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Abstract

Open tubular capillary columns filled with bonded liquid phases of different polarities were used for the
separation of substituted aromatic compounds (chlorobenzenes and chlorophenols). The retention index values
obtained during programmed temperature analyses were predicted by starting from retention data obtained under
isothermal conditions. The calculation method previously used for the prediction of programmed temperature
retention times was modified and simultaneously applied to the sample mixture and to the reference n-alkanes
series. Experimental retention index values measured in different temperature programming conditions were found

to agree with the calculated ones.

1. Introduction

The prediction of programmed temperature
retention times (P7Tty) on capillary columns of
different polarities by starting from isothermal
data was previously carried out by several work-
ers [1-17] and the precision of different methods
was recently compared [18]. Some methods give
a suitable approximation between calculated and
experimental results and can be applied by
simple BASIC programming on personal com-
puters. The majority of them, however, deal
with absolute retention times and are therefore
suitable for routine application when a given
column and instrument are used both for iso-
thermal and programmed runs. The values ob-

* Corresponding author.

tained cannot be transferred to other systems
with different experimental parameters as tem-
perature, carrier gas flow-rate, film thickness,
column length and diameter.

The use of retention index values [19] offers
many advantages for the normalization of re-
tention data: its application to isothermal and
programmed temperature analysis was reviewed
{20,21]. The prediction of isothermal retention
index values at any temperature does not require
complex calculations: in fact their dependence
on temperature, previously investigated [22], can
be considered as linear for practical purposes
[21] and therefore the isothermal retention in-
dices calculated by simple interpolation between
values measured at two temperatures in the
range of stability of the used liquid phase.
However, the analysis of complex mixtures of
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compounds having a wide range of boiling points
requires programmed temperature analyses to be
carried out, in order to shorten the analysis time
and yield peaks of comparable width. The pre-
diction of programmed temperature retention
indices, Ip, is therefore useful to assist in the
separation and identification of many substances.
The application of prediction methods to the
knowledge of retention indices should permit to
obtain values rather independent of the ex-
perimental parameters listed above and only
depending on the nature and polarity of the
stationary phase. In theory, a suitable index
prediction method should start from isothermal
retention index values, I,, obtained on a given
stationary phase or found in the literature, and
yield programmed temperature retention indices,
1, for any programming rate on the same type
of liquid phase, independent of column diam-
eter, length and thickness of film in capillary
columns. Another possible procedure is to em-
ploy isothermal retention times to predict the
retention of a given compound and of the refer-
ence alkanes during any programmed run and
apply to these values the standard equations for
the calculation of /. [23]. We describe here the
application of the latter procedure, using the
methods previously tested for the prediction of
programmed temperature retention times. Some
aromatic compounds of low and high polarity
(chlorobenzenes and chlorophenols) were ana-
lysed on non-polar and polar columns in iso-
thermal conditions and the measured retention
times were used to predict retention indices in
linearly programmed temperature analysis.

2. Experimental

The analyses were carried out using a Varian
(Palo Alto, CA, USA) Model 3400 gas
chromatograph equipped with a flame ionisation
detector and a split—splitless capillary injector.
Two bonded-phase fused-silica capillary column
(J and W Scientific, Folsom, CA, USA) 30 m
long with an L.D. of 0.235 mm were used: a
non-polar dimethylpolysiloxane (DB 1) with a
film thickness of 0.25 um and a polar poly-

ethylene glycol (DB WAX) with a film thickness
of 0.50 wm. Different film thicknesses were used
in order to verify if the method permits the
prediction of the behaviour of the columns in
this instance too: previously published work on
the prediction of absolute and relative retention
times was carried out using columns of the same
length and with equal amounts of polar and
non-polar liquid phases.

Standard solutions in CS, at concentrations
ranging between 0.1 and 0.5 g 17! were injected
(amount 1 ul) in the split mode. Dead times
were determined by measuring the elution time
of methane [24]. Nitrogen was used as the carrier
gas and the make-up gas dispatched at the
column end maintained a constant flow-rate of
30 ml min~' through the detector. The injector
and detector temperatures were 200 and 250°C,
respectively. Five replicate isothermal runs were
performed at various temperatures in order to
obtain averaged values of isothermal retention
times. Owing to the wide range of boiling points
of the various compounds, different temperature
ranges were selected, in order to obtain three
values of the retention time for every compound
and reference alkanes (see Table 1). Pro-
grammed temperature runs were carried out with
an initial temperature of 50 and 100°C and with
different programming rates. The temperature
set by the programmer matched the actual col-
umn temperature within 1.3°C.

Retention times were measured with a preci-
sion of 0.001 min using a Varian 4270 integrator.
Calculations were performed with IBM personal
computers using Lotus 123 and QPRO or
BASIC programs. The retention index values
were predicted starting from the isothermal
retention times of the aromatic compounds,
compared with those of linear alkanes measured
with separate injections.

3. Theory

The retention index in a linearly programmed
temperature run, I, is given by [23]

i —t
1, =100 z + 100 7’—_—3 (1)

z+1 z
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Table 1

163

Range of isothermal runs for the measurement of /7, values used for the prediction of retention indices

Compound Temperature (°C)
number
50 70 75 90 100 110 125 130 135 150 175 200 220

Chlorobenzenes

1-9 D D D w w W
10-12 D D D-wW w w
13 D D-W D-W w
14 D-W D-w D-w
Phenols
15-22 D D D w w w
23-24 D D D w W w
n-Alkanes
C, D D D
C, D D D D D
C,,—C,, D D D D D D
C, w D D-W D D-W D D
C, w D-W D D-W D D D D
Cy D D-W D D-W D D-W
C, D-W D-W D-W
Cm_cn W W w
c 1&‘Czn w W w w w
C21 _Czs W W w
C w w W

N
>

D: DB-1 column, W: DB-WAX column. Identifying numbers in column 1 refer to compound names listed in Tables 2—5

where ¢, is the retention time of the substance i,
t, and t,_, are the retention times of the n-
alkanes eluting before and after z,. The use of
this equation yields the best results when the
programming rate elutes the reference probes,
n-alkanes, with retention times linearly depend-
ing on the number of carbon atoms of alkanes, z.

The programmed temperature retention times,
t,;s can be predicted by starting from isothermal
data and using different procedures. The method
of Said [16,17] was used here. This and other
methods were previously described and tested
[18] and only the fundamental steps are summa-
rized below.

The equation used to predict the ¢, is

v dr_[tdL_

T @

o ¢, 0

where L is the length of the capillary column, dr

is the differential time increment, corresponding
to a increment of length dL, ¢, is the isothermal
retention time at the absolute temperature 7.

The r, change with temperature is expressed
by the following approximate equation:
T

t.=A+ae’ (3)
where a and b are taken at a first approximation
as constants and A, which represents the gas
hold-up time of the column, can be considered
for practical purposes as a constant [16]. If the
temperature programming is linear, then 7 de-
pends linearly on the analysis time, ¢:

T=T,+n 4

where T, is the initial temperature (absolute) of

o

the programmed run and r is the temperature
increment in degrees per minute.
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The following equation is obtained from Egs.
2-4

1 9, dl?
Y

bi(273~9
14 19(,A+ae ( &)

3,

- 7|y (5)
r ¥

where ¥, and 9, are the temperatures of the

column corresponding to the inlet and to the

elution of the solute and y(&) is the reciprocal of

the function of the retention time.

The integral of Eq. 5 does not have an
analytical solution and must therefore be solved
by using approximate or iterative methods [12—
18]. The Said method used here employs a curve
fitting approximation in order to replace the
function y(#¥) with another function that can be
integrated. The values of the “constants” A. a
and b can be obtained by measuring experimen-
tally the isothermal retention times, of n-al-
kanes, ti{\exp, and of other compounds, !;zxcxp. at
three temperatures, and with these values the
programmed temperature retention times, l:{\mic
and fy%_,. are predicted.

Fig. 1 shows the schematic diagram of the
procedure used for calculations, through the
following steps:

(1) Measurement of t}xﬂp values of chloro-
benzenes and chlorophenols at three tempera-
tures on polar and non-polar columns;

(2) Measurement of t}fcxp of linear alkanes in the
same experimental conditions as above;

(3) Calculation of the ¢, and 7}, of chloro-
benzenes, chlorophenols and n-alkanes. All the
calculation methods tested previously [18] can be
used. In this instance the simplest methods,
suggested by Said [16,17] was applied in order to
predict the PTty, values for many different pro-
gramming rates and initial temperatures.

(4) The programmed temperature retention val-
ues of the samples, ¢}, ... and of the reference
compounds n-alkanes, obtained as above, were
combined in order to calculate the programmed
temperature retention indices, /., with Eq. 1
[25].

(5) The predicted indices, 1,, were compared
with those measured experimentally, /., in vari-
ous programmed temperature runs.

p*

EXPERIMENTAL ISOTHERMAL RETENTION
ON POLAR OR NOT-POLAR COLUMNS

N

OF LINEAR ALKANES OF OTHER COMPOUNDS
AR exp tIX

R exp

4

CALCULATION OF PROGRAMMED TEMPERATURE
RETENTION ON SEPARATE COLUMNS

l

CALCULATION OF PROGRAMMED
TEMPERATURE RETENTION INDEX
‘Ip (see eq. 1)

!

COMPARISON OF EXPERIMENTAL
AND CALCULATED RETENTION INDEX
see Tables 2-5

I

EXPERIMENTAL PROGRAMMED TEMPERATURE
RETENTION INDEX VALUES
le

Fig. 1. Schematic diagram of the procedure used for the
prediction of programmed temperature retention indices I,
and comparison with experimental values /,.

4. Results and discussion

The accuracy of the calculated retention in-
dices depend on the possibility to predict correct-
ly the PTr, values of the sample and of the
linear alkanes. Figs. 2 and 3 show the values of
(7" measured experimentally in different pro-
grammed runs for many linear alkanes in the
range C,-C,; (used as references for chloro-
benzenes on the DB-1 column), C,,—C,, (chloro-
benzenes on DB-WAX), C,—C,, (chlorophenols
on DB-1) and C,;—C,, (chlorophenols on DB-
WAX) compared with calculated trends of tpe,,.
(lines). The values correspond well also when, in
programmed runs starting from 100°C, the re-
tention times of n-alkanes are not linear as a
function of the number of carbon atoms, show-
ing that the selected program is not an “ideal”
one, i.e. capable of converting the exponential
elution order of homologous compounds in the
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carbon atoms

Fig. 2. Retention times of n-alkanes on DB-1 column in
different temperature programmed runs. Initial temperature:
(O.m) 50°C; (O.®@) 100°C. Programming rate: 5°C/min:
open symbols; 10°C/min: filled symbols.

isothermal runs to a straight line as a function of
z.

The results of the application of the method
are shown in Tables 2-5, where the experiments
retention indices, /., and the differences between
the experimental and predicted values, I, — 1, of
chlorobenzenes and chlorophenols are listed for
four different programmed runs on polar and
non-polar capillary columns. The average per-
centual deviation between experimental and
calculated index values is shown in Table 6 for
different columns and programmed temperature

30f

6 18 20 22 2 26
carbon atoms

Fig. 3. Retention times of n-alkanes on DB-WAX column in

different temperature programmed runs. Symbols as in Fig.
2.

0 1
12 14

runs. Its value is small ( <0.16%) and does not
depend appreciably on the polarity of the col-
umn, on the initial temperature and on the
programming rate. In Tables 2-5 the compounds
are listed by following the elution order from the
different columns, while the identifying numbers
refer to the elution order of chlorobenzenes and
phenols on the non-polar DB-1 with initial
temperature 50°C and programming rate 5°C/
min. This permits easy identification of the
compounds that show an inversion of the elution
order depending on temperature program (see
compounds 4 and 5 in Table 2) or on the polarity
of the column and emphasizes the fact that the
prediction of the retention indices is accurate
notwithstanding these inversions.

The values of I, and of the difference I, — I,
are shown with two decimal figures, in order to
permit the comparison of the results with the
same approximation. The calculated I, values
can therefore be obtained by adding to I, the
listed differences. In experimental measurements
a reproducibility of about one index unit might
be expected with a non-polar phase and 2-3
units with a highly polar phase [25]. The differ-
ences show therefore that the predicted [, are
approximate enough for practical purposes, dif-
fering from I, values of a magnitude comparable
with the fluctuation of experimental data be-
tween different runs. The accuracy of the I,
values depends on that of the ITt; used as the
starting data: automatic determination of t; by
electronic integrators is theoretically correct
within 0.001 min, but small fluctuations of the
carrier gas velocity and delays between the
injection and the start of time counting make
more acceptable retention values rounded up to
0.01 min. The accuracy of the retention index
values, predicted and measured experimentally,
depends therefore on the difference between the
ITty of the reference alkanes, mainly for fast
eluting compounds. As an example, the ITr,
values at initial temperature 100°C, program rate
10°C/min on DB-1 are 1.41 and 1.79 min.
respectively for n-nonane and n-decane. The
variation of = 0.01 min. in these values results in
an uncertainty of 3 retention index units for a
compound bracketed by these alkanes. The
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Table 4

Experimental retention indices of substituted phenols on DB-1 measured in different programmed runs, /., and differencies

between experimental and predicted values, I, ~ 1,

Initial temperature (°C) 50 50
Programming rate (°C/min) ) 10

1, 1, -1 1, I -1,
15 2-Chlorophenol 973.02 -0.25 975.21 -1.26
16 Phenol 978.31 -0.30 975.21 ~2.10
17 o-Chresol 1043.75 -0.83 1042.03 ~1.86
18 p-Chresol 1066.25 -0.42 1064.49 -0.26
19 m-Chresol 1067.50 -0.83 1065.22 -0.97
20 2-Nitrophenol 1093.75 -(.42 1098.55 -0.73
21 2,4-Dimethylphenol 1134.60 -0.12 1132.87 ~1.16
22 2,4-Dichlorophenol 1147.91 0.74 1151.05 —-0.34
23 4-Chloro-3-methylphenol 1280.37 2.43 1277.46 1.41
24 2.,4,6-Trichlorophenol 1325.77 2.99 1329.63 0.22

difference between the retention times of com-
pounds eluting closely depends therefore on
temperature: the accuracy of the final results
increases for compounds showing long retention
times and with decreasing temperature.

The most accurate values of /, are obtained
when the ITt; of the n-alkanes bracketing a
given compound are measured at the same
temperatures as that of the compound itself. This
is shown clearly by the values of pentachloro-
benzene on DB-WAX (Table 5). The differences
between the [, and the [, calculated using
eicosane (n-C20) and heneicosane (n-C21) as the
reference alkanes are much greater with respect
of those obtained for other compounds, mainly
when the programmed runs start at 100°C. This
is probably due to the fact that the calculation of
PTty of n-C,, was carried out using /7t values
measured at 150, 175 and 200°C, whereas penta-
chlorobenzene and n-C,, were analysed at 110,
130, 150°C. Using n-nonadecane and n-eicosane
as the reference compounds for the calculation
of 1,, more accurate results of 7, are obtained
(values in parentheses in Table 5). It is therefore
more convenient to use the Eq. 1 for extrapola-
tion, i.e. using as the references n-alkanes not
exactly bracketing the compound, but those
whose [Tt, where measured at the same tem-

perature of that of the compound itself, rather
than alkanes whose I7Tt, was measured in differ-
ent temperature ranges.

Some experiments carried out with columns of
different lengths filled with the same liquid
phases showed that the change of the retention
indices is negligible and therefore the results can
be applied to predict the behaviour of columns
of various lengths. The effect of the film thick-
ness was also investigated using two DB-1 (non-
polar) columns having a film thickness of 0.25
and 3 um respectively. The retention indices
were measured at 10°C intervals in the range
90-150° C. The results show that the average
difference between the I values measured on the
column with a film thickness of 3 wm and those
measured on the column with 0.25 um of liquid
phase at the same temperature is 3.02 index
units, while the averaged difference on the same
column operated with a temperature shift of
10°C is 6.45 index units for 0.25 pm DB-1 and
5.23 for 3 um DB-1. The effect of a 12-fold
increase of the thickness of the liquid phase is
therefore much smaller than a change of 10°C in
temperature and index values predicted with a
given film thickness can be applied with good
confidence to other capillary columns filled with
different amounts of the same liquid phase.
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Table 6
Absolute percent error |E%| = |(I, —1,)100/(1,)] between
experimental, I, and predicted, 1,, retention indices

Column T, Programming |E%| |E%|
°C) rate (°C/min) a b
DB-1 50 S 0.12 0.08
10 0.06 0.10
100 5 0.14
10 0.11
DB-WAX 50 5 0.11 .16
10 0.06 0.09
100 5 0.07 0.12
10 0.05 0.15

a = chlorobenzenes; b = phenols.

5. Conclusions

The procedure tested permits the prediction of
linearly programmed temperature retention in-
dices with an accuracy good enough to identify
the elution order of many polar and non-polar
compounds, even when the elution order of the
peaks changes in different programmed runs.
The differences between the calculated and mea-
sured values are acceptable, if one takes into
account that, for sake of simplicity, some ap-
proximations have been made in the choice of
the calculation method. To consider the terms
A, a and b in Eqs. 3 and 5 as constant is in fact
incorrect theoretically, because the gas hold-up
time represented by A changes with temperature
and the values of 4 and b, correlated with the
entropy and enthalpy of the solute—solvent inter-
action, also depend on temperature [26].

A more rigorous treatment should be obtained
using other calculation methods described previ-
ously: the constant A could be replaced by the
true value of the gas hold-up time, calculated
with Poiseuille’s law by using the structural
parameters of the column (length, diameter,
input and output pressure, viscosity of the carrier
gas) [24]; iterative methods for the prediction of
PTiy values can be used [18,26] instead of the
approximate Said procedure.

The increased complexity of the computer
program necessary to perform these calculations,
however, may not be justified for practical appli-

cations, because the main sources of error are
the experimental determination of the /Tt val-
ues, the difference of temperature between the
isothermal analyses of the compounds and the
reference n-alkanes, and the uncertainty of the
temperature increment of programmed tempera-
ture runs. When the reproducibility of these
parameters has the order of magnitude accept-
able for routine work, the use of the approxi-
mate Said’s method does not introduce in the
final results errors greater than those depending
on the experimental parameters.

Further, the use of retention indices instead of
absolute retention times partially compensates
for the possible errors in the determination of
the different oven temperature in the isothermal
runs used to measure the /7t (see Table 1). If
the ITr; values of each compound and of the
reference alkanes used for the calculation of its
retention index are measured at the same tem-
perature, the ‘‘relative’” nature of the index
makes negligible the difference between analyses
carried out at temperatures differing by 2-3
degrees, on columns filled with different film
thicknesses of the same liquid phase and on
columns of different lengths.
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