rovats
was right in not expecting decimal places in his index
system.

To gain insight into primary factors which are respon-
sible for this large discrepancy, inter laboratory tests
have been organised, with standard mixtures.

In 1964 the first test (8) was made with 9 partici-
pating laboratories. A six-component mixture was analysed
at 3 different temperatures. Packed columns were used, filled
with Celite, coated with 20% sgualane. For toluene the max~
imum difference found, was 24 index units. As a chief point
came to the fore that the use of a stationary phase of the
same batch and preferably unambiguously defined is essen~-

tial to enable the study of the influence of other parameters.
In 1966 a subgroup of the " Groupement pour 1'Avencement

des M&thodes Spectrographic (GAMS}", the " Commission de
Chromatographie en phase gazeuze", started a series of
inter laboratory tests, with 12 participating laboratories.

Loewenguth (16) reported about the evaluation of
the results. 3

A sténdardtmixture of 7 compounds was analyséd on
capillary columns (length 50~100m, i.d. 0.25 mm)
with sgualane as the stationary phase, at 50°¢. Methane
was considered to be an unretained compound under these
conditions. The choice of the equipment and the method
of time measurement was free. The number of measurements
in each laboratory was 11. The results of this test are
summarised in Table 1.1

As a matter of interest the mean values of all the
laboratories are compared with retention data finally
obtained in our laboratory, with a high quality instru-
ment. Considering the differences between the participa-
ting laboratories, the agreement of the mean results of
this ring test and our results is surprisingly good.
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Table 1.1 Interlaboratory comparison of retention indices of a
test mixture of hydrocarbons.

Name Lowest Highest Mean Our Results
value value

Methylcyclopentane 626.37 629.08 626.7 627.9
Benzene 635.33 644.77 638.2 637.2
Cyclohexane 660.70 664.15 662.4 662.7
2,3-Dimethylpentane 670.71 672.30 671.5 671.7
3-Methylhexane 675.42 676.41 676.1 676.2
Trans-3-heptene 686.02 687.83 687.2 687.5
Cig-3-heptene 688.85 690.89 690.2 690.4
standard deviation 0.05<s.d.<0.04 < 0.03

As a result of a statistical evaluation Loewenguth
concluded that the main factors contributing to the vari-
ance of the retention index determinations are the mea-
surement of retention time and the column temperature
control.

In our opinion another factor has to be considered.
The discrepancy in the maximum difference of the retention
index for benzene (9.5 I.u) and cyclohexane (3.5 I.u)
cannot be explained by insufficient temperature control
alone. The temperature dependence of the retention index
for benzene (dI/4T = 0.23 per 0C) and cyclohexane (dI/aT =
0.22 per oC) is of the same order. Most likely this diffe-
rence may be attributed to the phenomenon of mixed separa-
_tion mechanisms, as discussed in Chapter 2.

Exchange ¢of retention data in this way can give only
an idea about the order of the deviations and the main
reasons for these deviations. Improvement of the accuracy
of retention data can be obtained only up to a certain
limit by this procedure and it will regquire much effort.
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Therefore we have chosen for a different
approach, which enables independent variation of the
parameters influencing the precision and accuracy. A
correlation between the variation of the individuél
experimental parameters and the resulting fluctuation
in the retention, enables the calculation of the ex-
tent of control of these parameters which is required
to achieve a desired precision.

1.4 PREDICTION OF RETENTION DATA.

In addition to a direct characterization by coin-
cidence methods (comparison of the retention quantity
of the unknown with standard compounds or tabulated
retention data), the calculation of retention data
must be mentioned.

A large number of correlations between molecular
structure and gas chromatographic retention has been
established. It was Kovats (17) who summarised these
regularities in six general rules. _

Since that time many authors have proposed calcu-
lation methods to predict retention data. Roughly these
methods can be divided in two groups:

- Methods using only physical constants (e.g.
boiling points, vapour pressures and acti-
vity coefficients calculated theoretically).

- Calculations based on the additivity princi-
ple of structural increments, which have been

determined by gas chromatography.

The advantage of the first group is that the reten-
tion data can be calculated without any information about
the gas chromatographic behaviour of the compounds. The
agreement between calculated and measured values, how-
ever, is poor. Even for hydrocarbons differences up to
15 index units can be expected.
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The second type of calculations is based upon:
-~ Number, nature and position of functional
groups.
- Number, type and position of bonds.
- Polarity and geometry of the stationary phase.

In this case the agreement between calculated and
measured values is dependent on the guantity of pre-in-
formation used in the calculation. The reliability of
the predicted retention value-increases with an increa-
sing number of structural elements involved in the
calculation.

This means that the number of compounds which have
to be measured, to enable the calculation of the contri-
bution of the structural increments, also increases. The
congequence is that the number of compounds for which the
retention can be predicted is decreasing. Amongst others
Schomburg (18-20} and Sojdk (21-23) have studied extensi-
vely the potentialities of these calculation methods, to
predict retention data for hydrocarbons.

\,
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The possibilities of the application of structure re-
tention correlations for characterization purposes have
been demonstrated by Tourres (24) and Walraven (12). They
have plotted retention indices measured at two différent
temperatures or two different stationary phases. Isbmers
differing only in the degree of branching,thus containing
the same functional groups, are scattered around parallel
lines of slope 1. They form imbricated series as demon-
strated in Fig. 1.1 and 1.2.

The reliability of predicted retention data, by gra-
phical or calculation methods, is also dependent on the
accuracy of the measured retention data.
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Fig. 1.2 Fine structure of retention index plot.
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1.5 COMBINATION OF GAS CHROMATOGRAPHY AND MASS SPECTRO-~
METRY.

Because of its importance in gualitative analytical
chemistry the combination GC-MS will be discussed very
briefly. The direct coupling GC~MS appears to be an ideal
combination. That is, if the conditions of both methods
are optimal and the problems involved in the coupling are
solved.

The mass spectrometer provides more structural infor-
mation than any other technique with the smadll sample size
offered by capillary columns, which have an unsurpassed
separation power.

The area in which a mass spectrometer is not entire-
ly satisfactory for component identification is distinc-
tion between structural and geometrical isomers (e.qg.
hydrocarbons).

The high cost and complex data handling are severe
obstacles to the wider use of this combination. For the
moment there are also some practical difficulties limit-
ing their applicability:

- sensitivity for column bleeding (choice of
the stationary phase}.

- capillary link between gas chromatograph and
mass spectrometer (delay of sample, peak
broadening, condensation of sample and sta-
tionary phase).

It may be expected that in near future these problems
will be solved. Considering the development of chemical
ionisation sources and single - or multiple - ion detec-
tion, the potentialities of this combination are obvious.

For qualitative analysis of hydrocarbons this combi-
nation may not be considered as the final solution. The
identification in this case is complicated by the great

number of possible isomers.
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1.6 STATEMENT OF THE PROBLEM.

The use of subsequent analytical techniques for the
identification of compounds separated by gas chromatography
is limited seriously because of the guantities of sample
required. For instance, the only instrument which can be
used in conjunction with open-hole tubular columns for
identification purposes is the mass spectrometer. For
several reasons this combination can not be used in any
laboratory and for any identification problem.

It is mainly due to this lack of complementary iden-
tification methods that, in spite of their excellent sep-
aration power and high sensitivity, open tubular columns
equiped with ionisation detectors, have found very limited
application in the gualitative analysis of complex mixtures.

Considering this, it may be concluded that it is
highly desirable to have means available for the char-
acterization of gas chromatographic peaks by reténtion
data only.

The poor interlaboratory agreement of retention
data has given rise to the belief that G.L.C. methods are
fundamentally unsuited for characterization purposes.

Nevertheless these techniques provide a powerfull
method for the characterization and structural studies of
organic compounds. It will be evident that the process
of characterization on the basis of G.C. retention param-
eters will gain in efficiency and reliability if highly
discriminating columns are used and the accuracy of the
measurements is improved.

The importance of the resolution can be reduced by
using more columns of different polarity of the same col-
umns at different temperatures. However, for complex
mixtures the recognition of corresponding peaks is rather
complicated, even if a quantitative estimation of the peak

areas 1is involved in the determination.
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Isolation of a peak eluted from the first column and
rerunning on a second column of different polarity can
overcome this difficulties. In most cases the application
of this techniques is limited by the quantity of sample,
especially for open tubular columns. Therefore a system
(described in Chapter 4) is developed for open tubular
columns with which all the components separated on the first
(apolar) column can be directed to a second (polar)
column individually.

Since the characterization of a compound by gaschro-
matographic means is an elimination method, obviously,
the number of compounds to be differentiated from the un-
known compound decrease if the accuracy with which a par~
ticular retention value can be measured is increased.

To improve the accuracy of the measurements the in-
fluence of the fluctuations of experimental and physical
process parameters have to beinvestigated and decreased to
such a level that the required accuracy is achieved.
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CHAPTER II
SOURCES OF INACCURACY IN THE
MEASUREMENT OF RETENTION DATA.

2.1 INTRODUCTION.

Improvement of the interlaboratory agreement of reten-
tion data will greatly enhance the usefulness of published
retention data, for the characterization of unknown peaks
in a chromatogram. However, there is always some element
of doubt in any assignment which is based merely upon re-
tention data.

Improvement of the accuracy of retention data can al-
ways be justified if tabulation of retention data is inten-
ded. For the characterization of a compound in a complex
mixture improvement of accuracy will be only significant
when the separation power keeps step with this improvement.
The interval in retention time, within which a compound can
be expected (window), reflects the uncertainty in both, re-
ference values and measured values.

According to Klein and Tyler (1)}, who assume that the
retention times of the peaks in a chromatogram will be ran-
domly distributed, the probability (pn} of finding n solutes
in a time interval 8t is given by:

e P, 0"
Py = -—1;-'-—— (2.1)
where p is the peak density, which may be generally be

expressed as:

= total number of peaks - N (2.2) .
total number of divisions At/st

where N is the number of possible eluates in a time inter-
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val At and 6t is the smallest difference in retention time,
which can be detected. At a 95% confidence interval §t = 45t'
o being the standard deviation of a series of measurements.
The probability of simultaneous elution (pse) of two or
more solutes in an interval §t follows from equation 2.1:

Peo = 1 - e (1+0) (2.3)
Calculation of o for different values of Pge allows

the prediction of the maximum permissible number of compounds

(Np) in a given time interval At, if the accuracy of the

measurements is known, as shown in Table 2.1.

Table 2.1 Influence of the accuracy on the maximum permissible number
of compounds (Np) in a time interval At.

Pse P Np
§t = 0.01 At st = 0.001 At
0.1 0.53 53 530
0.05 0.36 : 36 380
0.01 0.15 15 150
0.001 0.05 5 50

In order to reduce the probability of confusion be~-
tween two or more compounds to the one~in-a-thousand level,
for st = 0.01 At, no more than 5 compounds are acceptable in a
time interval At.

Obviously the degree of certainty of the characteri-
zation (1—pse) can be increased hy a reduction of p. This
is equivalent to a reduction of §t or N. The former involves
improvement of accuracy. The number of possible eluates (N)
can be reduced by making use of alternative information

{(e.g. pre- information about the origin of sample), multi-
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dimensional systems {(columns of different polarity or diffe~
rent temperatures) and class-separations in preceding steps.
Improvement of accuracy on to a certain level, which
requires more sophisticated instrumentation, is only justi-
fied when resolution is sufficiently high. The relation
between accuracy and resoclution will be discussed below.
The calculation of the maximum permissible number of
compounds (Np} in a time interval At, as presented in
Table 2.1, was based on the assumption that two or more
compounds in a time~interval 6t cannot be distinguished.
The resolving power needed, expressed as the reguired plate
number, is determined by the last two ¢ompounds in the inter-
val At, having the largest peak width (Fig. 2.1)}.

71
77/

u6t4
bt e A1 2100 It i)

Fig. 2.1 Situation of the maximum required plate number.

Assuming that these 2 compounds have identical o
values (standard deviation of a Gaussian-peak), the re-
quired plate number can be calculated by the equation:

tR,l’Rmin. )2

n= ( (2.4)
St
where tR 1 is the retention time of the last compound in
’
the interval At. Rmin is the minimum resolution re-

quired to separate these compounds to such an extent,
that the peak shift caused by incomplete separation,
can be neglected. The minimum resolution required de-
pends also on the ratio of the peak areas, as will be
discussed in section 2.6.3.

The maximum plate number, required to separate the
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maximum permissible number of compounds in a time inter-
val At (Np) as given in Table 2.1, is presented in Table
2.2.

Table 2.2 Maximum number of theoretical plates required (nreu )y for

the separation of the maximum permissible number. of com~
pounds (Np), in a time interval At

-6
nreq x 10
At st = 0.01 At §t = 0.001 At
8tc6-—cs 2.89 289
Atoqce 1.22 122
Btog-cy 0.74 74

Although Np is decreasing with decreasing Pge’ the
required number of plates will be the same for all Pse
values, because in all cases the last two compartments
of length §t can be occupied.

For the calculation an interval (At) is chosen be-
tween two n-alkanes. The retention times used for this
calculation were measured on an open hole tubular column
{length: 100 m. int.diam.: 0.25 mm., stationary phase:
squalane, temperature: 50°C, knwhexane = 0.65 at 50°C)

The ratioc of the peak areas is assumed to be 1, Rmin = 4,

As can be seen from Table 2.2, at a given precision,
the maximum required plate-number is decreasing with in-
creasing carbon number. The number of possible isomers,
however, is increasing rapidly with increasing carbon
number. The probability that the last two compartments
of length ﬁt, in the interval At, both will be occupied
is also dependent on the number of possible compounds in
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this interval. If the last two compartments are not
occupied both, the separation power needed will be deter-
mined by the last two compounds, which occupy two neighbou-
ring compartments in the interval considered.

Therefore the prediction of the required plate num-
ber, which is in agreement with a given precision, is
hardly possible. The great importance of the use of high
regolution columns for the characterization of a compound
in a complex mixture, howéver, is clearly demonstrated in
this way.

0f course for thermodynamic studies and listing of
retention data of pure compounds, improvement of accuracy
is less strongly dependent on the resolution.

The performance of the column, which sets limits to
the separation attainable, is compared for different types
of columns in Chapter 3.

To improve the precision and accuracy of the measure-
- ments the elimination of the relevant sources of error in
the measurement of retention data, as far as possible and
reasonable, is necessary.

Therefore in this thesis, as a contribution to improve
the agreement of retention data between laboratories, not
only random errors but also systematic errors will be
discussed.

The distinction between random and systematic errors
cannot be made very sharply in all cases. However, in this
thesis a subdivision in these two types of errors is pre-
ferred for the sake of clearness.

2.2 - LITERATURE SURVEY.

Considering the importance of accurate retention
data for gualitative analysis, it is surprising that
the first publications, reporting precise retention
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data (2.3) appeared only in 1967. Since that time an in-
creasing interest in this subject can be observed.

Several authors {(4-8) studied the influence of
fluctuations of experimental parameters on the reten-
tion time and related functions. They calculated sta-
tistically the error in the final retention value from
the error propagation coefficient of the experimental
parameters, using the existing theoretical relation-
ships. ‘

With packed columns and a specially designed éas—
chromatograph Wicarova, Novak and Jandk (6} obtained
a precision corresponding to a coefficient of wvariation
of 0.2% for the specific retention volume.

Goedert and Guiochon (4) reported an excellent
agreement between the overall precision calculated from
the error propagation coefficients of the individual
parameters and the experimental values of absolute re~
tention time. They concluded that the main limiting factors
are the measurement and control of temperature, in- and
outlet-pressure and the method of retention time deter-
mination. At a precision level of 0.01%, which is extre-
mely difficult to obtain, even with the most sophisticated
instrumentation, retention time measurements can only
be carried out with a computer.

Oberholtzer and Rogers (5) constructed a gaschroma-
tograph which is capable of measuring relative retention
data with a precision better than 0.02%.

The importance of precise retention data for struc-
ture-retention correlations is demonstrated by Tourres
{4) and Keulemans et al. (9-13).

2.3 DEFINITIONS AND TERMS.

To avoid confusion in terminology, random and

systematic errors, precision and accuracy, repeatability
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and reproducibility, in this thesis will be defined as

follows:
Random error is the effect of a sequence of errors

beyond control.

Systematic error is the significant discrepancy be-
tween the average of measurements and the true value of
a guantity,

Precision is an indication for the agreement between
successive measurements, with one instrument under similar
conditions, independent of any systematic error involved.

Accuracy refers to the closeness of a measured value
and the true value of a quantity.

Repeatability is the random variation of successive
measurements of one sample, analysed with one instrument,
by one operator, under similar conditions.

Reproducibility is the random variation of a gquantity
obtained by different operators, on different instruments,
in one or more laboratories, under similar conditions.

2.4 RANDOM ERRORS.

2.4.1 Introduction.

The error sources which cause the random variation of
retention times can be divided into two categories. The
first category concerns the experimental parameters (e.g.
temperature and carrier gas—flow) and the time measurement
itself. The second category consists of errors resulting
from the partition process and concerns deviations from the
linear distribution (overloading, adsorption and composition
of sample), resulting in concentration dependent retention

times.
The relation between these factors and retention

time, for an ideal carrier-gas, is given by the equa-
tion (14):
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2 23 _ 3
£ = 1Ln (g 1:;2 _Psz)z (2.5)
Ti 0
tR = retention time.
L. = column length.
n = viscosity of carrier-gas.
¥ = permeability of the column.
Pi = inlet pressure of the column.
PO = outlet pressure of the column.
k = capacity ratio.

Because of stringent reguirements on the constancy
of temperature and pressure of the chromatographic system,
if precision measurements are intended, the influence of
the viscosity of the carrier-gas and the permeability of
the column is negligible. The capacity ratio (k) depends
on both the temperature and the average column pressure.
However, measurements of Desty and others show (15-17),
that the pressure dependence of k is very small. A varia-
tion of 10-3 atm. corresponds with a variation of k in the
order of 0.003%, with carbon dioxide as the carrier-gas.
With nitrogen or hydrogen the effect is much smaller.

Therefore, in the following sections the influence
of temperature and time measurement will be discussed, as

are overloading effects and composition of sample.

2.4.2 Variations of Flow-rate due to Pressure Fluctuations.

Carrier-gas flow-rates for open-hole tubular columns
are usually of the order 0.5-5 ml.min.—l. Regulaticn of
these small flows with flow regulaters is practically im-
possible. Therefore with this column type regulation of
flow is restricted to in- and outlet pressure regulation
and control. Experimentally there are two methods to con-
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trol the flow-rate through an open tubular column:
- Both inlet and outlet pressure are controlled.
- Only the pressure drop over the column is controlled.
A variation in the outlet pressure is partly compen-
sated in the inlet pressure with the last method. For prac-
tical reasons this is the method of choice, for measurements
of relative retention data.
The error propagation coefficients for the absolute
retention times are given in this case by the equation (14):

2
dtR _ P Po dPo _
3 2
tg (2P +p) (3P2+3p_ptp?) P
(P_+p) (6P% + 3P p + p2) a
o+P : oP + P p

> 5T (2.86)
(2P, + p) (3p] + 3P,p + p°) p

where p = Pi - Po’

Calculation of the error propagation coefficients for
Po and p shows, that the influence of fluctuations in p is
one order of magnitude higher than the influence of the
variation of Po‘

For a constant outlet pressure (Po = 1 atm.) and a
fluctuation of 0.002 atm. in the inlet pressure, the re-
lative variation of the absolute retention time is given
as a function of the pressure-drop (p) in Fig. 2.2.

For open-hole tubular columns longer than 50 m, at
normal operating conditions (p >1 atm., Po = atmospheric),
a precision better than 0.2% in absolute retention time
can be obtained when the fluctuation of in and outlet
pressure is less than 0.002 atm.

Agssuming that the variation of atmospheric pressure
will not exceed 0.002 atm., during one analysis, the pre-
cision of relative retention times will be even better.
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The influence of long term drift of in- and cutlet
pressures is neglected here because only relative reten-
tion data are considered in this investigation.

o4}
L
o 0.3 |
0.2 |
o1}
R : ) )

1 2 3 4 -
' p (atm)

Fig. 2.2 The relative variation of the absolute retention time as a
function of the pressure drop (p), for a fluctuation of 0.002
atm. in the inlet pressure, at constant outlet pressure,

The influence of upstream pressure {(supply pressure)
fluctuations (APS) on the performance of pressure control-
lers, normally used in our laboratory, is studied with the
equipment given in outline in Fig.2.3.

The operating conditions (flow-rate, in- and outlet
pressure) are in agreement with the conditions normally
encountered in a G.C. system provided with long open
tubular columns (100 m ) and an inlet system with splitter.

For two representative measurements the results are
given in Fig. 2.4. The upstream pressure variations after
pressure control;gr 1 may be estimated to be less than 3%.
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le 5 T 3 ‘?gj’.

Fig, 2.3 Measuring schematic for the comparison of pressure controllers.
1. Conventional 2 stage pressure controller (LOOS CO,Amsterdam).
2. Pressure controller (BECKER,Delft, Type MB 19936).
3. Differential manometer (WALLACE AND TIERNAN, FA 145).
4. Pressure controller to be tested.
%. Differential manometer (WALLACE AND TIERNAN, FA 145).
6. Needle valve substituting the open-hole tubular column
with inlet splitter.

With a Becker pressure controller at position 2 and 4 a
pressure drop variation (Ap) of less than 0.1% has been
obtained, for a variation of 1 atm. of the supply pres-
sure, Ps'

Long term stability and thermal stability of the
pressure controllers are not considered because only re-

lative retention data are the subject of interest in this
study.

Ps,o =3.75 atm.

pso; 3.75 atm.
1 Pg: 2.00 atm, Ap%t p’_ 2.00 atm
A D%T ) o: ¥ ‘.
L Vo: 40 mi/min 0.2 2 VO s 90mi/min
0.4} !
0.2 ? 3
0 0.2
0.2 0.4 « -4
1 2 i i 2
— —
Pg atm 4.0 45 Ps atm.

Fig. 2.4 Performance of pressure controllers as a function of upstream
pressure fluctuations (PS). 1 = NEGRETTI AND ZAMBRA (R/182),
2 = NORGREN ( 11-018), 3 = BECKER, Delft (MB -19936),
% = BROOKS (8600).
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2.4.3 Temperature Fluctuations.

The acceptable fluctuation of the column temperature
is related to the temperature coefficient (dI/4T) of the
compound of interest. For hydrocarbons, a temperature con-
stancy of 0.03° allows a precision of 0.01 index units.
In other cases, e.g. steroids, this constancy corresponds
with a precision of 0.1 index units.

The temperature constancy of the column ovens of a
number of commercial gaschromatographs was investigated.
Temperature measurements were made at 12 different posi-
tions, homogeneously distributed in the oven, with care-
fully calibrated thermocouples. The results were very
disappointing. Dependent on the temperature level, in-
side one oven temperature differences between 1 and 25°C
could be observed (Fig. 2.5).

1
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Fig. 2.5 Temperature gradients in thermostats of commercial gas-

chromatographs. 1 = BECKER, Delft (409-prototype), 2 = BECKER,

pelft, G.C. oven (1452 D), 3 = HEWLETT-PACKARD (5750),
4 = PERKIN ELMER (800).

Temperature fluctuations measured at a fixed po-
sition, during 8 hours, were between 0.1 and 0.5°C at
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100°C. Short term fluctuations were about half these
values.

Therefore for accurate measurements a liguid ther-
mostate (TEV 70, TAMSON, Zoetermeer) has been selected,
which allows a temperature control at any point inside
the thermostate, within 0.01%%. The temperature difference
inside the liquid bath was measured with a guartz thermo-
meter (type 2801 A, HEWLETT-PACKARD) provided with two
sensors, so that the resolution for differential measure-
ments was about 0.001°C. The reference sensor was fixed
in the middle of the bath. The second sensor was placed
successively at different positions, symmetrically around
the centre; the distance of this sensor from the side wall,
the top and the bottom level was more than 5 cm. The
maximum difference observed, during 8 hours, between all
the points was 0.0loc at 50° and 70°C.

The temperature variations at one point, during 120
hours, corresponds to a standard deviation of 0.005°C.

2.4.4 Measurement of Retention Time.

To have the full profit of a better measurement and
control of temperature and pressure, the random error of
the retention time measurement itself should match to the
precision of these factors.

This random error is dependent on the method of time
measurement, the estimation of the moment of injection and
the uncertainty of the position of the peak top.

For compounds with short retention times the influence
of errors in time measurement will be relatively high. Be-
cause of peak broadening, for compounds with long retention
times the estimation of the peak top can be problematic
{(flat peaks).

Therefore the influence of the method of time measure-
ment and column length, on the precision of retention data,
will be briefly discussed.
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With a gaschromatograph assembled in our laboratory
(described in section 2.5) and a 100 m. open tubular co-
lumn (stationary phase: squalane, int.diam.:0.25mm., T= 70°C)
the following methods of time measurement have been com-
pared: - electronic integrator,

- stopwatch,

- distance measurements on the chromatogram,

= digitizer unit and subsequent off-line pro-
cessing of the paper-tape.

The least reliable results were obtained with the
electronic integrator (INFOTRONICS - model C.R.S. 11 H.B.
/41). With this instrument time measurements are in whole
seconds. The registered place of the peak top is dependent
on the width of the peak because of quenching and slope
detection, both resulting in a shift of the peak top.

For the other methods the repeatability of retention

times and retention indices are compared in Table 2.3 and 2.4.

Table 2.3 Repeatability of absolute retention times for different meth-
ods of time measurement (paper velocity: 1.15 mm/s).

Component Mean reten- Standard deviation in §
number tion time
A distance stopwatch digitizer
in sec.
1 792.2 0.27 0.04 0.02
2 864.1 0.24 0.04 0.01
3 911.5 0.23 0.05 0.01
4 1086.6 0.19 0.05 0.02
5 1139.6 0.17 0.06 0.02
6 1283.5 0.15 0.07 0.01
7 1349.6 0.14 0.05 0.01
8 1462.5 0.12 0.06 0.02

Number of measurements 11 11 6
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Table 2.4 Repeatability of the retention index for different methods
of time measurement.

Component distance stopwatch digitizer

numbex I s.d. I s.d. I s.d.
1 538.41 0.09 538.40 0.049 538.41 0.005
2 568.95 0.07 568.85 0.041 568.41 0.007
3 585.11 0.07 585.12 0.039 585.10 0.003
4 630.90 0.04 630.93 0.025 630.94 0.006
5 641.91 0.04 641.91 0.031 641.90 0.005
6 667.12 0.03 667.11 0.038 667.02 06.005
7 676.95 0.04 676.91 0.034 676.91 0.005
8 692.07 0.04 692.05 0.025 692.05 0.006

A block diagram and a short description of the digitiser
system, developed in our laboratory (18), is given in
section 2.5.

The relative standard deviation of retention time and
retention index measurements is decreasing in the order,
distance > stopwatch > digitizer-computer. For retention
index measurements with a precision better than 0.1 index
unit, the use of a computer to calculate the retention time
from the peak shape is necessary. Measuring retention times
with a stopwatch a precision of about 0.1 index unit can be
expected.

The influence of column length on precision of relative
data is demonstrated in Fig. 2.6. For the interpretation of
this figure it must be considered that for a constant rela-
tive retention time, an increase of column length results
in an increase in absolute retention time. For instance,
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retention time of 500 seconds, corresponds with

a relative retention time of 1.3 for the 100 m column

and with 5.2 for a 20 m column. For compounds with

low capacity ratio's (short retention times), the ran-
dom error is relatively high, as confirmed by the left
hand side of the plots. The difference in precision for
compounds with long retention times, on columns of dif-
ferent lengths, can be explained considering the retention

time of the
time of the

It can
column with
data can be

standard (n-hexane). The error in retention
standard is relatively large for a short column.
be concluded that for a 100 m open~hdle tubular
a digitizer-computer system relative retention
obtained with a precision better than 0.02%, for

hydrocarbons eluting between C5 and Cg.
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Precision of relative retention time as a function of column

length. a~c: measured by stopwatch. d: measured with a digitizer
computer system.

Fig. 2.6

2.4.5 Influence of the Quantity of Sample.

Because of the stringent requirements on the symmetry
of the peaks, as will be discussed in Chapter 3, the in-
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fluence of sample size may be neglected in this investi-
gation. With synthetic mixtures it was confirmed, that an
increase in sample size with a factor 10, had no influence
on the accuracy of retention indices. The quantity of sample

per compound was always between 10-8 and lc-lag.

2.4.6 Effect of Sample Composition.

Interference effects between compounds slightly
differing in partition coefficient may influence the
precision of the measurements. Because of solution of

Table 2.5 Retention indices of hydrocarbons in samples of different
composition on squalane,at 76%. M = methyl, B = butane,
P = pentane, H = hexane, C = cyclo, D = di, T = tri.

Component mixt. 1 mixt. 2 mixt. 3 mixt. 4

2,2 DMB 538.40 538.40

1,1,2 TMCP 550.33 550.33 550.34
3 MP 585.12 585.14 585.10 585.12
2 MP 570.08 570.01
MCP 630.93 630.96

CH 667,15 667.17

3 MH 676.91 676.94 ,

2,2,3 TMP 740.11 740.20

Number of

measure-

ments 12 6 6 6

Mean stan-
dard de-
viation 0.04 0.03 0.04 0.04
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one or more compounds of the sample, the properties of
the stationary phase would be slightly changed, so that
the partition coefficient, at least in principle might
be dependent on the composition of the sample. j

Experimentally this possible effect was investi-
gated with 4 different synthetic mixtures, consisting
each of about 30 compounds, which were completely or
almost completely separated. Retention indices measured
with a 100 m squalane column at 70° & O.OIQC, of compounds
present in two or more of these mixtures are given in
Table 2.5.

The results justify the conclusion that this effect
can be neglected.

2.5 EXPERIMENTAL CONDITIONS AND SYSTEM DESIGN.

All the experiments are done with a self assembled
system, because of special requirements of pressure and
temperature control and sample introduction. '

The pressure drop over the column is controlled in
three stages. The first stage is a conventional pressure
controller {e.g. LOOS-CO., Amsterdam) normally used on
gas cylinders. It delivers a gas—flow under a pressure of
4-5 atm., with possible fluctuations of less than 3%. For
the second and third stage two pressure controllers (BECKER,
Delft, type MB-19936) are placed in series.

This permits a pressure constancy, during one analysis,
of about 0.002 atm. The pressure drop over the column is
measured with a differential manometer (WALLACE and TIERNAN
model F.A. 145). This pressure regulation system allows
measurement of retention indices, with a precision of
about 0.1% (see Section 2.3.2}.

No further improvement in precision could be obtained
with a TEXAS INSTRUMENTS precision pressure controller (type
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150-01 and 150-02), provided with thé pressure gauge (model

3 atm.

145). The precision of this system is 10

For the temperature control a ligquid thermostate(TEV 70,
TAMSON, Zoetermeer), is used. The temperature constancy at
any point inside the bath is better than 0.01 degree, be-
tween 50 and 70°C (see Section 2.4.3).

Since direct injection systems for open hole tubular
columns are still in the development stage, a sample intro-
duction system with splitter is employed (HAMILTON inlet
system, with splitter). The temperature of the injection was
always 20°C above the boiling point of the highest boiling
compound, as proposed by Cramers (2).

To permit full utilisation of the column performance
and to realise a small input peak, any dead space or mixing
volume in the sampling and detection system has to be
avoided,

Therefore split ratios between 1/300 and 1/500 have
been used in all experiments. The residence time in the )
mixing tube of the sample introduction system was less thah
0.2 seconds.

Varying the split ratio between 1/300 and 1/500,
no influence could be observed, on the accuracy of the re~
tention indices of hydrocarbons of different structural
type and boiling point.

The measurements are done on stainless steel columns,
0.02" o.d., 0.01" i.d., bright finish (HANDY and HARTMAN Co,
‘Norristown, Penna U.S8.A.). The column temperature was held
at 50 and 70°C + O.OIOC. The column ligquids were squalane
{MERCK, Darmstadt) and Citroflex A4 (APPLIED SCIENCE LAB}.
The number of theoretical plates for the squalane columns
{length 100m) was about 5.105, for the Citroflex A4 columns
(50 and 75 m) between 2.10° and 3.10°, for n-hexane. The
carrier gas was nitrogen of high purity. The detector was
a commercially available flame ionisation. detector (BECKER,

Delft), coupled to a low noise {10—15A) amplifier, devel-
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oped in our laboratory. The sensitivity of the detection
" la/10mv (full scale). Sample sizes varied
-109 per component. The time measurements

system was 10
between 107 ° and 10
were done with a stopwatch. Only during the last period of
this study a digitizer unit with subsequent off-line pro-
cessing of the paper tape was available. The outline of
this data acquisition system is given in Fig. 2.7.

Digital Punch drive
Timer - SN Serializer . |
voltmeter unit
T Fig. 2.7 Outline of the digitizer system.

After depressing the start button the timer unit
starts sending pulses to the digital voltmeter at a
preset rate (0.2, 0.5, 1, 2 and 5 sec.)}. Each pulse
initiates the digital voltmeter to take a reading of the
analog signal. When the reading is taken, the digital
voltmeter sends a conversion complete signal to the
serialiser. After serialising, the measurement is punched
on paper tape. The retention time of the peak is calcu-
lated on the base of five point fit or centre of gravity.
The precision of time measurements with this system is
about five times better compared with the stopwatch.

The drawback of the system up to now isg that with a sam-
pling rate of 2 times per second, the maximum analysis

time is about 60 minutes.
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2.6 SYSTEMATIC ERRORS.

2.6.1 Introduction.

Sofar, only the influence of random errors on the
precision of relative retention data has been discussed.

The interlaboratory agreement of retention data,
however, mainly depends on systematic errors, which
cannot be easily detected.

The main factors affecting the accuracy of reten-
tion data which will be discussed in the next sections,
are the following:

- definition and stability of the stationary
phase,

- incomplete separation,

- non ideality of carrier gas,

- interfacial adsorption,

- gas hold-up time,

- operator.

2.6.2 Definition and Stability of the Stationary Phase.

The general usefulness of published retention data
is drastically limited by the wide and indiscriminate
use of stationary phases.

Compilations of literature data present lists of
retention data on about 250 stationafy phases, at dif-
ferent temperatures (19-21).

Improvement of this situation can only be expec-
ted if the number of stationary phases is strongly re~
duced by international agreement.

This implicates a careful selection of the best
stationary phases. To enable this selection the sta-
tionary phases must be characterized, so that their
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properties can be compared. A literature survey of this
subject, discussed by several authors, is given by
Walraven (12).

The complexity of the standardization of stationary
phases was clearly demonstrated at the Lausanne Sympo-
sium in 1969 (22). In an informal discussion the gene-
ral opinion of the participants was that for the time
being this procedure is premature. Because of a lack
of generally accepted norms for the choice, the most
important requirements for the selection and specifi~
cation of the stationary phase were summarised inl 10
statements.

Therefore, in the writers opinion, the stationary
phase should be an unambigeously defined pure substance.
Mixed stationary phases, e.g. P.E.G., apiezon, etc,
should be avoided.

Column characteristics should not change during
use, because of loss, or chemical changes of stationary
phase. Oxidation due to traces of oxygen in the carrier
gas is one of the most common reasons for changes in the
nature of stationary phase. Therefore the use of high
purity carrier gases and removal of traces of oxygen is
strongly recommended.

In addition to these requirements in the ideal
case, the stationary phase selected should fulfil the
following conditions:

- sample components should have a reagonable
solubility in the liquid phase and exhibit
different partition coefficients,

- the vapour pressure of the liguid phase must
be negligible, o

- the liquid phase should be thermally stable,

- the stationary phase should be chemically
inert towards the sample components under
separating conditons.
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Considering these requirements squalane is chosen
as the a-polar phase and acetyltributylcitrate as the
polar phase, in this investigation. An additional argu-
ment for the choice of squalane was that a lot of reten-
tion data for this phase are available in the literature

for comparison.

2.6.3 Incomplete Separation.

Incomplete separation of two compounds will result
in a shift of the position of the peak maxima. This shift
depends on the ratio of the peak areas of the peaks, the
distance (At) of the two original peak maxima and the
width (expressed as the standard deviation) of the peaks.

The magnitude of the shift of the peak maxima can
be computed assuming:

- the shape of a peak follows a normal distri-
bution,

- the standarddeviation of two neighbouring
peaks is equal and independent of sample size.

In practice these assumptions will be justified for
high-resolution columns, which allow the introduction of
small samples.

The peak shape, being the result of superposition of
two original peaks at a distance Ro, can be described with
the following egquation (23):

A -1y 2 A, ., (t-Rg,2
£(t) = —=— e”E5 ()T L T2 7h (55) (2.7)
o ¥2n o 2n
Where A, = area of the peaks.

A

(o] = standard deviation of the peaks.
R = resolution.
t

= retention time.
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Differentiating this equation and substituting
u = %, the peak maxima and minimum can be calculated
by numerical methods from:

1.2 oy 2
F(u) = yue # 4+ (uw-r) e 2(WR)T _ 4 (2.8)
A

A
A,

with v =

In this equation y is the ratio of the peak areas
(e.qg. for y = 100, the area of the second peak is i%
of the area of the first).

It can be seen from the computer calculated peak
shifts, given in Table 2.6, that the minimum resolution
required to find two peak maxima is increasing with in-
creasing y. For two peaks with egual peak areas the mi-
nimum resolution required is 2.5. When the area of the
second peak is 1% of the first a minimum resolution of
4.5 is needed.

Since the peak shift is calculated in % units, it
also depends on the plate number of the column and. the
capacity ratio.

The plate number (n), the retention time (tR) and
the capacity ratio (k) can be expressed as:

¥
t . t
n= (5% t =t +t, andk=—" (2.9-2.11)
o t
M
From this equation it follows:
t
¢ = R, kFl (2.12)
Vn k

If the shift of the peak top is uc, the relative error
in the adjusted retention time (tﬁ) will be:

[}
st
R k+1
== 2, (2.13)

tR /n k




Table 2.6 Peak shift of maxima and minima of incompletely
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peaks for different peak area ratios,

Peak shift in % units

R first maximum
1/y=1 1/y=0.5 1/y=0.1 1/y=0.05 1/y=0.01
0.5 0.25 0.16 0.04 0.02 -
1.0 0,50 0.29 0.06 0.03 6.01
1.5 0.75 0.31 0.05% 0.02 0.01
2.0 1.00 0.18 0,03 0.01 -
2.5 0.15 0.06 0.01 0.01 -
3.0 0.04 0.02 - - -
3.5 0.01 - - - -
4.0 - - - - -
4.5 - - - - -
5.0 - - - - -
minimun
0.5 - - - - -
1.0 - - - - -
1.5 - - - - -
2.0 - - - - -
2.5 1.25 - - - -
3.0 1,50 1.92 - - -
3.5 1.75 2.04 2.81 - -
4.0 2.00 2.23 2.78 3.04 -
4.5 2.25 2.44 2.89 3.09 3.57
5.0 2.50 2.66 3.04 3.22 3.61
second maximum

.5 0.25 - - - -

0 0.50 - - - -

.5 0.75 - - - -

.0 1.00 - - - -

.5 2,35 - - - -
3.0 2.9¢6 2.92 - - -
3.5 3.49 3.48 3.39 - -
4.0 4.00 4.00 4.00 3.90 -
4.5 4.50 4.50 4.50 4,49 4.48
5. 5,00 5.00 5.00 5.00 5.00

resolved



48

The dependence of the retention index on the peak
shift can be calculated in the foldowing way:
The retention index is defined as:

= lot' - 1lnt'
X ; + 100 + 100z. (2.14)
— t
Vln t z+1 in t 2

I

Where t'x is the adjusted retention time of a component
x and t'z+1 and t'z are the adjusted retention times of
the bracketing n-alkanes, z being the number of carbon
atoms.

Since only t', is influenced by the peak shift,
in t‘z+1 and 1n t'z can be considered as constant.

Differentiation of equation 2.14 gives:
81 100 1

X = . (2.15)
¥ ] — ] T
&t % In t 2+1 In t 2 t

X

Since 1In té+1 - 1n t; ~ 0,4 {(Table 2.11) for a
squalane column between 50° and 70°C, this results
in:

Gt'x
6I, = 250 (2.16)

s
t X

The maximum peak shift will be found for v = 1 and
R = 2. In this case the error in retention time and re-
tention index, calculated by equation 2.13 and 2.15 is
presented in Fig. 2.8 as a function of the capacity‘ra-
tio for different plate numbers. These plate numbers can
be considered to be representative for packed and open
hole tubular columns of moderate length.

These results stress the importance of the use

of high resolution columns for the determination of
accurate retention data.
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Fig. 2.8 Maximum errors in retention data caused by incomplete separation

as a function of capacity ratio (k) and plate number (n).
—n = 9.104, .. n=10% mon=1250.R=2, v=1.

For columns used in this work (n =« 5.105 and
0,5 <k <1 for n-hexane, at SOOC) the influence of the
peak shift is demonstrated in Fig. 2.9. The maximum

art
1.0

0.8}

0.6}

0.4%

0.2}

0.5 0.6 0.7 0.8 0.9 1.0 g

Fig, 2.9 Dependence of the peak shift on resolution, peak area ratio

and the capacity ratio of n-hexane (n 5.105).

n-hexane



50

peak shift (R=2, y=1) is between 0.7 and 1.1 index
units for capacity ratios for n-hexane between 0.5

and 1.0. For a change in resolution from 2 to 2.5 or

a change in y from 1 to 2 the maximum peak shift of| the
first peak will be between 0.1 and 0.2 index units.

2.6.4 Non Ideality of Carrier Gas.

According to Desty (15) small variations of solute
retention due to the choice of carrier gas and mean column
pressure have been examined for a number of hydrocarbons.

Because of the variation of solute retention with
the carrier gas and mean column pressure these parameters
should be included when retention data are reported.

To explain these variations in solute retention,
caused by gas-phase imperfection, various equations have
been suggested, as reported by Young (24). According to
Cruickshank, Windsor and Young (25) the relation between
the capacity ratio (k) and the mean absolute column pres-
sure (Png),can be given with sufficient accuracy for
carrier gases, which have small gas phase imperfections,
by the equation:

o 4
P PJ
Ink=1n —2R__ . 2 (g, - v)) + —2 (2B,,-V,) (2.17)
vipy yo RT RT L
172 2,0
where 4
4 _ 3 {(Pi/Po) -11
3 U (gm0 31)
Pi/Pq
n = number of moles of the stationary phase.
Vi = volume of the stationary liquid at T°K.
pg = saturated vapour pressure at 7K.

Yo 0 = activity coefficient at infinite dilution.
14
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B = gecond virial coefficient, characterizing the
interactions between solute molecules in the
gas phase.

B12 = second virial coefficient, characterizing the
interaction between solute and carriergas mole~
cules.

Vé = molar volume of the solute at T°K.

Py = c¢olumn inlet pressure.

P = column outlet pressure.

For a particular solute and stationary phase at
constant temperature equation 2.17 can be written in
the more simple form:

In k=1n k0+ B (2.18)
where Png
RT

By definition the retention index can be expressed:

Inrx
I=100(z+ —=22% ) (2.19)
In ¥ 01,2
where ¥ = the relative retention time of a component x,

X,z
using a standard n-alkane with z~carbon atoms.

It can be derived from equations 2.18 and 2.19

§I = —3200 . 8| B, ~ B ) (2.20)

2
In rz+1,z

For a squalane column at SOOC, according to Table 2.11,
the pressure dependence of the retention index can be cal-~
culated by the equation:

§I = 230 A(Bx - B, ) {2.21)
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Only for a limited number of hydrocarbons Bs

values for the system nitrogen/squalane are published.
The dependence of the retention index on column pres-
sure is calculated for some compounds and presented

in Table 2.7. Experimental results for the same hydro-
carbons are also given in this Table.

Table 2.7 Dependence of the retention index on mean column pressure

(Png ). Stationary phase:sgualane. Carrier gas: Nz.

Temperature: 50%¢. B12 values: Reference 26.

Component B1 2 BxlO2 §I

r

3 4_ 4_

cm”/mole POJ3—2.31 POJ3—3.78 Calc. EXp.

n-Pentane - 85 - 2.52 - 4.11
n-Hexane - 113 - 3.16 - 5.16
2,3 dim.Butane - 98 - 2.91 - 4.77 - 0.27 0.02
Hexene-1 - 110 - 3.05 4.97 0.80 0.05
Cyclohexane - 122 - 3.05 4.97 0.18 0.23
Benzene - 104 - 2.77 4.52 0.76 0.28

The agreement between calculated and experimental
results is rather poor, although, the order of magni-
tude of calculated values lines up with experimental
data. Considering the precision of available Byo values
and their questionable accuracy, a better agreement can
not be expected.

The influence of pressure and nature of the carrier
gas on the retention index, as measured in our laboratory,
is presented in Table 2.8.

Remembering the preeision of the retention index,
corresponding with a standard deviation of < 0.05 index
units, it can be said that the retention index depends on
mean column pressure, nature of carrier gas and the struc-

ture of hydrocarbons.
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Table 2.8 Retention indices of different types of hydrocarbons for
different carrier gases and their dependence on mean
absolute column pressure. Stationary phase: squalane,
column length: 100m, i.d: 0.25 mm, temperature: 50°C + 0.01°C.

Carrier gas Podg Compound number
i 2 3 4 5 6 7 8 9 19 12
Helium 2.305 500 545,20 567.39 582.03 €00 606.00 627.61 636.59 662.37 €76.23 100

3.034 * 549,24 567.39 582.04 " 606.00 €27.81 636.61 662.36 £76.23 -
3.774 » $49.20 567.37 582.04 " 605.98  627.62 638.60 662.37 676.23 -

Nitrogen 2.308 M $49.19 567.39  582.05 hd 606.24 627.87 637.07 662.73 676,23 .
3.034 * 549.19  567.40 582.08 * 606.32 627.9% 637.20 662.83 676.23 "
3.773 " 549.21 567.41 582,10 - 606.41  628.04 637.35 662.96 676.23 -

Hydrogen 2.303 " 549.18 567.38  582.02 * 606.08 627.69 636.73 662.48 676.23 "
3.037 * 549.18 567.40 582,04 " 606.11  627.75 636.79 662.54 676.25 "
3.770 - 549.15% 567.3%  582.05 . 606.15 627,76 636.83 662,57 676.24 .

Compound numberg agree with Table 2.9.

Little can be said about the magnitude of this struc-
tural effect, since only a limited number of hydrocarbons
of different structural type have been measured.

For helium the variation of mean column pressure does
not influence the retention index, for any type of hydro-
carbong. The same applies to hydrogen and nitrogen only
for alkanes. For hydrogen alsoc no effect for alkenes can
be observed. For nitrogen the effect is increasing in the
order alkenes <'cyclic compounds .

The value of pressure and the nature of carrier gas
should be carefully noted when using published retention
data. ‘

Comparing retention data of different origin, correction
factors for column pressure and nature of carrier gas can be
derived from Table 2.8.

2.6.5 Interfacial Adsorption.

In most practical cases solute retention will mainly
depend on the bulk-liquid partition coefficient. However,
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more often than is generally recognised the sdlute may
also be retained as a result of adsorption at one or more
- interfaces in the systenm.

80lid supports for the stationary phase have long been
known to interact with several types of solutesvand‘preven-
tive measures (e.g. acid washing, silanisation, addition of
tail reducers) are widely taken.

: According to Urone and Parcher (27), support effects
can be observed even in columns with 20% or more stationary
phase. ’

Interactions of the solute with the gas-liquid inter-
face received little theoretical and no practical conside-
ration until Martin (28,29) demonstrated that solute ad-
sorption on the bulk-liguid surface (Gibbs adsorption) ex-
ists for polar phases.

This result was reproduced and extended by Pecsok (30)
and confirmed by static measurements (31-33).

According to Martire (34) the effect of adsorption on the
ligquid surface is small compared to solution effects, except
in those instances when a highly polar liguid coating is
used and the solute is only slightly soluble. ‘

In practice, however, it appears difficult to determine
the separate contributions of bulk-liquid partition and
liquid-interfacdial and solid support adsorption.

Assuming that all these retention mechanisms operate
essentially independently, the contribution to the adjusted
retention volume (V;) of a compound is given by eguation (35,
36}):

V; = KlVl + K

g,lAl + KSAS {2.22)

In this equation Kl’ Kg,l and Ks are respectively
the gradients of the distribution isotherm for the re-

tention mechanism in the bulk-liguid, gas-liquid inter-
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face and the solid support. A, and;As are the active
surface areas of the liquid and the support. vy is the
total volume of the liquid phase in the column.

The bulk-liquid partition coefficient can be ob-
tained by plotting V;fvl vs. l/vl and extrapolating
i . 0.

V1

For asymmetrical peaks, assuming thet the asymme-
try is not caused by extra column factors, Vé becomes
concentration dependent. Adjusting the sample size to
maintain constant inlet concentration{ the variation of
the distribution coefficients can be eliminated experi-
mentally as described previously (37}.

Even at constant solute concentration in gas and ligquid
phase, the plot of V;{/Vl vs 1/V, cannot be expected to be
linear, since both Al and As<are functions of Vl.

These problems can be reduced by taking the follo-
wing measures:

- reduction of sample size so that retention
times become concentration independent
(constant distribution caefficients, symme-
trical peaks).

- decrease of liquid- and support surfacé.

- improvement of the precision of the measure-
ments,

These conditions are fulfilled to a great extent in
open—hole tubular columns and also partly in efficiently
packed columns with an internal diameter less than 1 mm
(e.g. micropacked columns). Considering as a first appro-
ximation, Kg,lAl and KSAs to be constant for these column

types equation 2.22 can be rewritten:

V; = KjVy + Ay (2.23)

Ax = Kg,lAl + KsAs for a component x.
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At effective infinite dilution {symmetrical peaks) a
linear relationship can be expected, plotting V;Zvl VS. 1/Vl.

Relative retention data derived from bulk liquid par-
tition coefficients,obtained from these plots, will be not
very precise, because of variation of V; and Vl.

To improve the precision of calculated relative re-
tention data, corrected for adsorption effects, equation
2.23 can be rearranged. The relative retention time can be
expressed as :

V'x

r = il .
xs " G (2.24)

where V'  and V', are the adjusted retention volumes of
the component and the standard.

Assuming that for the selected standard Ag = 0,
it follows from equation 2.23:

Vig = Vl'Kl,s {2.25)

Kl,s being the bulk-liquid partition coefficient of the
standard.
Substituting egn. 2.23 and 2.25 in egn. 2.24, yields:

'
\'Z % Kl,x A

r, o = = + % L (2.26)
’ v! K K v
s 1,s 1,8 1
From the relation between partition coefficient {Kl 3),
r
capacity ratio (kl S) and phase ratio(fi) of the
r
standard it follows: Vg
kl s v
v, = —2 4 (2.27)

1
1,s
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Finally substituting eqgn. 2.27 in 2,26, yields:

K A
T Lx, x 1 (2.28a)
' K \'4 k
1,s g 1,s
Plotting ry g Vs- kl y relative retention times
' 1,s

corrected for adsorption effects ("ideal" relative reten-
tion times), can be obtained as the intercept at 1l/k
(Fig. 2.10

l,s =0

xs b 6

4.0 5

3.0}
4
. 3
2.0¢ 2
3.0 6.0 -
f/ks

Fig. 2.10 Dependence of the relative retention time on film thickness
{expressed as l/k for n-pentane) Columns: stainless steel ,
length 100m, i.d. 0.25 mm, stationary phase: squalane,
temperature 706%¢ + 0.01%.

The slope of this plot is a measure for the adsorption
effect. Equatjion 2.28a can be rearranged as following:

PN T2 S (2.28b)

Plotting kx vs. k the intercept at the k, axis is

st’
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a measure for the contribution of adsorption (Fig.2.11).
In this case the "ideal" relative retention time can be
calculated from the slope of the plot.

0.06}

0.03

0.0 0.02

o.7 0.2 -

ks

Fig. 2.11 Dependence of the capacity ratio of different hydrocarbons (kx)
on liquid phase content (expressed as k of n- pentane).
Columns: see Fig. 2.10

Because relative retentions and capacity ratios can
be determined more precisely than V; and Vi corrections
for the contributions of adsorption to solute retention
will be more reliable.

In Fig. 2.12 as an example the retention index for
different types of hydrocarbons is presented as a function
of the percentage of stationary phase

According to Condor (37) the product Kg,lAl, for
ligquid coatings above 5%, changes only slightly. Therefore
the large deviatiens, especially for unsaturated compounds,
below 5%, ligquid coating must be caused mainly by support
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adsorption. For instance for benzene, between 2 and 10%
stationary phase a difference of about 10 index units
is observed.

!7‘)' . 2-2-4-tri-me-pentane
3-me-hexane

6870 F cyclohexane
P s ¢ -

650}

benzene

cyclopentane

630} a "
e had hd

e10} \‘ 4-mo-cyclopen!en:

590}
\‘ hexene-1

s7ol " " 2-3-me-butane
.~ 4-me-pentene-i
550¢ L . *
2 5 10 20 .,

% squalane

Fig. 2.12 Retention index as a function of percent (w/w) stationary
phase (sgualane) at 50°%. Support: Chromosorb W, acid washed.

Although, only a limited mumber of hydrocarbons of
different structural type have been measured, it seems
that, except for cycloparaffins, the retention index
is decreasing with increasing degree of loading.

For benzene and cyclohexane, which give the largest
deviations, it was experimentally proved (38} that
the adsorption isotherms are of the same type. For these
reasons and because all peaks were nearly symmetrical, it
seems that the contribution of adsorption to solute re-
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tention is increasing in the order cylco-paraffins<
alkanes < alkenes < aromatics.

Table 2.9 Comparison of "ideal™ and measured relative retentlon times

i

of hydrocarbons on squalane, at 70°C.

O
Comp. n . Bolute r“ideal“ rmeas.
Micropacked Open~-hole Open~hole
tubular tubular

Chrom.W n.a.w. Chrom.W.A.W.

1 n~pentane g.402 0.402 0.401 0.402

2 4m,pentene~-1 0.634 0.634 0.635 0.637

3 2,3 dim buta- 0.754 0.753 0.752 0.753
ne
hexene~1 0.848 0.850 0.851 0.855
n—hexane i 1 1 1

6 4m. cyclopen~ 1.082 1.082 1.078 1.084
tene-1

7 m.cyclopen~ 1.318 1.318 1.312 1.318
tane

8 benzene 1.430 1.422 1.425 , 1.452

g cyclohexane 1.818 1.819 1.812 1.819

10 3m.hexane 1.982 1.980 1.985 1.985

11 2.2.4 tri-m 2,266 2.264 2.277 2.271
pentane ;

12 n.heptane 2.430 2.430 2.440 ! 2.436

For different types of hydrocarbons, relative reten-
tion times corrected for adsorption effects, calculated by
egn, 2,28 a and b, are presented in Table 2.9. The inter-
cepts at 1/k1's= 0 are calculated with a computer (method

of least squares) for open-hole tubular columns and micro-

packed columns. The deviations from linearity of the Ty g
’

vs l/kl,s and kx vs. kl Splots were within experimental
error.

To perform this extrapolation different kl,s values
are required. For the open-hole tubular columns {length
100 m, int. diam. 0,25mm) these kl,s values were obtainéd
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by reccating the column several times (0.3 < kl,s‘ 0.8 for
n-hexane, at 50°C). For the micropacked columns {length
15m, int. diam 0.8 mm}) two different supports, (chromo-
sorb W a.w. and n.a.w.) coated with 2, 5, 10,and 20 % The
stationary phase was squalane ( MERCK, Darmstadt).

The column temperature was 70 + 0.01°% and the carrier
gas nitrogen.

Because calculated ("ideal") values are obtained by
extrapolation, they can be expected to be less precise
than the values experimentally obtained. Within éxperi-
mental and calculation errors the accuracy of relative
retention data of alkanes and cycloparaffins is not
influenced by adsorption effects for the open-hole tu-
bular column considered. (kn-hexane = 0.7 at 50°C).

For benzene and also for unsaturated hydrocarbons the
influence of adsorption cannot be neglected. Comparing
the difference between experimental and “"ideal" relative
retention (adsorption shift} and remembering Fig. 2.11,
it can be concluded that benzene is most strongly ad-
sorbed.

In the following an attempt is made to decide if
the observed adsorption effect is due to either support
adsorption or adsorption at the gas-liguid interface.

Assuming that adsorption at the gas-liguid inter-
face can be neglected, the adsorption shift will depend
on the nature of the support and/or column wall, the
degree of liguid loading and the regularity of the liquid
film. In this case it may be expected that the adsorption
shift will decrease with increasing film-thickness.
Plotting kx vs kl,s
all hydrocarbons if the liguid film is homogeneously

these plots will pass the origin for

distributed on support and/or column wall. For an irre-
gular ligquid film the adsorption shift can be expected to be
different for various supports and column walls, which

have dissimilar surfaces.
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For benzene, having the largest adsorption shift, it
can be concluded from experimental results, presented
in Table 2.10, that neither the first nor the second
possibility is observed in practice. The relative reten-
tion data, experimentally obtained with different supports
and column types, are constant within experimental error.
The différence between the experimental and "ideal" values
is significant.

Table 2,10 Experimental and "ideal" relative retention data of benzene
for different types of squalane columns, at 70%.

Column Support % stationary  Experimental "Ideal"
or phase

column (w/w)

material r I r I
micropacked Chrom.W.a.w. 20 1.451 641.4
micropacked Chrom W n.a.w. 20 1.453 641.5
micropacked glass-beads 0.1 1.451 641.4 $1.425 €39.3
open-hole stainless-steel - 1.452 641.4
open-hole glass - 1.456 641.7

Therefore the results can be considered as an
indication that at high liquid loading, the contri-
bution of adsorption to ‘solute retention for benzene
on squalane is mainly caused by adsorption at the gas-
liquid interface. Por low ligquid loadings adsorption
at the support plays a major role.

The retention indices, presented in Table 2.10,
are calculated by the eguation:

Inry 2
I, = idi— 4100 + 100 2z (2.29)
In rz+l,z
where 1nrz+l z is the separation factor of the bracketing
?

n-alkanes, having z respectively z+1 carbon atoms.
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For the calculation of the "ideal retention index of
benzene the apparent separation factor of benzene is used,
This factor is obtained by interpolation of the separation
factors of nwalkanes{ presented in Table 2.11.

The procedure described before can also be applied
to study the aging of the column. As is generally known
the quantity of stationary phase is decreasing during
life-time, For a 100m open—hole tubular squalane column
experimentally a decrease of the capacity ratio of n-
hexane at 50°C from 0.80 to 0.56 was found, during 18
months. At the same time the retention index of benzene
increased from 641.7 to 642.3.

With this column, plotting rx,S vs lfkl,s for benzene
an "ideal" relative retention time of 1.426 was obtained as
the intercept, 1/kl,s = 0.

This can be seen as an indication that the influence
of the chemical change of the stationary phase (e.g.oxidation)
is neglegibly small. The change of retention data, as a re-
sult of aging of the column, is most likely mainly caused
by the "stripping" effect.

As a final result of the foregoing considerations the
adsorption shift of benzene is proposed as a measure for the
interlaboratory agreement of relative retention data, for
hydrocarbons.

2.6.6 The Gas Hold~-up Time.

The retention time of an inert compound (tm) which
passes through the column without being retarded (usu-
ally helium or air) must be known for the calculation
of relative retention data.

Direct measurement is not always possible e.g.
the flame ionisation detector, under normal operating
conditions does not respond to helium or air. Therefore
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methane is often used, its retention time being t?ken
as t . Methane, however, is socluble to some extent in
almogt every stationary phase., This may introduce a
systematic error in that way.

Table 2.11 Separation factors of n- alkanes. z = the number of carbon
atoms.

Z Log rz+l,z

Our results Results obtained by Martire (39)

?=50° T=70% T=53.2% T=74.1% T =.93.9%

4 0.4562 0.4144

5 0.4366 0.3945 0.4360 0.3934 0.3504
6 0.4287 0.3861 0.4275 0.3823 . 0.3512
7 0.4250 0.3823 ‘

8 0.4215 0.3785

i

Many suggestions have been made for the calculation
of the "dedd time". All these calculation methods utilise
the linear relationship that would exist, between the
logaritm of the adjusted or relative retention times and
the number of carbon atoms in a homologuous series.

In fact this relationship is not linear. For the higher
members of the series, the non linearity is decreasing,
as shown in Table 2.11 and Fig. 2.13 for the separation

factors (In r } of consecutive n-alkanes.

The sepaizéign factor of the n-alkanes is aniimpor-
tant parameter for the recalculation of retention data
presented in a different way (retention index, relative
retention, n~nonane values etc), to enable a comparison

of these data.
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The consequence of the continuous decrease of the
separation factor, suggested by Fig. 2.13 is the intro-
duction of an apparent separation factor.

This factor can be obtained by interpolation of
the separation factors of the n-alkanes bracketing the
compound considered.

H 1 4
092+L:I \ I °9 2412
[y
0.460 |
A\ 4 0.410
0.450 F
r: 70°% 4 0.400
o A
0.440 FT:80°C
4 0.350
0]
\\\\\\:&
0.430 | \\\-~A
0.

\Q\A"’ 4 0.380

o
b
-

Fig. 2.13 Relation between separation factor (log r } and carbon

z+1,2
number (z), for n-alkanes.

It may be imagined that the introduction of an
apparent separation factor will enhance the correlation
of retention indices and physical properties.

Recently, several methods of "dead time" determi-
nation discussed in the literature, have been summarised
by Kaiser (40).

According to a suggestion of Halasz a procedure for
the direct measurement of th for capillary columns with
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a flame ionisation detector has been developed in our
laboratory. ‘

The F.I.D. gives a response for inert gases when
operating at reduced hydrogen and air flow rates.
Different from the method proposed by Versino (42) no
hydrocarbon traces, which might slightly change the
properties of the stationary phase, have to be added
to the carrier gas. The measurements are made with a
high quality equipment as described in section 2.5.
The pressure drop across the column could be kept
3 atm., with a TEXAS INSTRUMENTS
pressure controller. Time measurements are made with

constant within 2.10
a stopwatch.

Column conditions : 1length 100 m; diam. 0.25 mm;
temp. 70.00 + 0.01°C;
inlet pressure 2.430 + 0.001 atm.;
carrier gas nitrogen;
Flame conditions: temp. 120°¢;
hydrogen flow 15 ml/min;
(60% of the optimal value);
air flow 200 ml/min.
(60% of the optimal value).
Sample introduc-
tion system: HAMILTON splitter inlet;
temp. 120°C; split ratio 1:300.

Under these conditions injections of large samples,

about 0.5 ml of inert gas give negative peaks, even for
nitrogen from the same tank as the carrier gas. Signals
from hydrocarbons remain po s itive (see Fig. 2.14). The
small differences in elution times between gases and
methane prevent the direct measurement of the adjusted
retention time of methane.
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N, 17

=

Fig. 2.14 Chromatogram of 0.5 cm3 of nitrogen containing approximately
5 p.p.m. propane and n-butane 1,3,5 =propane, 2,4,6 = n~ butane.
Column: length 100m, i.d. 0.25 mm, stainless steel. Carrier gas:
nitrogen. Stationary phase: squalane, Temperature: 70%.
Full scale deflection: 5. 107 '2a,

Therefore two different samples have been prepared:
Sample I) Inert gas plus approximately 5 ppm of propane
and n-butane.
Sample I1) Approximately equal amounts of methane, pro-
pane and n-butane.
The sample size for sample I) is 0.5 ml (electrometer
setting 5.10712 A f.s.d.) During the introduction of
these fairly large samples an increase of inlet pressure
of 0.005 atm is observed at the pressure recorder, however
the return to preset pressure is instantaneous. Of sample
IT) about 5 microliter is injected (electrometer setting
5.10710 a £.s.4.).

tond ~ Finert gas is calculated from:

(t ) T - (b _ o tog ) II

- £,
n—C4 inert gas n- C4 4
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. . . [
During the measurements change in experimental conditions

did not occur as could be checked by comparing:

(t tC ) I and (tn_C _ tC ) IT and also

3 4 3
by the absolute retention times of n-butane and propane.

n-C4 -

From Table 2.12 it follows that no significant differences
in "dead time" obtained from different inert gases are
found.

Table 2.12 Retention time differences between methane and some inert
gases ( inlet pressure 2.430 atm.).

tR(sec) standard deviation number of

experiments
CH4 - O2 1.6 0.29 12
CH4 - He 1.7 0.36 11
CH4 - air 1.5 0.27 11
CH4 - Ar 1.5 0.18 11
CH4 - H2 1.3 0.28 8
CH4 - N2 1.5 0.28 12

"Dead times" calculated from the log-plot of n—alkanes
with experimental inert gas and methane elution times are
compared in Table 2.13. It may be concluded that on wall
coated open hole tubular columns at moderate temperature
the methane time is closer to the real "dead time" (assu-
ming that helium is not retained) than calculated "dead

times" from the log-plot of n-alkanes.

From Table 2.13 it can be seen that "dead times"
calculated from the log-plot of n-alkanes differ consi-
derably from the experimental inert gas and methane elution
times. The effect of these different "dead times" on the
calculation of retention indices is also shown.

The method of retention index calculation from three

n-alkanes as proposed by Groenendijk and van Kemenade
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Table 2.13 The effect of the "dead" time on the calculation of
retention indices.

Compound Index Index Index Index Index
2 Me Butane 475.47 475.37 474.82 474.80 474.66
2 Me Pentane 570.01 569.97 569.71 569.70 569.64
2,2 di Me Pentane 626.95 626.93 626.82 626.82 626.79
1 trans 3 di Me Cyclopentane 690.10 690.09 690.05 690.05 690.04
1 trans 2 cis 3 tri Me Cyclopentane 751.11 751.09 751.04 751.04 751.03
1 cis 3 di Me Cyclohexane 789.89 789.88 789.87 789.87 789.87
Dead time 965.2sec. 963.6sec. 955.8sec. 953.8sec. 950.7sec.
methane
inert gas
extrapolated
from C4C5C6
extrapolated
from C5C6C7
extrapolated

from CGC7CB

(9.10,43) remains advantageous from the point of view of
standardisation and also in those cases where a large
solvent peak may mask the signal of an inert gas peak.

For precision measurements which enable the determi-
nation of the numerical value of physical constants the
real "dead time" should be used.

2.6.7 Influence of the operator.

Taking into account differences in reaction time be-
tween operators an additional random error may be expected,
measuring retention times with a stopwatch.

The delay between the injection of sample and the start
of the time measurement and estimation of the right peak
maximum can be dependent on the operator.

Therefore retention indices and standard deviations
measured by three different skilled operators have been
compared for a synthetic mixture of more than 20 compounds
for a 100 m open tubular sgualane column.

No significant differences in retention index and stan-
dard deviations could be observed between different operators.
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CHAPTER III
PERFORMANCE AND PREPARATION
OF HIGH RESOLUTION COLUMNS

3.1 INTRODUCTION

For the characterization of a substance by purely
gaschromatographic means, the separation power of the
column, is at least as important as the factors
discussed in Chapter 2.

The column performance sets limits to the separation
attainable and determines the time of analysis. Therefore
the use of high resolutions columns may become necessary,
especially for complex mixtures (section 2.1).

In high resolution gaschromatography the following
basic types of columns are in use:

- open hole tubular columns, Golay 1957 (1)

- porous-layer open tubular columns (2)

- packed capillary columns, introduced by
Halasz and Heine (3,4).

Theoretically, open hole tubular columns give the
best separations. They combine high plate numbers with
high permeability and a high production of plates per
unit time.

In practice however difficulties with injection
technique, sample size and in the choice of stationary
phases are encountered. Stream splitters are unsuitable
for high boiling compounds, on account of the desirable
fast injection.

The quantitative results are unsatisfactory for
samples with a wide boiling range. Also, the loss of
sample associated with stream splitters is unacceptable
in a number of cases (e.g. trace analysis). Direct injec-
tion is still in the development stage (5-7).
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Fortunately the above considerations mostly do
not apply to the work dealt with in this thesis, which
confines itself to hydrocarbons below C9.

Reproducible coating of openhole tubular columns,
especially for glass columns, remains difficult (7-10).
‘The formation of a film of sufficient homogeneity on the

wall is the critical step.

To find out if there is an optimal column type
for a particular separation problem, the performance
of high resolution columns will be compared in the
first part of this chapter.

"Micropacked columns", prepared according to a
new technique, compare favourable in some cases with
the column types mentioned before.

The preparation of "micropacked columns" - which
combine to a large extent the advantages of packed and
capillary columns - is discussed in the second part of
this chapter.

The preparation of open hole-~tubular columns,
with homogeneous liquid layers, for the separation of
hydrocarbons, is also discussed in the last part.

3.2 PERFORMANCE PARAMETERS.

To compare the performance of different column
types, a great number of characteristic parameters may
be used. In an attempt to clarify the confusion which
still exists in comparing the performance of columns of
different design, a survey of the most important column
characteristics will be given below.

As a first approximation according to chromatogra-
phic theory, three main characteristics of column per-
formance may be distinguished:

a). efficiency b). resolution c¢). speed of

resolution.
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a). BEBfficiency.
The efficiency may be expressed as the number of
theoretical plates n, which can be derived from
the chromatogram by the equation:

n= (-} (3.1)

The standard deviation o, (in time units) is
equal to half the peak width at 0.607 of the height of
the Gaussian peak.

The theoretical plate number is related to column
length by the height eguivalent to a theoretical plate:

= Ll

H= (3.2)
H is dependent on a number of experimental parameters
and is a function of the carriergas velocity (u).

At a certain flowrate H is minimal, which means the
plate number n is optimal.

b). Resolution.
The resolution (R) expresses the degree of separa-
tion of two components, leaving the column shortly
after each other.

AL
R = —2 (3.3)
o
p
Using the relation tR = t_ (1+k) and equation 3.1 it
follows:
R= (r-1) X /n (3.4)
k+1 *

r being the ratio of the partition coefficients,



76

With this equation, the number of plates required for the
separation of two components with a relative retention r,
can be calculated. The separation is almost complete for
R = 6 and just acceptable for R = 4.
The effective plate number (N}, introduced by Desty,
is obtained from the chromatogram by the equation:
2
N o (tg-ty) (3.5)
02
P
This is a good parameter describing the resolving
power of the column, because it is proportional to the

extent by which two peak maxima will be separated.

This may be simply derived from e.q. (3.4), using

the relation:

x 2

N*n(m)

(3.6)
This relation simply follows from equation 3.1, 3.5

and the definition of retention time.

Substituting (3.6) in (3.4) it follows:

R =(r-=1)vN (3.7)

The third characteristic may be defined as the rate
of production of effective plates N/t. It takes into
account the often neglected time factor and allows the
overall performance of columns to be compared.

In practice factors like permeability and preésure
drop, detector sensitivity, velocity of sample introduc-
tion limit the efficiency, resolution and speed of analysis
attainable. '
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3.3 PRACTICAL LIMITATIONS OF COLUMN PERFORMANCE.
Permeability and pressure drop,

The permeability is a very important property of
a gaschromatographic column, because of its direct and
indirect influence on a number o0f separation parameters.
It sets a practical maximum for the column length, i.e.
the maximum separation power of a column type and plays
a major role in the final value of the retention time.
Unfortunately it is not mentioned very often.

Experimentally the permeability of the column may be ob-
tained from a plot of the column outlet flow-rate (uo)
versus the corresponding values of Pz—l. P is the ra-
tio of the column in- and outlet pressure.

This relation may be derived from the relation
between the gas velocity at any point in the column u({x)
and the pressure gradient (dp/dx}:

u(x) = £ . (4B) (3.8)

dx

This is the Darcy eguation, which is valid at
low flow velocities (less than 100 cm/sec. for argon
and 300 cm/sec. for hydrogen), normally encountered
in linear gas chromatography (11).

Integrating equation 3.8, it follows:

KP
© (p2-1) (3.9)

u=
° 2nL

Theoretically the permeability of an open-hole
tubular column only depends on its diameter. In prac-
tice the permeability is somewhat less (10-30%) than
the theoretical value.gaaﬂ(lz), which is probably be~
cause of the wall roughness or fluctuations in the
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column diameter. Typical values of the permeability
of various types of columns are given in literature
(11,13). /

In packed- and packed capillary columns the per-
meability may be increased by an increase in particle
size or a decrease in packing density. The permeability
for this column types alsoc depends on the particle dia-
meter/column diameter (dp/dc) ratio, and the roughness
of the support.

According to the Kozeny-Carman equation (14}, which
applies to the ideal case of smooth sperical particles, the
permeability (x) 1s proportional to the square of the
average diameter of the support particles (dp):

a? 3
€= B 2T £3.10)
180 l1-¢

In this eguation, the porositye , is the complemen-
tary value of the packing density and is defined as the
ratio of the mobile gas space and the column volume.For
non spherical materials a suitable apparent particle diameter
may be introduced.

For conventional packed columns (dp/dc< 0,1) the per-
meability is independant of the column diameter.

The influence of particle size on permeability
for packed capillary columns is studied by Guiochon
(14) in the dp/dc range of 0.1 to 0.3, with columns
of an internal diameter of 0.5 mm.

The values for different packed capillary co-
lumns range from k = 6-10 - 10~7 cmz.

In fig. 3.1 the permeability of packed capillary
columns and micropacked columns {(described in section
3.5) is compared with the permeability of packed and

open-hole tubular columns.
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Fig. 3.1 Plots of carrier gas outlet velocity vs.values of
various types of columns. L

1. open-hole tubular column (i.d4. 0.25 mm).

2 and 4. packed capillary columns, 4 = 100-125u, dc =

pectively 0.45 and 0.55 mm, support Chromosorb P.

3 and 5. micro packed colums, dp = 140-160u , dc =respectively

0.64 and 1.26 mm, support Glass beads.
6 and 7. conventional packed columns, dp = 200-250u, dc
support Glass beads respectively Chromosorb P

Comparing the plots 2 and 4, 3 and 5 it can be
seen that for constant particle diameter range the per-
meability decreases with increasing column diameter.
The influence of the nature of support is demonstrated
in plot & and 7, for glass beads the permeability is
better than for the porous support. The permeability
for packed capillaries and micropacked columns is be-
tween open~hole and packed columns.

The permeability which sets limits to the column
length, also influences the performance index, intro-
duced by Golay (1 ), as a measure for column perfor-
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mance. At optimum carriergas velocity (u

opt} the per-
formance index is given by equation:
256.0 4.t
PI = 0.12 P . tpep (3.11)

4
tr {tR 15/16tm)

where Ip = peak width at 0.607 of the total height
tR = retention time
tm = retention time of a component which is

not retarded.
p = pressure drop over the column.

The performance index has the dimensions of visco-
sity g/cmsec {pressure in dynes/cmz). The performance
index has a minimum value of 0.1 when the carriergés is
helium. Values greater than this are usually obtained
although PI's approaching 0.2 have been reported for
open-hole tubular columns. Packed columns range from
20-1000 poises.

The performance index shows a large dependence on
the product tp- P which indicates the price to be paid
in waiting time and pressure drop, to obtain maximum per-
formance of the column.

Rewriting egn. 3.11 in terms of uopt yields:
H2

pr = 31,2 -—min 1tk . p (3.12)
uopt k. L.

The latter equation shows the importance of pressure
drop/unit length.

Speed of sample introduction.

Up till now cone important aspect has been left out
of consideration, the capacity of the column, which de-
termines the most practical parameter, the sample size.
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Schematically, a given guantity of sample can be intro-
duced: )

{a) as a narrow band of high concentration of (b) as
a plug of correspondingly lower concentration.

{(a) If the sample is fed into the column as a band
of high concentration, the local conditions at least in
the front of the column, will be such that the partition
coefficient K becomes concentration dependent. Each part
of the solute band will move at different speed. The re~
sult will be a band broadening, additional to the broa-
dening effects discussed before {and expressed in the
plate number n). The peaks become distinctly a-symmetric.

(b) The sample is diluted with carrier gas before
it enters the column. This causes additional symmetric
band broadening. The variance cz(secz) of an eluting

peak may be considered to be composed of the variance
2

of the sample at the inlet oiz and the variances Oa

‘due to column processes (Fig. 3.2).
o =0;" +o (3.13)
p

It is a trivial observation that the best resolu-

0"; 10 sec

i

SI 0:-:5880

|

1 ¢=11.230M
H P " .

i . 1

' 1

Fig. 3.2 Speed of sample introduction and column efficiency.
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2 - 0 (infinitely narrow
sample band) Rmax = AtRfcc. For finite sample volumes
R will be smaller than Rmax' However, from the eqn,above
and the definition of resolution it follows that for

tion will be obtained at o;

a; = 0.5 9e the resulting decrease in resolution will
be only 10%. From this the permissible input width of
the input peak oy can be calculated. '

From the definition of plate number, n, and the
equation for retention time t_ = tm‘(1+k) , where t n=

R
L/uoit can be derived that:

oo = XX /Ly (3.14)

Yo

Time constants,

According to Schmauch (1) the time constant of
the detection system must be less than one f£ifth of
standard deviation ¢ _if the peak is to be truly re-
corded. Only for very fast analysis this will be-
come a limiting factor.

Detector sensitivity.

The signal of ionization detectors, commonly used,
are proportional to the mass flow rates. This means the
minimum amount of sample that can be detected is strongly
dependent on the speed of passage of a peak through the
detector and therefore on column dimensions. Columns of
small diameter and accordingly higher optimal gas-velocity
enable the detection of smaller guantities.

Assuming an iconisation efficiency, A, of 0.25
Coulomb/g at C and a noise level of 10 '3a for a
flame ionisation detector (as reported in ljiterature)
it can be calculated that the signal h ( ~—> Signal
to noise ratio), to be obtained from a column,is given by:
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o _ _M.(3C).A Yo

csc,f'zw 12. s2%  (1+k) ¥/ LH

h =

{3.15)

M = weight of injected sample; h and o respectively
are the height and area of a gaussian peak; u, = the
carrier gas velocity at the column outlet,

3.4 COMPARISON OF COLUMN TYPES,

Considering above mentioned factors, it appears
that open-hole tubular columns are theoretically the
most favourable ones and that the packed capillaries
according to Halasz and the micro packed columns pre-
pared in our laboratory take an intermediate position.

The micro packed columns will be discussed in section

3.5, Besides these theoretical considerations there are,
however still many practical factors which anyvhow do

turn the scales to the packed columns, which in practice
are used in 90% of the cases. The open-hole tubular co-
lumns are used in most other cases, the packed capillaries
according to Halasz are, for the major part still in the
developing stage.

With packed columns any support material can be
used, these supports can be coated or impregnated previ-
ously with stationary liquid or used as such (e.g. porapak,
mol.sieves). Packing of the columns as well as coat;ng can
be done in a reproducible way. Column overloading does not
likely occur and therefore sample introduction offers no
serious problems.

The choice of open hole tubular (Golay) columns, how~
ever is fairly restricted, especially glass columns, for the
analysis of sensitive biological materials, are hardly commer-
cially available., The coating of the column with a uniform
layer of stationary phase is difficult to achieve.
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Therefore, only a very limited number of statibnary
phases, suitable for work at elevated temperatures, is
available, Stream splitting sample introduction systems,
as commonly used in connection with open hole tubular
columns, cannot be employed for high boiling compounds.
Direct sample introduction systems still are very much
in the developing stage.

- Packed capillary columns according to Halasz are manu-
factured by heating a packed glass column until the glass
softens, then the column is drawn to a capillary tube and
if desired wound up to a helix, of course the use of me-
tals for this type of columns is prohibitive. Usually the
packing of the drawn capillary is very irregular.

Then a solution of stationary phase in a volatile sol-
vent is forced through the column, the solvent is eﬁapora~
ted and the stationary phase remains in the column impreg-
nating the support and covering the inner glass wall.

Table 3.1 Comparison of column types (L = 5 m, relative retention time =
1.10, capacity ratio = 3, quantity of sample = 10 °g),

Golay Halasz Packed Micropacked

1.D mm 0.07 0.25 0.50 4.0 0.8

n 20.000 10.000 5.000 7.700 15.500
H_mm 0.25 0.50 1.00 0.65 0.32
uocmfsec 102 40 40 9 11

R 10.7 7.5 5.4 6.6 9.3
tpsec 20 50 50 220 182
‘p atm 4 0.10 2.0 2.6 1.4
PI g/cm.sec 2 0.5 42 100 11
k10" Tcm? 8 100 6 1 2

n/t sec”l 1000 200 100 35 85

o, sec 0.14 0.50 0.70 2.50 1.46
o4 sec 0.07 0.25 0.35 1225 0.73

s/noise 570 160 114 32 55
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The amount of stationary phase as well as the film forma-
tion on the inner wall of the capillary tube cannot be
controlled sufficiently well. This makes the choice of
available liquid phases smaller as in the case of open-
hole tubular columns. Another drawback is that the support
material must be resistant to the heating, necessary to
soften the glass. Therefore the ehoice.of support material
is restricted e.g. silanized supports or glass beads can
‘not be used. The permissible sample size is somewhat lar-
ger than with oﬁén-hole tubular columns, therefore sample
introduction gives less difficulties.

In Table 3.1 literature data together with results
obtained in our laboratory on a new micro type of packed
colunns are summarized. For the sake of easier comparison
all column lengths are chosen to be 5 m; H2 is the carrier
‘'gas and squalane the stationary liquid phase. For the cal-
culation of resolution a solute pair with relative reten-
tion 1.10 is selected; the capacity ratio of the first
;eluting component is chosen to be 3. V

The signal to noise ratio is calculated for a flame
ionization detector assuming X = 0.25 Coulomb/g. at.C and
a noise level of the detector system of 107134, The injec~
ted amount of sample is fixed on 10 %.c.

In Table 3.2 micropacked columns, packed capillary
columns conventional packed and open-hole tubular columns
all prepared in our laboratory are compared. The packed
columns are prepared following the same packing procedure
{see section 3.5). For the open-hole tubular glass column,
prepared according to a coating procedure of Tesarik

(15) , a direct sample introduction system described by
Kuppens (6) is used.
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Table 3.2 Comparison of column types used in the authors ldboratory.

Solutes: TMSi-~derivatives of steroids or n-hydrocarbons;

Carrier gas: hydrogen.

P k
atm.

n/t

Micro packed column

L = 14.3 m.i.d. 0.8 mm

Support GLC~110 glass beads

(140*)60;0)

A 0.05% PMPE (Dehydroepian=

drosterone) 4 4.8
B 0.05% SE-30 (Pregnanediocl) 4 7.4

Packed capillary (Halassz)

L =21lm i.d4, 0.55 mm

Support Chromosorb W (140~

leﬂzu). .

0.2 BE-30 {n C~24) 1 2.5
Packed column

L =2.8m {.d. 2 mm

Support GLC 110 (140~160 mu)

0.1% PMPE (Estradiol}) 6.25 50
Support Chromeosorb W (140-

160) 0.5% PMPE (Estradiol) 0.33 20

Open hole tubular column
L =23mi.d. 0.25 mm SE-30
(n C-24}. 0,30 1.6

3.5 MICROPACKED COLUMNS.

Introduction:

The advantages of ordinary packed columns and to a
large extent those of capillary columns may be combined
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in a new type of column, that we shall call, "micro=~packed"
columns (24,25). According to Halesz and Heine {3) micro-

packed columns are columns with a column diameter less
than one mm, if dp;’dc ratio is less than 0.2 and/or if
the packing density is almost as high as in the conven-

tional packed columns.

The column type described below is in agreement
with this definition in sofar that the dp/dc ratio is

between 0.2 and 0.4.
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Micropacked columns have the following advantages

- Any support may be impregnated with any stationary
phase in the gesired quantity.

- Packing may be prepared in large batches to ensure

reproducible properties.

- The pressure drop is not excessive,
- The number of theoretical plates is high.
- Direct injection presents no difficulties.

- The small volume allows the use of expensive packing

(e.g. Durapak, Dexil).

Any column material may be used.

Packing Material.

In practice the length of packed columns is limited
by the pressure drop. As discussed in section 3.3,1, the
permeability of the column can be increased by a reduction
of the column diameter, at constant particle size.

-
80-100mesh ‘60-B0um  140-160 ym

60-80mesh

p
s of pprtg E; .!ég
180-200um  160-180 um  140-160 um

Fig. 3.3 Effect of sieving on particle size and shape a, b: glass beads,
GLC-110; c: Chromosorb W-acid washed.
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For columns with a diameter less than 1 mm, the intro-
duction of packing material is a serious problem, especially
when the length exceeds 3 to 4 m. We have found that signi~
ficant improvements are obtained if carefully sieved frac-
tions of support are used. The parcticle size distribution
must be smaller than 20 um. A comparison of sieved and non-
sieved Chromosorb W (acid-washed) and silanized glass beads
is given in Fig. 3.3. The sieved support shows a marked im-
provement in the regularity of packing, and the regularity
increases with decreasing particle size.

Sieving also removes large particles that might block
the capillary during packing. It was found that a ratio of
particle diameter to column diameter of about 0.2-0.3 is
the most favourable. Elimination of fines is achieved by
sieving in a vacuum. Instead of sieving, flotation or se-
dimentation may be used depending on the density of the
support. The latter techniques yield a very narrow range
of particle size. It was found that specified mesh-size
ranges of commercial supports were smaller than those
obtained after sieving. '

Preparation of micropacked columns,

An empty glass or metal tube of the desired dimensions
is coiled and one end of the tube is plugged with 1-2 cm of
glass wool. The other end of the tube is connected to a
cylindrical container. The axis of the coil is horizontal
and that of the container is vertical. The packing is intro-
duced into the container and the latter is connected to a
pressure line. The lower part of the container and. almost
the complete coil are placed in an ultrasonic bath so that
the plugged end of the column is above the level of the .
bath. Vibration and pressure will transport the packing
continuously into the column. Care is taken to keep the
pressure gradient across the packed part of the column
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about constant, to ensure a homogeneous packing density along
the column.

At the start of the procedure, the increase in pressure
should be very gradual so as not to. blow out the plug. The
final pressure depends on the material used but will be '
in the order of 0.4-2 atm per m of column length, The lower
value applies to glass beads and the higher to Chromosorb.
With glass columns, the packing can be followed visually.

In the case of metal columns, packing up to a constant weight
should be carried out, The time necessary for packing is

1-2 min per m of column length. Table 3.3 shows the reprodu-

cibility of packing density. “

Table 3.3 Reproducibility of packing density.

Column I.D. Length Particle size of glass beads Packing Weight of packing
© (mam) {m} support { wm) on support per m of column
length (g/m).

ss 1.0 6.0 140-160 PMPE 1.35

58 1.0 6.0 140-160 PMPE 1,35

ss 1.0 6.0 140-160 PMPE 1.34

S8 1.0 6.0 140~160 PMPE 1,33

§8 1.0 6.0 160-180 PMPE 1.29

88 1.0 6.0 160~180 PMPE 1.29

Glass 0.8 14.6 140-160 PMPE 0.66

Glass 0.8 4.6 140-160 SB-30 0.65

Glass 0.8 106.0 140-160 SE~30 0.65

Glass 0.6 26.0 140-160 PMPE 0.33

Glass 0.6 7.6 140~160 PMPE 0.33
Apparatus.

A home-made gas chromatograph equipped with means
for direct sample introduction and a stream splitter
{(Hamilton) was used in our measurements. Direct injec-
tion is illustrated in Fig. 3.4.

The inlet port was provided with a glass insert tube
of 11 om length and 0.8 mm i.d; One end of the insert
for the connection to the column was wider and conically
shaped. The column was inserted about 2 mm into the cone.
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precolumn iniat
HAMILTON

glass insert

. N,
0.8 mm i.d -—
. H
micro packed 2
cofumn
silicone rubber
£ d
\‘“,,—"‘

Fig. 3.4 Connection of micro-packed column to gas-chromatographic system.

The seal was made by means of a silicone rubber ring.
The outlet of the column protruded into the nitrogen +
hydrogen stream for the flame-ionization detector. Since
the flow rate was high (1 cm3/sec), the effective dead
volume between column and detector was very small.

Comparison of packed eapillary columns and micro-packed columns.
The packed capillary columns according to Halasz and
Heine (3,4) regquire a support of sufficient mechanical strength
and great thermal stability to withstand the glass-drawing
operation. This support, in most cases, cannot be coated
in advance.
These micro-packed columns make no special demand on
the support {(except for homogeneity of particle size) and
the latter can be coated in advance. The great difference in
regularity and density of both types of column can be seen
in Pig. 3.5. A soft packing in the case of Qacked capillary



Comparison of packed capillary (a, b, c, d) and micro-packed
columns (e, f). a: Gas-Chrom S, 80-100 mesh; b, ¢, e: Chromosorb
W-AW, 180-200 um; d: Chromosorb W-AW, 80-100 mesh; f: glass '
beads, GLC 110, 180-200 um.
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columns gives rise to holes (Fig. 3.5.a). Also in the case
of packed capillary columns, sieving improves the quality
of the packing (Fig. 3.5.b and d). The use of a glass rod
inside the tube during packing before the drawing operation
results in a looser packing (compare Fig. 3.5.b and c). The
" use of a narrow sieve fraction in micro-packed columns re-
sults in very homogeneous packings (Fig. 3.5.e and f).
Optimum plate numbers were 3500 per m for glass heads

and 3000 for Chromosorb W even for columns of 15 m length.
Some applications.

Some separations obtained with micropacked columns
are applied to mixtures of low boiling saturated and unsa-

turated hydrocarbons, amphetamines and steroids as
illustrated in Fig. 3.6-3.10.

iso-butane
propane
methane

n-butane

butene-1

e @thane
—

iso-butene
trebutene 2

cis—butene-2

1 1
min 20 10 [}

Fig. 3.6 Analysis of hydrocarbon mixture with micro-packed column.
Spherosil ( 66 mz/g)/lo%squalane, 100-200 ym, L = 5 m, I.D. = 0.

mm, T = 70°C, P; = 3.2 atm. n . (at 1.7 atm.) = 10,200 for
n-butane (k = 2.9).
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3.7 Analysis of hydrocarbon mixture with micro-packed column.
Porasil C/phenyl isocyanate, 180-200 ym, L = 15 m, I.D. = 0.8 mm,

T = 70°C, P; = 3.5 atm., Nopt. (at 3.6 atm.) = 46,000 for
butadiene-1-3 (k = 4.4).
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Fig. 3.8 Analysis of hydrocarbon mixture with micro-packed column.

Chromosorb W-AW/5 % squalane, 180-200 pym, L = 15 m, I.D. = 0.8 mm,

= Cc = =
T = 70°C, Pi 3.5 atm., nopt. (at 3.9 atm.) 33,500 for
n~-heptane (k =4.6).
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~ 1 me-isoprop-amphet. ;
“ }
but-amphet,
me- eth.amphet.
iso-prop—amphet. j
. amphnet.
me-amphel. :
amphet. ;

or L—v

Fig. 3.9 Analysis of amphetamines with micro packed column, Chromosorb
W-AW/S % KOH/10 % OV 101, 180-200 uym, L = 16 m, I.D. = 0.8 mm,

7= 1259, P, = 4.0 atm., n {at 4.0 atm.} = 25,000,

i opt.

uiw

estriol

St P R— pregnanediol

allopregnanediol
testosterone !

estradiol
pregnanolone

f1 ketoandrosterone
dehydroepitandrosterone

etiocholanolone

androsterone

0
]

n-Cay

\ n-Cap

o} | P—

Fig. 3.10 Analysis of steroids with micro-packed column. Glass beads
GLC 110 (DOW CORNING)/ 0.05 % SE-30, 180-200 ym, L = 15 m,

1.0, = 0.8 mm, T = 220°%, P, = 3.5 atm., n = 145,500.

i opt.

)
i
|
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3.6 OPEN-HOLE TUBULAR COLUMNS.
3.6.1 Introduction

The outstanding advantage of open-hole tubular
columns, as can be concluded from section 3.4, is the
low resistance to gas~flow and the consequent low pres-
sure-drop,The resulting high permeability of such columns
permits the use of very long columns, which may have a
large number of theoretical plates.

Therefore this column type is extremely suitable
for the analysis of complex mixtures of hydrocarbons,
which may consist of a great number of closely related
isomers.

In addition the following advantages of this column
type must be mentioned. Since peak area is proportional
to the amount of sample, the peaks will also be corres-
pondingly taller compared with peaks obtained with packed
columns for the same sample size. That is why the detec~
tion limit is lower for open-~hole tubular columns. For
several reasons, discussed in chapter 2, index systems
which can be applied to the characterization of compounds
by purely GC means, are much more reliable for open-hole
tubular columns.

The application of this column type reguires a de-
tection system which combines high sensitivity, low dead
volume and fast response., Therefore the flame ionisation
detector which exhibits all these characteristics is the
detector of choice.

To enable the application of tabulated retention data
for the characterization of compounds by purely GC means,
the preparation of high-resolution columns must be repro-
ducible.

Some problems encountered in the preparation of
open-hole tubular columns will be discussed below.
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A simple procedure is described which guarantees a
constant column quality for gualitive analysis of hydro-
carbons.

. 3.6,2 Column efficiency and film thickness.

Column efficiency is usually expressed as the number
of theoretical plates or the height equivalent to a theo-
retical plate, H,{(16). According to Giddings et al (26)
the column efficiency of open-hole tubular columns can be
expressed by:

= (B
H = (v + Cgv) f1 + Cl vfg (3.186)
B, Cg and Cl are given Sy:
B = 2 Dg (3.17)
Lu2 2
Cg=.!.tﬂ<i.1_!1.2‘_ . B (3.18)
24 (1+k) .Dg
3 2
k r
Ci= —5 . —5— (3.19)
1 6(1+k)2 K™D

In these equations,

fl‘ f2 = correction factors for non ideal gas phase

v = linear velocity of a not retarded component.

r = radius of the column.

Dg = diffusion coefficient of the solute in the gas phase.

Dl = diffusion coefficient of the solute in the liquid phase.
k = capacity ratio.

Substituting the relation,

v
K=2 k = gk (3.20)
V1



97

in egn. 3.19, yields:

2
c, = k s . § 3.21)
(1+k) 68 Dl
where
Vg = volume of the gas phase.

Vl = volume of the stationary phase.

The relation between B and the f£ilm thickness (df) is
given by:

2
v (r=d.}
e=v—5= s % L (3.22)
1 r -(r-—df) 2df

for r >> df'

Substituting egn. 3.22 in 3.21 it follows:

2
. d,
c, = —3 . = : (3.23)
2 )
3(1+k) Dl
since

K = —— k ~ {3.24)
2 4, :

Since Cl and Cg decrease with decreasing film
thickness the plate number will increase with decrea-
sing film thickness,

A second reason to strive after a thin film is the
analysis time, which increases with increasing film
thickness. '

There are also some arguments, however, for the
application of a thick film, Firstly, the capacity ratio
is directly proportional to film thickness, sc that the.
number of theoretical plates required for complete sepa-
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ration (nn) of two peaks, iz increasing with decreasing
capacity ratio (k), as can be seen from the equation:

2 2
R k+1 v
n, = ———x . ( =) (13.25)
T (r-1) k
Where R = resolution reguired for complete separation.
r = relative retention of the compounds to be

separated.

At the same time the sample capacity will decrease
with decreasing film thickness, which may result in over-
loading of the column.

The third argument concerns the adsorption effect
of the column wall.

At low liquid loadings the column wall will be not
sufficiently desactivated and interact with the solute
which will result in concentration dependent retention
times, as discussed in section 2.6.5.

Weighing these factors one against another it can
be concluded that a minimum film thickness is required,
so that the adsorption effect of the column wall can be
neglected. For an optimal analysis time in addition the
ligquid film should also be homogeneous. |

Generally it can be said from personal experience
that with a mean film thickness between 0.5 and 1.5 p, the
best results are obtained in practice.

3.6.3.Preparation of Open~hole Tubular Columns.

Column cleaning.

Prior to coating metal column tubings must be cleaned
in order to eliminate the material that may have been left
inside as a result of the manufacturing process. Open-hole
tubular columns as received appear to have capacity ratios
for n-hexane at 25°C of more than 1.5.
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Several cleaning procedures reported in literature (17—
19) were tried during this investigation. The metal capilla-
ries are subjected to a number of cleaning steps, forcing
subsequently different organic solvents through the tubing.
After washing the tube is dried in a stream of inert gas
prior to coating.

In order to control the c¢leaning procedure the column
is subjected to an intermediate test. This test indicates
whether the column allows a successful coating or the pre--
treatment must be repeated.

at 25°C a mixture of methane and n-hexane and benzene
vapours, is injected to the column. As discussed in section
2.6.5., n-hexane and benzene have different adsorption pro-
perties; benzene being the most strongly adsorped hydrocarbon
in the studied range, C4—Cg.

Benzene and n-hexane appeared to be separated in all
cases. It was observed that the more intensive the cleaning
the more asymmetric the benzene peaks. For thouroughly
cleaned columns even the n-hexane peaks were asymmetrical.

Columns with a very asymmetrical benzene peak give
rise to serious coating problems if squalane was used as
the stationary phase. The reproducibility of retention in-
dices for unsaturated hydrocarbons was rather poor (1-3 index
units) and the life time of the columns was short (about 3
weeks). This problem could not be solved by recoating the
column several times.

Such columns, which are unemployable for coating
with squalane, appeared to be particularly useful for
coating with polar stationary phases, e.g. dimethyl-
sulfolane and acetyltributylcitrate. The reproducibili-
ty of retention indices for all types of hydrocarbons
for different columns coated with acetyltributylcitrate,
at 50° ana 70°C, was within 0.1 index unit. In all cases
the first coating was successful, The quality of the
columns was excellent ( n > 3000, life time > 1 year, the
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constancy of retention indices during 1 year bettér than
0.2 index units).

With a "soft" cleaning procedure, using only n-hex-
ane and benzene, the symmetry of the bengene peakiwas
much better. After continuing the flushing with these two
solvents until the capacity ratio of n~hexane is about 0,05,
squalane columns can be prepared which permit reproducibility
of retention indices for all hydrocarbons within 0.2 index
units, for peaks which are completely separated.

As an example,; the influence of the gquantity of n-hex~
ane and benzene used for the cleaning of a 100 m column, is
demonstrated in Fig. 3.11.

kce t

2.0p
L

1.5

1.0}

0.5

ml hexane

m! benzene

Fig. 3.11 Dependence of the capacity ratio of n-hexane on the quantity
of organic solvents during the cleaning of a stainless steel
column,

It can be observed that in this case, after flushing
3 times with 15 ml of n~hexane and 15 ml of benzene,a mini-
mum capacity ratio for n-hexane is obtained of about 0.05
at 25°C. If the cleaning is continued the capacity ratio
of n~hexane is increasing as is the asymmetry of the benzene
peak.
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Following the cleaning and test procedure described
before, it can be expected that the reproducibility of
retention data between laboratories can be within 0.2
index units, for hydrocarbons.

Column Coating.

There are two different methods to deposite the sta-
tionary phase on the column wall, the static method, de-
veloped by Golay (1) and modified by Bouche and Verzele (20)
and the dynamic method introduced by Dijkstra and de Goey (21).

The last method is used in this investigation. In this
method, a solution of the stationary phase in a volatile
organic solvent is forced through the tubing, with the aid
of an inert gas. The inside wall of the column is wetted
by the solution. Subsequently the solvent is evaporated by
a small flow of the inert gas through the column for a few
hours.

The advantages of this method are that it does not
requires special equipment and that it can be carried out
relatively gquickly and easily.

The volume of the coating solution can be smaller or
larger than the column volume. The first method is called
the "plug method".

As discussed In section 3.6.2.the guality of the column
is determined by the thickness and uniformity of the liquid
layer on the inside column wall. In the case of a thin 1ayér
adsorption on the column wall predominates.

Thick films on the other hand are not stable and will
clog the end of the column., Mean film thicknesses between
0.5 and 1.5 are therefore applied'in this investigation.

The thickness of the film will mainly depend on the
xdughness of the wall, the viscosity and polarity of the
solvent and the linear speed of the coating solution.
According to Desty and Kaiser (22,23) the best results
will be obtained with 5-15% concentrations of stationary
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phase in the solvent and linear velocities between 2 and
10 cm.secnl. To obtain a uniform film the velocity of the
coating solution through the column must be constant.

At constant pressure drop across the column, using
the plug method, the length of the plug will decrease by
wetting of the column wall, so that the linear velocity of
the plug will increase. When the volume of the coating
solution is larger than the column volume the linear ve-
locity will also be not constant in the beginning and at
the end of the coating.

To prevent the decrease of the length of the plug
a combination of both these methods can be used. In first
ingtance a coating solution of three times the column vo-
lume is forced through the column at constant inlet pressure.
Immediately after the total quantity of this solution has
passed the column, a plug of about 10% of column volume is
forced through the column, also at constant inlet pressure.
After drying with a gentle stream of inert gas, during 8
hours, the column is placed in the gaschromatograph for
conditioning.

In all experiments the concentration of stationary phase
in the solvent was 10%, the linear velocity of the coating
solution was always between 5 and 10 cm.sec—l. ‘

The regularity of the film along the column, for the
three variants of the dynamic method mentioned before, is
investigated as follows:.

The quantity of stationary phase was determined for a
100 m stainless steel column by weighing the column be-
fore and after coating. The mean film thickness was calcu-

lated by the eguatian:

a; = —_d (3.26)
2n.d.1l.p

where g = weight of stationary phase (g)
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density of stationary phase (g.cm™3)

©
i

‘1 = length of the column (cm)
d = diameter of the column (cm)
df= £film thickness (cm}.

The mean film thickness of this column was 0.7 yu, which
corresponds with a capacity ratio of 1.20 for n~hexane at
50°C. Since the film thickness is directly proportional to
the capacity ratio, these results allow the comparison of
the mean film thickness of different columns, independent
of column length.

Cutting up the column into pieces of known lenéth and
comparing the mean f£ilm thickness of the fragments, the
uniformity of the liquid film can be determined. In this
way the uniformity of the distribution of stationary phase
along the column for the three variants of the dynamic
method can be compared.

The results of this comparison, presented in Table 3.4
are obtained with 30 m columns at SOOC, measuring the capaci~
ty ratio for n-hexane of fragments each 5 m long.

Table 3.4 Dependence of the uniformity of the film thickness on the
coating method. Method 1: coating solution 3x column volume,
Method 2: coating solution 10 % of column volume. Method 3:

Combination of method 1 and 2, Length of column: 30 m,
Length of fragments: 5 m.

Mean film thickness in

Method I . Method 2 Method 3
0-5 m 0.4 0.5 0.6
5-10 m 0.7 0.6 0.6
10-15 m 1.0 0.6 0.7
15~20 m 1.4 0.6 0.7
20-25 m 1.8 0.8 0.7
25~30 m 2.1 1.0 0.7
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It can be seen frokaable 3.4 that the uniformity of
the film obtained by the combination of method 1 and 2 gives
the best results, Therefore this method, which isgused in
all cases in this investigation, has to be recommbnded for
the preparation of long open~hole tubular columns for the
separation of hydrocarbons.

Column Conditioning.

After the freshly prepared column is dried, it has to
be conditioned. To achieve this, the column is placed in
the gaschromatograph and the temperature is raised in steps
of 15°C to a maximum operating temperature, 70°C in this
case. The temperature is kept constant for all the steps
during about 4 hours, under a small flow of carrier-gas
(0.5 - 1.0 ml.min" ).

After the last step the conditioning of the column is
continued about 100 hours at the maximum operating tempera-
ture, after which the column is ready for use. Conditioning
the column in this way improves its stability and results
in a lower background signal as compared with a freshly
prepared column,

Quality Control of the Column,

Por all columns, cleaned, prepared and conditioned
as described before, the reproducibility of retention in~
dices of hydrocarbons was better than 0.2 index units.
The capacity ratio of n-hexane, at SOOC, for squalane co-
lumns was between 0.8 and 2,5, For the acetyltributylci-
trate columns this value was between 0.4 and 0.8, The
ratio of the front-side and the back-side peak width at
half the height of the peak, which is a measure for the

peak symmetry, was larger than 0.9 for benzene, at 50°C,
in all cases. The sample quantity was always less than

10 “g.
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CHAPTER IV
CHARACTERIZATION OF HYDROCARBONS
BY MEANS OF ACCURATE RETENTION DATA

4.1 INTRODUCTION.

Although gas chromatography is essentially a method of
separating a mixture into its constituents, gualitative and
quantitative information can be obtained for each component.
A gas chromatogram yields, for each component, one character-
istic retention value and one typical detector response fac-
tor.

For qualitative analysis use can be made of the different
selectivities of various detectors. A mass spectrometer used
as a detector will give a highly characteristic response
for each compound in the form of its mass spectrum. There
are however cases, where different substances, e.g. hydro-
carbon isomers, exhibit almost identical mass spectra. In
those cases the retention value remains important even if
a coupled mass spectrometer is available.

Retention values will become more characteristic with
increasing accuracy and precision. At the same time the sepa-
ration power of the column should be made as high as tech-
nically possible (section 2.1).

The use of different temperatures and of different col-
umns adds considerably to the final characterization. The
possibility of coincidence of various retention data can be
greatly reduced in this way.

Since in many laboratories collections of standard sub-
stances are incomplete or not available, sets of collected
accurate retention data will be essential for characteriza-
tion purposes. Apart from this it will save very much time
if tables of accurate retention data are available.



108

To enable the exchange of retention data within and
between laboratories) all possible sources of error in the
gas chromatographic system have to be eliminated té such
an extent that the accuracy of the retention data keeps
step with the separation power of the column. With a high
quality equipment (2.5) and high resolution open-hole tu-
bular columns (3.6.3), retention indices of some 170 hydro-
carbons have been measured at SOOC and ?OOC, with squalane
and acetyltributyleitrate as the column liquids.

The agreement between the results presented in this
thesis and retention indices given in the literature and the
reproducibility within our laboratory will be discussed in
the following sections.

The application of precise retention data and the tem—
perature dependence of the retention index for type classi-
fication will be demonstrated by two examples.

Finally the potentialities of precise retention data
for the characterization of compounds in complex mixtures
of hydrocarbons is shown. For this purpose a system of
coupled high resolution columns of different polarlty, with—
out valves in the sample path, was developed. This system
enables the transfer of a part of a selected peak, eluted
from the first column, on to a second column of different
polarity. In this way compounds which are not or not comp-
letely resolved on the first column, can be separated and
characterized on the second column. The accuracy of reten-
tion data obtained with this system is as good as the accu~
racy cbtained with single columns.

4.2 REPRODUCIBILITY OF RETENTION INDICES WITHIN OUR
LABORATORY.

The reproducibility of retention indices within our
laboratory is shown in Table 4.1 (stationary phase:
squalane) and Table 4.2 (stationary phase: acetyltributyl-
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citrate}. The measurements were done on two different instru-

ments with different stainless steel columns and by different

operators. The time difference between the measurements was

about one year for both phases. The internal diameter of the

the columns was 0.25 mm. The length of the squalane columns

was 100 m. The lengths of the acetyltributylcitrate columns

were 50 and 75 m. The age of all the columns was less than

6 months.

Table 4.1 Reproducibility of retention indices and their temperature
coefficients, within our laboratory, for apolar columns.
Operating conditions and system design: section 2,5. Quantity
of sample: 10“89. Carrier gas: nitrogen. Pressure drop over the
column: 2.500 atm. Stationary phase: squalane. Method of time

measurement: instrument 1, stopwatch; instrument 2: digitizer~-
computer system. Number of measurements: > 4.

Component Instrument 1, Column 1 Instrument 2, Column 2
Operator 1 Operator 2 11—2
I?O s.d. d1/4T s.d I s.d. 41/dT s.d.
2-me~hexane 666.96 0.035 0.017 0.003 666,98 0.005 0,018 0.001 - 0.02
2-2~di~-me~hexane 720.47 0.028 0.052 0,002 720.47 0.006 0,051 0.002 0.00
2-2=3-tri-me~hexane 824.30 0,024 0.137 0.004 824,32 0.005 0.136 0.001 - 0.02
2=2~3=3-tetra~-me~ 857.49 0.026 0.270 0.002 857.48 0.005 0.270 0.001 0.061
pentane
cyclohexane 667.12 0.030 0.220 0.002 667.14 0,005 0,222 0.001 - 0.02
heptene~1 682.33 0.021 0.025 0.002 682,32 0,004 0,023 0.002 0.01
2-me~tr-hexene-3 646.70 0.015 -0.019 ©0.001 646.70 0.006 ~0.019 0.002 0.00
2~2~di~me-cis-hexene-3 718.81 0.018 0.102 0.001 718.81 0.005 0.103 0,001 0.00
2~3-4-tri-me-pentene-2 766.76 0.022 0.04r 0.003 766,78 0.006 0.042 0.001 ~0.02
benzene 641.81 0.024 0.232 0.002 64:1.90 0.005 0.232 0.001 - 0.0%

Table 4.1 clearly shows that the reproducibility of
retention data, for hydrocarbons on squalane, within our
laboratory, is in most cases considerably better than 0.1
units. As discussed in section 2.4.4 the difference of the
standard deviations of retention indices and dI/4T values
on columns 1 and 2, is caused by the method of time meas-
urement {column 1l: stopwatch, column 2: digitizer-computer
system).
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It might be concluded that the agreement of retention
indices on both columns, for alkanes, is independeﬁt of the
value of d1/dT. This means, the difference of the temperature
between both columns is negligibly small. Since the components
of the mixture are completely separated, the influence of
peak shift can also be neglected. Therefore it seems, consid~-
ering the reproducibility of the retention indices of benzene
(section 2.6.5), that the polarity of the columns is slightly
different.

Table 4.2 Reproducibility of retention indices and their temperature
coefficients, within our laboratory, for polar columns.
Operating conditions: see Table 4.1. Stationary phase: acetyl-
tributylcitrate, Method of time measurement: digitizer-
computer system. Pressure drop over the column: column 1,
1.000 atm.; column 2, 1.500 atm. Column length 50 and 75 m.
Number of measurements: 4,

Component Instrument 1, Column 1 Instrument 2, column 2

Operator 1 Operator 2

170 s.4. ar/ar s.d. 170 s.d. dr/ar s.d. 11_2
2-me-hexane 667.20 0.009 0.013 0.003 667,27 0.007 0.012 0.001 <~ 0.07
2~2~di~-me~hexane 721.64 0.009 0.047 0,002 721,69 0,007 0.048 0.001 - 0.05
2=-2=3=tri-me~hexane 829.04 0O.vl2 0.139 0.001 829.06 0,006 0.138 0.003 -~ 0.02
2=2~-3=3~tetra~mo-pentane 866.40 0.008 0.290 0.002 866.4% 0,012 0.290 0.003 -~ 0.09
cyclohexane 681,55 0.011 0.224 0.002 681.44 0.011 0.234 0,002 ¢.11
hexene-1 617.05 0.006 0,009 0.004 617,00 0.007 0.005 0.001 0.05
2-me-tr~hexene-3 675.69 0.007 ~0.055 0,003 675.69 0.006 -06.056 0.002 0.00
2~2-di=me~cis~hexene~3 748.60 0.008 0.083 0.002 748.65 0.008 0.082 0.0062 - 0.05
2=-3-4~tri-me-pentene-2 802.24 0,008 0.005 0.002 802.30 0.008 0,005 0,003 - 0.06
benzene 779.40 0.008 0.190 0.002 779.36 0.009 0.187 0,003 0.04

The repeatability of the polar columns is somewhat less
than the repeatability of the squalane columns., For the time -
measurement the digitizer computer system is used. Possibly
this difference is caused by the lower pressure drop over the
columns (section 2,4.2).

However, the reproducibility of retention indices for
the polar columns is also within 0.1 index units, it seems
that also the reproducibility is somewhat lower than for the
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squalane colunmns.

The excellent reproducibility of the 4I/4T values for
both(phases allows its application to the characterization
of hydrocarbons in complex mixtures, as will be discussed
in section 4.5.

4.3 TABULATION OF RETENTION DATA.

Under the experimental conditions given in section 2.5
and with columns prepared according to the procedure de-
scribed in section 3.6.3, retention indices of 170 odd hydro-
carbons are given in Table 4.3, at 50°¢ and 70°c. Sgualane
and acetyltributylcitrate are the stationary phases.

The measurements were done with synthetic mixtures of a-
bout 30 hydrocarbons each, which all were completely separated
at both temperatures. The composition of the mixtures was
different for both phases. Normally the standard compounds
(n-alkanes) were included in these mixtures. In those cases
where a compound was not or not completely separated from a
standard, this n-alkane was omitted in the mixture. The ad-
justed retention time of this n-alkane was calculated from
its relative retention time in the other mixtures. The reten-
tion time of methane was taken as the "dead time" in.all the
measurements (2.6}. The quantity of sample was always less
than 10-8g per component. The carrier gas was nitrogen. For
the squalane columns the pressure drop across the column was
2.500 atm. + 0.002 atm. The c¢olumn length was 100 m, the inter-
nal diameter (.25 mm. The column material was stainless steel.
The pressure drop over the acetyltributylcitrate columns was
1.000 respectively 1.500 % 0.002 atm., for column lengths res-
pectively of 50 and 75 m. The column material and the internal
diameter of the columns was the same as for the squalane col-

umns .
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Table 4.3 Retention indices of hydrocarbons on squalane and acetyltributyl-
citrate, at 50 and 70°C and their temperature coefficients.

Sgualane Citroflex Ry

Component

fso  I7o & Iso  T70 &
tr-butene~2 406.6 406.3 - 0,015 440.9% 440.3 - 0.034
2-2~di=me~-propane 412.3  412.9 0.030 412.4 414.4 0.102
cig~butene-2 416.9 417.3 0.017 454.5 454.3 -~ 0.012
3-me-butene~-1 450.3 450.8 0.025 - - -
2-me-butane 475.3 47%.5 0.007 475.2 475.8 0.028
1~-tr-2-di-me~cyclopropane 479.2 479.8 0.028 - - -
pentene~1 481.8 482,1 0.017 515.5 515.6 0.003
2-me~butene~1 488.0 488.1 0.005  525.2 524, - 0.015
tr-pentene—2 500.0 499.8 - 0.010 535.1 534.3 - 0,041
cis-pentene~2 504.9 505.1 0.010 542.2 542,0 -~ 0.009
3=3~di-me-butene-1 506.8 50B.1 0,065 536.7 537.4 0.039
eth-gyclopropane 510,2 511.5 0.066 - - -
3-me-butadiene~1-2 510.3 509.9 -~ 0.020 581.3 579.8 - 0.073
2-pe-butene~2 514.3  514.4 0,003 551.5 551.2 ~ 0.019
1-cis-2~-dim-cyclopropane 514.9 §16.2 0.057 546.9 54758 0.037
pentadiene~1-tr-3 515.8 516.5 0.035 585.6 5951 - 0.024
pentadiene-1-2 525.6 525.9 0.016 598.5 397,2 - 0.062
pentadiene-2-3 530.2 529.5 -~ 0.032 603.5 601.1 - 0.072
2-2~di~me-butane 536.8 538.5 0.082 536.9 53B8.% 0.084
1=1=2=~tri-me~cyclopropane 549.2  550.3 0.054 - - -
4-me-pentene~1 549.4  550.4 0.05¢ 581.4 582.0 a.0
cyclopentene 549.5 552.0 0.128 596.1 - -
3-me-pentene~1 551.4 553.0 0.079 582.1 58354 0.063
4-me~cis-pentene~2 556.2 556.6 0.024 589.1 589@1 - 0.002
2~3~di-me-butene-1 558.8 559.6 0.043  593.7 594.3 0.026
4-me-tr-pentene-2 561.9 561.6 - 0.013 593.5 592.7 ~ 0.043
hexadiene~1~5 562.9  563.7 0.040 631.4 631.7 0.017
cyclopentane 565.7 568.5 0.138 583.2 586.2 0.147
2-3-di-me~butane 567.3 568.9 0.077 568.5 570.2 0.084
2-me~pentane 569.7 570.0 0.017 569.6 570.0 0.020
2-me-pentene~1 580.1 580.6 0.022 616.7 616.7 0.002
hexene~1 582.3 582.7 0.024 616.9 617.1 6.009
3-me-pentane 584.2 585.1 0.045 585.3 586.3 0.048
2-eth-butene~1 §92.0 592.1 0.005 628.0 627.9 -~ 0.009
tr~hexene-3 $92.% 591.6 ~ 0,022 625.0 624.0 ~ 0.082
cis-hexene~3 582.6 593.0 0,019  627.2 627.4 0.008
tr~hexene-2 596.9 596.7 - 0.007 630.4 629.8 - 0.063
2-me-pentene-2 597.8 597.6 - 0.011 634.5 633.7 0.038
3-me~cis~pentene~2 602.8 603.4 0.033 646.¢ 640.1 0.030
3-me~cyclopentene 603.2 606.1 0.143 646.3 648.7 0.120
cis~hexene~2 603.6 604.1 0.025 640.1  640.2 0.007
4~4~di-me~pentene—l 604.6 606.5 0.094 634.8 636.4 0.076
3-me~ty-pentene-2 612.7 612.9 0.008 649.4 649.2 - 0.015
4-4-di-me~tr-pentene-2 614.7 614.6 - 0.008 662.8 664.8 0.100
1~1=2~2=-tetra~-me~cyclopropane 619.9 §21.7 0.095 - - -

eth~cyclobutane £21.1 623.6 0.122 634.7 £37.2 0.125



2-3-di-me~butene~2
2-2-di-me-pentane
3~3-di-me~pentene~1
me-cyclopentane
2~3=3~tri-me~butene-1
2-4§~di-me-pentane
4-4~di-me~cis~pentene~2
3=4~-di-me~pentene~1
benzene
2=4-di-me-pentene-1
2+2~3~tri-me~butane
2~-4~di-me-pentene~2
1-me~cyclopentene
3-me~hexene-1
3-eth-pentene-1
2-me-tr~hexene-3
S-me-hexene-1
2~3~di-me-pentene-1
4-me-cis-hexene-2
4-me~tr~hexene-~2
4-me-hexene~1
3-3-di~me-pentane
3-me-2-eth-butene~1
S-me-tr~hexene-2
cyclohexane
2-me~hexane
3-4~di-me-cis~pentene~2
2-3~di~me-pentane
1~1~di~me—cyclopentane
3-me-hexane
2=me-hexene~1
3-4-di-me~-tr-pentene~2
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625.1
625.86
626.2
627.9
628.5
629.8
635.5
636.9
637.2
637.7
€39.7
640.6
644.5
644.7
646.9
647.1
650.0
650.4
654.9
656.7
657.9
658.9
659.1
659.5
662.7
666.6
670.6
671.7
673.5
676.2
678.1
678.3
681.8
681.8
682.7
684.6
686.0
686.8
687.5
689.2
689.9
690.4
691.2
691.2
692.8
693.3
695.1
697.2
698.4
703.4
704.3
712.4

625.7

627.0
628.5
631.0
630.7
630.5
637.6
639.2
641.8
639.0
642.6
640.90
646.8
6§46.0
648.9
646.7
650.9
652.2
656.1
657.4
659.3
661.5
659.9
659.8
667.2
667.0
671.5
673.4
677.1
676.9
678.5
676.8
682.3
682.3
685.9
685.0
687.2
6§90.1
687.4
692.4
692.0
691.1
691.2
691.1
692.4
694.1
694.7
697.7
698.5
704.2
706.8
715.8

0.026
0.065
0.117

0.152 .

0.112
0.035
9.105
0.112
0.232
0.065
0.144
0.030
0.165
0.068
0.101
06.019
0.044
0.099%
0.060
0.038
0.063
0.132
0.040
0.015
0.222
0.017
0,044
0.085%
0.183
0.036
0.023
0.029
0.025
0.025
0.163
0.020
0.057
G.165
0.006
0.159
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0.034
0.002
0.009
0.020
0.045
0.021
0.030
0.001
0.038
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0.171
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625.7
656.0
641.4
645.6
629.9
668.0
667.1
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641.9
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684.2
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684.2
691.2
660.6
692.3
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673.9
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715.3
712.9
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688.9
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690.6
724.7
727.2
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729.4
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733.4
732.1

741.4

736.0
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663.4
627.0
658.1
€45.1
644.9
630.5
669.7
669.2
779.4

645.1

673.5
691.2
676.6
677.8
§75.7
685.5
685.7
687.4
687.1
692.2
663.4
692.7

681.6
667.2
713.0
675.8
689.6
678.1
715.3
712.9
716.7
717.3

725.7
690.0

718.6
702.8
692.0
724.9

726.7

¥20.5
719.5
729.8
719.5
733.4
731.7
741.8
738.3
757.9

0.000

'0.065

0.106
0.188
0.036
0.032
0.085
0.101
0.190

0.159
0.063
0.093
0.055
0.092
0.055
0,024
0.075
0.046
0.145
0.052
0.144
0.022

0.234
0.013
0.001
0$.094
0.187
0,035
0.004
0.001
4.006
0.008

0.036
0.055

0.032
0.152
0.068
0.012
0.025
0.010
0.057
0.023
0.054
0.002
0.022
0.020
0.117
0.166
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715.4
716.8
719.4
720.9
723.6
725.8
728.4
731.9
733.8
734.86
735.0
737.1
739.3
741.1
741.1
743.5
745.4
747.1
747.8
749.9
752.4
759.4
760.1
761.4
763.2
764.9
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767.2
770.6
772.3
772.7
773.1
774.0
776.3
778.4
781.2
783.6
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789.1
790.3
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£91.8
802.2
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805.6
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812.1
815.4

716.3
718.8
720.5
725.1
721.5
730.6
729.0
733.0
737.5
738.3
737.4
740.2
740.9
744.5
741.2
745.9
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748.8
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763.4
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767.9
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772.6
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776.4
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783.9
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0.044
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0.243
0.030
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0.183
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0.152
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0.291
¢.072
0.132
0.182
0.000
0,287
0.275
0.267
0.261
0.157
0.084
0.247
0.051

749.7
746.%
720.7
734.6
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765.4
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826.4
794.0

831.4
816.3
818.5
822.2
823.0
813.4
B17.0
828.6
817.6

0.013
0.083
0.047
0.212
0,190
0.257
0.010
0.053
0.196
0.183
0.103
0.164
0.067
0.178
0.030
0.129
0.215
0.063
0.167
0.002
0.146
0.218
0.072

0.026
0.013
0.005
0.803
0.104
0.029

0.223
0.203
0.081
0.109
0.011
0.012
0.255
0,252
0.02%
0,138

0.024
0.307
0.288
0.272
0.260
0.166
0,081
0.264
0.044
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2~2~3=4~tetra-me-pentane 81%.56 824.0 0.218 826.0 830.6 0.23)
1-me~cis~2Z-eth~cyclopentane 821.0 B25.6 6.233  834.0 838.8 0.240
2-2-3~tri-me~hexane 821.6 824.3 0.138 826.3 829.0 0.139
2=-2-di~me~3-eth~pentane 822.2 826.2 0.200 826.8 831.0 0.210
1-cig~2~di~me~cyclohexane 829.3 835.4 0.307 = 842.2 - -

n-prop-cyclopentane 830.3 834.0 0.184 843.2 847.0 9.183
eth~cyclohexane 834.3 839.7 0.269  845.7 851.3 . 0.278
eth~benzene 834.6 839.8 0.262 - - -

3~3~di-me-heptane 835.8 838.0 0.110 83%.1 8&1.3 0.108
2-4~di-me-3-eth-pentane 836.5 839.9 0.171 B41.7  845.4 0.183
1-1-3-tri~me-cyclohexane 840.4  846.0 0.282 850.2 855.9 6.286
2-3-4=-tri-me~hexane 849.1 852.0 0.146 B54.8  857.9 0.158%
1-4-di-me-benzene 852.1 854.0 0.247 - - -

2-2-3=3~tetra-me-pentane 852.1 857.5 = 0.272 860.6 866.4 0.29%0
2<3-3~4-tetra~me~pentane 858.0 863.2 0.257 865.7 B71.3 0.278
1-2-di-me-benzene 869.6 875.3 0.285 - - -

3-me-octane 870.2 870.7 0.03¢0 871.7 872.3 0.028
3-3-di-eth~pentane 877,2 882.4 0.262 882.5 888.3 0,286

4.4 INTERLABORATORY AGREEMENT OF RETENTION DATA.

The possibility of the efficient exchange of retention
data, as a tool for the characterization of compounds by gas-
chromatography, greatly depends on the accuracy of these data.

Previous publications (1,2) comparing retention data of
different laboratories (ring tests) show that for hydrocarbons
the agreement is only 1 to 10 index units.

In some cases it has been claimed that retention data
can be acquired with a precision of 0.1 index units {3-6) or
even better. (7-10). Results obtained by these authors are
compared with our results in Table 4.4, for hydrocarbons dif-
fering in structural type and degree of branching. Retention
indices measured at a different temperature (Sojak: 86°C) were
converted to 70°C, using our d1/dT values.

Retention indices of Matukuma (6) and Hiveley and Hinton (5}
are omitted. Their values for unsaturated compounds are up to

3 index units higher thai: the mean values of the other labora-
tories.
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Table 4.4 Comparison of retention indices of CS-C9 hydrocarbons
measured in different laboratories’, Temperature: 70°%¢.
Stationary phase: squalane.

170 |
Tourres Sojak Sc’fﬁ’;‘?ﬁ’ﬁ‘)’ Rijks AIm AIa_b 4a1/4T
a

3-me~hexane 677.3 - 676.95 676.94 0.4 0.01 0.036
2«3~-3i-me-pentane 673.7 - 673.37 673.41 6.3 -0,04 0.085
2-3~3~tri-me-pentane 764.1 - 763.22 763.42 6.9 -0,20 0.202
2-2-3-3~tetra-me-pentane 858.1 - 857.21 857.51 0.9 -0.30 0.272
cyclopentane 568.2 - 568.18 568.4% 0.3 -0.31 0.138
eth~cyclopentane 738.2 - 737.24 737.49 1.0 -0.25 0.183
cyclohexane 667.5 - €66.75 667.15 0.7 -0.40 0.222
eth~cyclohexane 840.3 - 838.95 839.66 1.3 ~0.71 §.269
hexene~1 582.2 582.6 582.71  582.73 0.5 ~0.02 0.024
heptene~1 682.3 682.4 682.30 682,33 ¢.1 -0.03 06.025
octene~l 781.5 781.9 781.65 781,71 0.4 -0.06 0,028
tr~hexene~2 597.8 596.8 596.78 596,71 1.1 0.07 -03.007
tr-hexene~3 591.6 591.7 591.66 591,61 8.1 0.05 -0.022
tr-octene-4 783.7 784.0 783.84 783.86 0.3 =-0.02 0.014
3~me~cis~hexene-3 684.5 L - €85.04 685.04 0.5 0.00 0.020
2=3=di-me~pentene~1 &52.0 - 652,18 652.23 0.2 -0.05 0.099
2~3-3~tri~me-butene-1 €30.7 - 530.67 630.71 0.0 -0.04 0.112
2~4~4~tri-me-pentene~2 716.3 - 716.33 716.28 0.0 0.05 0.044
cyclopentene §51.1 - 551.57 552.03 0.9 -0.46 0.128
pentadiene-2-3 5§30.2 - 529.26  529.51 0.9  ~0.25  -0.032
hexadiene-1-5 563.3 - 563.48  563.74 0.4 -0.26 0.046
benzene - 642.9 641.56 641.88 1.3 ~0.32 0.232
toluene - 750.2 748.93  750.15 1.3° -1.22 0.240
eth-benzene - 840.1 838.69 839.81 1.4 -1.12 0.262
p-xylene - 854.1 852.95 854.00 1.1 ~1.05 0.247
o-xylene - 875.5% 874,05 875.31 1.4 ~1.26 0.285

The deviations (AImax) are larger than can be explained
by the confidence limits (0.2 index units) of the respective
measurements. They can only be partly explained by systematic
differences in temperature or by different methods of esti-
mating the dead time (tM). Most likely the main factors contri-
buting to these discrepancies are the adsorption by the column
wall in combination with sample size (asymmetric peaks) and the
non ideality of the carrier gas (chapter 2).

This result does not come up to the expectations given
rise to in section 4.2, an agreement of retention data between
laboratories better than 0.2 index units.
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However, with exception of benzene the retention indices
given by Sojak at 86°C, after conversion to 70°C with our
d41/dT, agree with our data within 0.3 index units even for

aromatic compounds, which are most strongly influenced by ad-
sorption and non ideality of the carrier gas.

To enable a discussion of systematic deviations between
laboratories, it was agreed with Schomburg to exchange some
mixtures of hydrocarbons for measurement of retention indices
on open-hole tubular squalane columns, at 70°C. The choice of
all other experimental conditions was free. The repeatability
in both laboratories corresponds with a standard deviation of
< 0.05 index units. The column material was glass in Schomburgs
laboratory and stainless steel in our laboratory.

Considering the results of this exchange, given in Table
4.4, it can be concluded that the difference in retention in-
dexk (A Ia—b)
is systematic. This difference can be explained for the

, which is considerable for aromatic compounds,

main part in the following way.

There is no reason to doubt that the stationary phase,
which is a pure compound, will cause systematic deviations.
In both laboratories special attention has been paid to the
effect of adsorption (retention index and symmetry of the ben-
zene peak), as discussed in section 2.6.5 and the quantity of
sample (section 2.4.5). In first instance the influence of these
parameters can be neglected. The composition of the mixtures
was chosen in such a way that all components are completely
separated. The influence of the peak shift can also be
neglected.

Considering compounds which are not (alkanes) or hardly
{alkenes) influenced by the non ideality of the carrier gas
it can be concluded that the column temperature in Schomburgs
laboratory was about 1°¢ lower than our column temperature.
In this way 0.1 to 0.3 index units of difference can be ex-
plained for alkanes, cycloalkanes and aromatics, dependent on
the 4I/4T of the solutes,
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The influence of the non ideality of the carrier gas was
discussed in section 2.6.4. For different carrier gases and
different inlet pressures correction factors can be derived
from Table 2.8, dependent on the structural type.' In Schom-
burgs laboratory helium was used as the carrier gas, so that
their retention indices are independent of inlet pressure. In
our laboratory nitrogen was used. The pressure drop over the
column was 3 atm. However in Table 2.8 only representatives of
different structural types have been measured, most likely the
corrections for the non ideality of the carrier gas will
also be valid for their homologs. In this way for cyclo-
pentanes a difference of about 0.3 index units can be ex-
plained. For cyclohexanes the correction is 0.4 index u-
nits. For aromatics the correction is about 0.6 index u-
nits.

It can be concluded that the retention indices obtain-
ed in both laboratories would agree within 0.2 index units
if the carrier gas and the column temperature were equal.

From the foregoing it can be concluded that to obtain
an interlaboratory agreement of retention data for hydro-
carbons better than 0.2 index units, the following points
have to be considered very carefully:

1 Column temperature.

2 Definition and stability of the stationary phase.

3 Carrier gas and mean column pressure.

4 Retention index of benzene and the symmetry of

the benzene peak.

5 Quantity of sample.

6 Peak shift caused by incomplete separation.

7 Method of estimating "dead time®.

Only in this way data are interconvertible.
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4.5 CHARACTERIZATION OF TYPES OF HYDROCARBONS BY MEANS
OF ACCURATE RETENTION DATA.

One of the reasons favouring the use of the reten-
tion index in the collection of retention data is its
weak temperature dependence. However, if extreme care
is taken in the measurement of retention indices at two
not too distant temperatures, the value of dI/4T appears
to give some additional analytical information. This of~
fers promising possibilities (3,12), particularly in the
analysis of complex mixtures, e.g. petroleum fractions.

It was experimentally proved that the temperature depen~-
dence of retention indices, for hydrocarbons, in the range
considered (50°C to 70°C), is linear for squalane columns,
within experimental error. Peak inversion in this temperature
range is unlikely to occur. dI/dT values are relatively

easy to collect.

By definition 41/4T for n-alkanes is zero. The numer-
ical value of 4dI/AdT increases with the degree of branching.
The largest values are found for cycliec compounds. The
effects of branching and cyclisation, on 4I/4dT, are much
stronger than the effect of unsaturation.

From dI/dT values alone it does not appear to be pos-
sible to distinguish between cyclopentanes and highly
branched alkanes (more than 2 tertiairy or more than one
guarternary carbon atoms) or between alkanes and alkenes.

The use of AT (the difference in retention index
on polar and apolar phases) has already been introduced by
Kovats (11) as an aid to recognizing types of compounds. AI
depends on both the polarity of the compound and the polarity
of the stationary phase.

Classes of hydrocarbons having similar AT values cannot
be distinguished in this way. If, however, dI/4T is plotted
against AI values, for the same components, a distinction can
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be made between components having a similar AI and different
dI/dT or components having a similar 4I/dT and a different AI.
In fact this is a three- dimensional plot.

Components having a similar 4dI/d4T and a differenﬁ AT,
For hydrocarbons, dI/4dT values measured in our laboratory
on sgualane, are plotted against AT values (Al = T

acetyltri

. ea0 :
butylcitrate Isqualane , T = 70°C, Table 4.3} in Fig. 4.1.

Although this method offers the possibility of character-—
izing different types of hydrocarbons in complex mixtures,
further experiments have to be done, especially ih the higher
molecular weight range and with phases which are more polar.

Accurate dI/4T values can also be applied to disting-
uish cis and trans alkenes as shown in Table 4.5,

Table 4.5 Temperature dependence of retention indices of c¢is and trans
alkenes on squalane,

Component dr/d4r
cis trans

butene-2 0.017 - 0.015
pentene-2 0.010 - 0,010
hexene-2 0.025 - 0.007
heptene~-2 - 0.030 0.001
octene-2 0.029 0.000
hexene~3 0.019 - 0.022
heptene-3 0.034 - 0.006
octene-3 0.020 - 0.010
3-me-pentene-2 0.033 0.008
3-me~hexene~2 L 0.045 0.008
3~-me-hexene~3 1) 0.020 - 0.009
4i-me-pentene—2 0.024 - 0,013
4-me~hexene-2 0.060 ©0.028
2=-2-di~-me~hexene-3 0.103 - 0.020
3-4~-di-me~pentene~-2 0.044 0.029
4~4~di-me~-pentene-2 0.105 - 0.008

1) The nomenclature assigned by the American Petroleum
Institute has been reversed in this Table.



121

400 ~600 600 - 700
t AT fAT °
40} a0f *
>
o }.'.
‘} ® Y ~ - »
» [ d L
adt . sof * R
[ 4
*
20} 20}
* A
10} 10} A O
A
d1i/4ar ® dr/aTt
o e O N " "/ i .. n X - i
o1. 0,2 0,2 0 = o,’ 0,2 0,3
700 — 800
40} 40f 800900
»
*® .. ¢
8 hd
30 3o}
L ]
20} 20r
A A A[% O
O
10} ] 10f ﬂg
A O - .
A 0 [ ]
iy EN n ]
o° LN ] ar/dar o = d1/4aT
_.: . d N - — w‘. [ N N - N
o1 0,2 0,3 0,1 0,2 03
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It can be concluded from these results that d4I/dT of
cis alkenes is higher than of the corresponding trans
isomers, independent of the elution order. For 2 and 3 alke-
nes the trans configuration is eluted first, for monoc and
dimethyl alkenes the elution order is reversed. In this way
it was found that the nomenclature assigned by the American
Petroleum Institute should be reversed for 3-me~hexene-2
and 3-me-hexene-3. This conclusion is confirmed by several
authors in a different way {(5,6,12~14}.
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4.6 POTENTIALITIES OF PRECISION GAS CHROMATOGRAPHY FOR THE
QUALITATIVE ANALYSIS OF COMPLEX MIXTURES OF HYDROCARBONS.

4.6.1 Introduction.

The use of different temperatures and of different columns
adds considerably to the final characterization. The possibility
of coincidence of various retention data can be greatly reduced
in this way.

A difficulty in the application of columns of different
polarity, for the analysis of complex mixtures, is the recogni-
tion of corresponding peaks, which is complicated because of
peak inversion.

To solve this problem a system was developed, consisting
of two open-hole tubular columns (length > 75 m, i.d. 0.25 mm)
of different polarity, placed in series. The components eluted
from the first column may be selectively transferred to the sec~-
ond column of different polarity. The system has no valves in
the sample path, so that the dead volume associated with the use
of valves in the sample path is eliminated. The possibility of
absorption of sample components in lubricants of low friction
plastics is also eliminated.

The system 1s based on the principle of counter pressuxe
and on venting between the columns (15-17)}. The magnitude of the
counter pressure and the resistance of the vent have to be care-
fully adjusted to the resistance of both columns and the resis~-
tance of the connections. In the case of complex mixtures, com-
pounds which show a poor resolution or which are not resolveéd
at all on the first column, can be separated and characterized
on the second column.

The precision of the retention data obtained with the sys-
tem is of the same order as the precision obtained with single
columns (s.d4. < 0.05 index units), as will be demonstrated on
some examples in the following. The system can also be applied
for qualitative analysis of trace components.
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4.6.2 System design.

The system is schematically given in Fig. 4.2;

H
i

A EIA
1
air
::j lF Fl t::
1 2 H,

()

(Y,

Fig. 4.2 Schematic of the system.
Prl- Pr4 = Pressure controllers (BECKER, Delft, M8i19936).
P = Column inlet pressure {WALLACE AND TIERNAN, FA 145).

Pi = Counter pressure (WALLACE AND TIERNAN, FA 145).

Column 1 = Length: 100 m, i.d.: 0.25 mm, stationary phase:
squalane, material: stainless steel.

Column 2 = Length: 75 m, Stationary phase: acetyltributylcitrate,

i.d. and material: see column 1.

Fl' F2 = Flame ionisation detector.
Al' Az = Detector amplifier.
Y = Recorder (2 tracks).

RZ' R3. R5= Restrictions (dimensions see Fig. 4.3}).

R4 = Restriction (stainless steel capillary, length:
86 m, 1.d.: 0.25 mm).

Inj = Inlet system with splitter (HAMILTON).

Vl, V2 = Solenoid valves (LUCIFER),

w = Time delay switch (SCHLEICHER),
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The connections between the columns, the vent and the
detector corresponding with the first column are given in
detail in Fig. 4.3.

i
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Fig. 4.3 Connections between the columns, the vent and the detector
corresponding with the first column.

The sample ig injected on the first column with a micro-
syringe by way of an injection system with splitter (HAMILTON).
The carrier gas velocity is controlled by two pressure control-

lers (BECKER, Delft, MB-19936), placed in series. The pressure
drop over the columns (P2) is registered with a high quality
differential manometer (WALLACE AND TIERNAN, FA 145), which
can be read out to 0.001 atm. A small part of the gas leaving
the first (squalane) column is split off to the first detec-
tor (Fl), via a restriction (Rz}. The detector signal is re-
gistered on a two pen recorder Y (track 1}. The rest of the
eluent of the first column is sluiced through restriction 4,
if the valves V1 and V2 are open { normal situation) and is
transferred to the second column if Vland V2 are closed.

The counter pressure (PC) is controlled and measured in the
same way as the inlet pressure (Pz). It has to be carefully ad-
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justed, since to enable precise measurement of retention times
on both columns, the carrier gas velocity should be independent

of the position of the valves V, and VZ‘ At the same time every

compound eluted from the first iolumn should be vented through
the restriction R4, if V1 and V2 are open. |

To enable a selective injection of a compound on to the
second column, the valves V1 and A2 which can be actuated to-
gether by the time delay switch W, are closed during At seconds.
A component which is registered at the same time in the detec~
tor Fl' will be transferred to the second column during this
time. The quantity of sample transferred to the second column
can be changed by a variation of At. The compounds eluted from
the second column are registered on the second track of the
recorder Y. The temperature of the part outlined in Fig. 4.2
is kept constant by a water thermostat, within 0.01°C.

4,.6,3 Application of the system,.

The system described above can be applied to the gualita-
tive analysis of complex mixtures of hydrocarbons, in combina-
tion with high-resolution columns and precise reténtion data in
the following way.

Comparison of retention indices of unknown peaks withi
tabulated retention data (Table 4.3 or accurate retention data
given in the literature), at a temperature T1 {e.qg. so°c» for ths
first (squalane) column. To every peak in the chromatogram one
or more names can be assigned, dependent on the search window.
The search window, defined as the interval in retention index
within which a compound can be expected, depends on both the
separation power of the column and the accuracy of the measured
and tabulated retention data.

To be more certain about the name of the component the same
procedure can be followed at another temperature, Tz(e.g. 70°C).
Comparison of the names obtained at both temperatures possibly
will result in the elimination of some of the names assigned to
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a component at T it must be remembered here that peak inver-

sion is unlikelylto occur at two not too distant temperatures
{e.g. < ZOOC).

The additional information of this second step is dependent
on the difference in d41/dT of the compounds in question. Com~
pounds which are not or not completely separated at Tl (SOOC)
can be completely or partly separated at T2 (70°C).

The degree of certainty of the characterization can be
raised considerably by application of the dual column system
described in section 4.6.2. Compounds which are not or incom-
pletely separated on the first column and which are transferred
to the second column of different polarity, will be generally
completely or at least partly separated on the second column.

The transfer of more than one compound to the second column,
during one run, is also possible, although this number is limit-
ed. It must be realized, however, that the transfer of a compound
to the second column is only necessary when a further elimination
of possible names is required.

The potentialities of this procedure will be demonstrated
in the following by some examples.

4.6.4 Transfer of one peak per run.

In the first instance the possibilities of the system
will be demonstrated by help of a simple synthetic mixture
of four hydrocarbons, the bracketing n—-alkanes and methane.
The composition of the mixture was chosen in such a way that
3 components were not separated on the first column, as shown
in Fig. 4.4.

Retention indices measured on both columns, at 50°C, are
given in Table 4.6.
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Fig. 4.4 Chromatogram of a mixture of 4 hydrocarbons { 7-9, 14},
the bracketing n-alkanes (6, 16} and methane (1}).
Column 1, Stationary phase: squalane, length: 100 m,
i.d.: 0.25 mm, temperature: 50°c + 0.01°C.
Column 2. Stationary phase: acetyltributyleitrate, length: 75 m,
i.d. and temperature: see column 1.

Comparison of measured and tabulated (Table 4.3) retention
indices on the squalane column results in the assignment of 3
possible names for the peak 7+8+9 (track 1), with a search win-
dow of 1.0 index units which is based on the sepatation power of
the column. From the retention indices on the second column it
can be concluded that the peak 7+8+9 consists of 2-3-di-me-bu-
tene-2, 2-2-di-me-pentane and 3-3-di-me-pentene-1. It can also
be concluded that the precision of the retention indices obtain-
ed with the system is of the same order as the precision obtain-
ed with single columns,

4.6.5 Transfer of more than one peak per run.

A considerable gain in time will be obtained if more than
one compound is transferred to the second column during one run.
However, some troubles can be expected in this case. According t
the combination of peak inversion and different injection times
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on the second column, peaks which are completely separated on the
first column possibly will be not or not completely separated on
the second column or coelute with another component. On the other
hand two components which are partly separated on the first col-
umn can give a double peak on the second column (2 injections).
In both cases a decrease in precision can be expected, as will

be demonstrated in the following.

Table 4.6 Comparison of retention indices obtained with the system and
tabulated data, at 50°¢ * 0.01°C. Abbreviations: s = system,
t = tabulated, sq = squalane, ac = acetyltributylcitrate.

Peak 1sq,s Isq,t As-t. Rame Iac,s Iao,t Bgur
number
1 methane
6 n-hexane .
7 625.12  0.37 2-3~di-me-butene-2 663.27 663.35 ~0.08
8 }625.49 625.64 ~0.15 2-2-di-me~pentane 625.81 625.67 0.14
9 626.18 ~0.89% 3-3-di-me-pentene-1 655.92 655.96 -0.04
14 662.62 6686.63 ~0.01 2-me~hexane 666.97 666.96 0.01
16 . n~heptane

Of a synthetic mixture of 13 hydrocarbons, the bracketing
n-alkanes and methane, retention indices were measured with the
system at 50°C (Fig. 4.5 and Table 4.7) and 70°C (Fig. 4.6 and
Table 4.8). All the components were transferred to the second
column during one run.

1 2
fs
5 748+9 16
12
s 10 6 15
4
8 #" 3
13
ﬁ track? J In | I
[ i
track2 , 1 2 3 546 , 89710 H2MU 15 L 16
10 30 50 -

min
Fig. 4.5 Chromatogram of a mixture of hydrocarbons, at 50YC.
Columns: see Fig. 4.4,
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Fig. 4.6 Chromatogram of a mixture of hydrocarbons, at 70%c.

Columns: see Fig. 4.4.
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Table 4.7 Comparison of retention indices obtained with the system and
tabulated values, at 50°C + 0.¢1°C. Abbreviations: s =
t = tabulated, sq = squalane, ac = acetyltributylcitrate,

system,

s.d. = standard deviation.
peak n° I““‘a s.d. Isq,t Ao e Name 1ac,a s.d. Iac,t As-t
1 - - - - methane - - - -
2 - - - - n-pentane - - - -
3 $49.33 <0.01 54%.35 -0.02 4-me-pentene-~l $81.29 (.03 581.38 -0.09
4 582.23 0.01 582.25 -0.02 hexene~1 €16.78 0.04 616.87 ~-0.09
5 584.22 <0.01 584.2¢4 -0.02 3-me-pentane 585.25 0.04 585.33 «0.08
6 - - - - n-hexane - - - -
7 ) 625.12 0.37 2-3-di-me-butene~2 663.27 0.01 €63.35 ~0.08
8 } 625.49 0.02 625,64 -0.15 2-2-di-me-pentane 625.81 0.01 625.67 0.14
9 626.18 ~0.69 3=3~di-me~pentene~1 655.92 0.03 655.96 -0.04
10 639.67 <0.01 639.70 -0.03  2~2«3~tri-me-butane 641.88 (.03 641.88 0.00
1l 650.39 <0.01 650.44 -0.05 2-3~di~me~pentene~l 684,17 0.0} 684.18 ~0.01
12 656.62 <0.01 656,66 ~0.04 4-me-tr-hexene-2 684.18 0.03 634.20 -0.02
13 657.83 <0.01 657.90 ~0.07 4-me-hexene~1 691.20 0.04 691.21 -0.01
14 666.62 <0,01 666.63 ~0.0) 2~me~hexane 666.97 0.02 666.96 0.01
15 676.21 <0.01 676.21 0.00 3-me~hexane §77.39 0.02 €77.42 -0.03
16 - - - - n~heptane - - - -

number of measurements

5
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It must be realized that the elution order of the components
on the second column (track 2) and the order of size of the reten-
tion indices can be reversed, because of interaction of peak in-
version and different injection times on the second column. This
is clearly demonstrated in Table 4.7 and 4.8.

Table 4.8 Comparison of retention indices obtained with the system and
tabulated data, at 70°C + 0.01°C. Abbreviations: see Table 4.7

Peak n° Isq,s s.d. Isq,t As-t Name Iac,a s.d. Iac,t By

1 - - - - methane - - - -

2 - - - - n-pentane - - - -

3 550.37 0.02 550.36 0.01 4-me-pentene-1 582.09 0.05 582.03 0.06
4 582.75 0.02 582.73 0.02 hexene-l 616.95 0.04 617.05 -0.10
5 585.14 0.0l 585.14 0.00 3-me-pentane 586.18 0.05 586.29 ~0.11
6 - - - - n-hexane - - - -

7 625.67 0.01 625.65 0.02 2-3-di-me-butene-2 663.25 0.16 663.35 ~0.10
8 - - 626.95 - 2-2~di~-me-pentane 626.57 0.27 626.96 <-0.39
9 628.40 0.01 628.52 =-0.12 3-3~di-me~pentene-1 656.62 0.35 658.07 1.45

10 642.64 0.01 642.59 0.05 2-2-3-tri-me-butane 644.98 0.07 645.06 =-0.08
11 652.19 0.01 652.23 =0.04 2-3-di-me-pentene-1 685.53 0.05 685.68 -0.13
12 657.36 0.01 657.40 -0.04 4-me-tr-hexene-2 687.07 0.04 687.10 -0.03
13 659.19 0.01 659.25 -0.06 4-me-hexene-1 692.09 0.31 692.24 -0.15
14 666.93 0.01 666.96 -0.03 2-me-~hexane 667.22 0.10 667.20 0.02
15 676.93 0.01 676.94 -0.01 3-me-hexane 677.96 0.04 678.11 -0.15
16 - - - - n-heptane - - - -
number of measurements 4 4

In spite if the incomplete separation of the components
4,5 and 12,13 on the first column, the influence of peak shift
is only slightly noticeable for the last two components, at 50°c.
The effect of peak inversion of the components 4 and 5 is so
large that they are completely separated on the second column,
at both temperatures. The components 13 and 14, however, are co-
eluted at 70°C, resulting in a decreased precision, especially
for component 13.

For the components 7,8 and 9 these problems are much more
complicated. At 50°C, only one peak can be observed for these
components. The retention index on the squalane column is strong-
ly influenced by the peak shift (section 2.6.3.). Nevertheless
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these components can be characterizea,since they are completely
separated on the second column (track 2).

Because of a different dI/4T these components are partly
separated on the squalane column, at 70%C. Notwithstanding that
they are hardly separated, the influence of peak shift, on this
column, is very small for the components 7 and 9. Interaction of
peak inversion and different injection times on the second col-
umn, at 7Q°C, result in co~ elution of component 7 and 9. For
component 8 a double peak is found. In both cases the precision
is considerably decreased. This can be explained as follows.

The transfer of a peak to the second column ié started at
the moment a peak maximum is observed from the first column.
Because the peaks 7, B and 9 are transferred to the second col-
umn during one run, component 8 is injected 2 or 3 times, depen-
dent on the difference in retention time of these components
and the width of the injection (At, the time during which the
valves V1 and V2 are closed). :

From the foregoing it may be concluded, that a limited
number of components can be transferred during one run,

if they are completely separated on the first column.
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APPENDIX

Since the beginning of gas chromatography many'sug~
gestions for expressing retention data have been proposed
by several authors and committees, in order to enable the
general use of published retention data. Every method has
advantages and disadvantages and will be discussed brief-
ly in the following.

The most direct way to determine the location of a
R). This
is the time elapsed between the injection of a sample

peak in a chromatogram is the retention time (t

and the appearence of the maximum of each peak. The reten-
tion time is dependent on most of the experimental parame-
ters (e.g. temperature, carrier gas velocity, column
length etc.}. It is not suitable for comparison of reten-
tion data between laboratories and is even difficult to
reproduce in the same laborator¥ on another instrument.

Adjusted retention time, t, is the time elapsed be-

tween the appearence of a not rgtarded peak and the‘peak

in guestion. It can be obtained subtracting the gas hold

up time (tm) from the retention time. It suffers from the
most disadvantages of the retention time, but is suitable
to calculate relative retention time, the capacity ratio

and other retention data.

The capacity ratio, defined as k = t;/tm, has the ad-
vantage of being directly related to the partition coeffi-
cient, K, by the relation k = K.Vs/Vm, where VS and Vm re-
present the volumes of the stationary and the mobile pha-
ses, respectively. On account of its direct relation to the
partition coefficient, this shouid be a useful method of
presentation in all cases. Since the phase-volume ratio is
difficult tc control it cannot be expected to be very repro-
ducible,
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The specific retention volume, Vg, introduced by
Littlewood (1) in order to make retention data independent
on temperature, amount of stationary phase in the column,
carrier gas flow-rate and pressure drop over the column, is
given by the equation:

s & 3 p%-1 273
Vv -3 « F . W S — 6 e— (1)
g c 53_
W 2 P -1 TK
where W = the weight of the stationary phase.
Fc = the volumetric velocity at the column outlet.
P = the ratio of column in~ and outlet pressure.
TK = the column temperature, in © Relvin.

Since the temperature dependence of a compound cannot be
described by this method (reduction to 0°C) and the quan-—
tity of stationary phase is difficult to determine and may
change during use, it is not widely applicated.

Therefore the most widespread method used to day is
the relative retention, which can be directly calculated
from the chromatogram. The use of relative retention data
has the advantage that a number of variables are eliminated
{ column length, carrier gas velocity, quantity of stationa-
ry phase and volume of the mobile phase). It is also direct-
ly related to the partition coefficient. The precision is
dependent on the distance between the peak i and the stan-
dard compound s. The relative retention time is defined as
the ratio of the adjusted retention time of a compound i and
an arbitrarely chosen standard substance s:

by Ky
r, T —— T co— (2)
i,s ¥
’ ts Ks

Its wide application is limited since there is no agreement
between laboratories about the choice of the standard com—
pound.
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In order to overcome this difficulty Evans and Smith(2)
introduced the theoretical nonane value (ri,9)' where 9
stands. for n-nonane. The retention is first determined to
the closest n-alkane and transferred to a system in|which
n—nonane is the standard. Although this system has one stan-

dard, the precision of the relative retention time depends
upon the distance of the primary standard and n-nonane.
Another problem in using relative retention times is the
temperature dependence of the compounds, which is not line-
ar and relatively large.

To overcome the difficulties previously mentioned, Ko-
vats (3) proposed the retention index, in 1958, defined as
following:

log t; - log t;

0.01 I,= - — + 2 (3)
log tz+l - log t,

L

L t
By definition tz < t, <t

i z+1
1
where ti = the adjusted retention time of a component 1i.
3
t = the adjusted retention time of a n-alkane

with z carbon atoms.

(2
#

the adjusted retention time of a n-alkane
with z+1 carbon atoms.

The relation between the retention index and relative reten-
tion time can be obtained, rewriting eguation 3:

log r
0.01 I, = ——222 4 (4)

log rz+1,z

Since that time the Kovats retention index has been advoca-
ted by many authors (e.g. 4-7), as a means for standardisation
of retention data. It appears to be widely accepted nowadays.
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SUMMARY

Potentially, high resolution gas chromatography, which
combines an unsurpassed separation power to minute sample
requirements, is extremely suited for the identification of
volatile organic compounds in complex mixtures. The quantity
of sample (< 10_79), although an advantage in many applica—
tions, almost excludes the use of ancillary techniques, ex~
cept mass spectrometry, for the identification of separated
compounds.

Therefore it is highly desirable to have means availa-
ble for the characterization of GC peaks by retention data
only. Sets of collected accurate retention data are essen-
tial for this purpose.

A glance at selected recent literature data, however,
reveals a lack of agreement between laboratories amounting
to one to five Kovats retention index units.

Retention values will become more characteristic with
increasing accuracy and separation power of the column.

In this work we have firstly investigated the role of
all of the relevant factors which contribute to the random
error. The most important factors proved to be, fluctuations
of temperature, carrier gas velocity, time measurement and
guantity of sample. '

It is shown that a precision corresponding to a stan-
dard deviation of 0.05 index units is attained.

We also set out to reduce the systematic errors by
studying the role of: the nature of the stationary phase,
peak shift through incomplete separation, the non ideality
of the carrier gas, interfacial adsorption, the gas hold-

" up time.

It is demonstrated that it is possible to reproduce

retention indices to within about 0.2 index units, in other

laboratories.
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It is also shown that the temperature coefficient of
the retention index, which is now also available with a
higher accuracy, yields important information both for cha~
racterizgtion and stuctural information (e.g. cis-+alkenes
have a consistently higher d4I/dT than the trans-aikenes).
A method is found to prepare high resolution capil-

lary columns in a reproducible way and with a homogeneous
film., The effect of adsorption by the column wall is negli-
gible.

A list of retention indices of some 170 hydrocarbons
(C4—C9) on squalane (non polar) and acetyltributylcitrate
(polar) at 50 and 70°C is presented.

To make the utmost use (for the characterization of
hydrocarbons in complex mixtures) of the combination of
high resolution columns and accurate retention data, a sys-
tem is described in which two open-hole tubular columns are
coupled. This system enables the transfer of one or more
selected peaks eluting from (and measured on) the first col-
umn to a second column of different polarity. The sample
transfer does not affect the accuracy of the retention data.
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SAMENVATTING.

Gas chromatografie met kapillaire kolommen is een bij
uitstek geschikte methode voor het identificeren vap vluch-
tige organische componenten in complexe mengsels. Het toe-
passen van andere analyse technieken, met uitzondering van
massa spectrometrie, voor het identificeren van gescheiden
componenten is practisch uitgesloten door de zeer keine mon-
ster grootte (< 1077
als een voordeel moet worden beschouwd.

g), die overigens in de meeste gevallen

Het karakteriseren van componenten met alleen gas chro-
matografie is daarom van groot belang. )

De beschikbaarheid van tabellen met nauwkeurige reten-
tie grootheden is hierbij essentieel.

Uit recente literatuur gegevens blijkt echter dat de
overeenstemming van retentie grootheden, gemeten op vers
schillende laboratoria,veel te wensen overlaat. Zelfs voor
verzadigde koolwaterstoffen liggen de verschillen tussen 1
en 5 Kovats retentie index eenheden.

De retentie grootheden zijn meer karakteristiek naar-
mate de meetnauwkeurigheid toeneemt en het scheidend vermo-
gen van de kolommen groter is.

Door een betere beheersing van de belangrijkste oorza-
ken van toevallige fouten (fluctuaties in de kolomtempera-
tuur, de draaggas snelheid, de tijdmeting en de monster groot-
te) werd, met &&n kolom en &é&n instrument, een reproduceer-
baarheid bereikt overeenkomend met een standaard afwijking
van 0,05 index eenheden.

Dat het mogeliik is de verschillen in retentie index
tussen laboratoria terug te brengen tot ongeveer 0,2 index
eenheden, kon worden aangetoond na het minimaliseren van de
relevante systematische fouten (aard en zuiverheid van de
stationaire fase, onvolledige scheiding, niet idealiteit van
het draaggas, adsorptie aan de fase grensvlakken en de "dode
tijd").
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Bij de bereikte meetnauwkeurigheid lkan uit de temperatuur
coefficient van de retentie index waardevolle inf$rmatie wor-
den verkregen voor het vaststellen van de identiteit en de
© structuur van gescheiden componenten { bijv. de dI1/dT van cis~
alkenen blijkt systematisch hoger dan de dI/dT van trang-alke-
nenj .

Een reproduceerbare kolom kwaliteit voor stalen kapillaire
kolommen werd bereikt door het modificeren van bestaande "coat"
methoden. De kolommen hebben een homogeen verdeelde vloceistof
film en de invloed van adsorptie aan de kolomwand is verwaar-
loosbaar.

Om alle mogelijkheden van de combinatie kapillaire kolom-
men en hoge meetnauwkeurigheid ten volle te benutten werd een
systeem ontwikkeld, bestaande uit twee gekoppelde kapillaire
kolommen. Met dit systeem kunnen een of meer geselecteerde
componenten, na het doorlopen van de eerste kolom {waarop ze
ook worden gemeten) worden doorgestuurd naax. de tweede kolom,
met een andere polariteit. De meetnauwkeurigheid van de reten=-
tie indices op beide kolommen wordt hierdoor niet  beinvloed.
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STELLINGEN

1 Bij de uitwisseling van retentie gegevens tussen
laboratoria dient rekening te worden gehouden
met het niet ideale gedrag van het draaggas.

2 De door de "Commission of Analytical Chemistry"
van de IUPAC voorgestelde definitie van de reten-
tie index moet, op grond van de niet lineairditeit
van de log plot voor n-alkanen, worden afgewezen.

International Union of Pure and Applied
Chemistry, Information Bulletin 15, 1973.

3 De door Czeglé&dy-Janko and Cieleszky gevolgde
methode om het opwerkings rendement van gechloreer-
de pesticiden in bloed te bepalen is onjuist.

G. Czeglédy-Janko and V. Cieleszky, Analyst
93, (1968), 445.

4 De door Weiss en zijn medewerkers gevonden corre-
' latie tussen de roosterconstanten en de biologische

werking van kwarts is aanvechtbaar.

Z. Weiss et al., Staub—-Reinhalt. Luft, 33,
(1973}, 10.

5 De bewering dat de belasting van het milieu in
Nederland door zwaveldioxide en stof daalt is
twijfelachtig, omdat ze gebaseerd is op gebrekkige

meetmethoden.

Air Quality Criteria for Particulate Matter,
U.S. Dep. of H.E.W. Natl. Air Pollut. Contr.
Adm., publication no. AP-49, 111.

D.N.F. Atkins, R.A. Cox and A.E.J. Eggleton,
Nature 235, (1972),372.



6 Bij konformatie berekeningen, zelfs aan eenvoud#ge
moleculen, met behulp van rekenprogramma's, is het
gebruik van moleculaire mechanica te prefereren;
boven berekeningen gebaseerd op het MO concept.:

0. Ermer and S. Lefson,J. Amer. Chem. Soc.,
95, (1973), 4120. ’
J.R. Hoyland, "Molecular Orbital Studies in
Chemical Pharmacology", ed. L.B. Kier,
Springer Verlag, 1970.

7 Bij ziektebeelden, die mogelijk vercorzaakt wo%den
door afwijkingen in de steroid huishouding, verdient
het bepalen van de onderlinge verhouding van de
individuele steroiden de voorkeur boven het bepalen
van absolute hoeveelheden of groepen steroiden.

8 Bij het onderwijs en de examinering in de moderne
talen bij het voorgezet onderwiijs, is het gebruik
van woordén buiten bestaande referentiekaders voor
taalkundig onderzoek - voor Frans bijvobrbeeld
"Francais Fondamental” en "Dictionaire de Juilland"-
alleen als uitzondering aanvaardbaar.

A.G. Sciarone and L.L. van Maris, Congrés

Internationale de Linguistique, Copenhague,
1972.
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