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ABSTRACT

A procedure based on curve-fitting techniques for the calculation of the retention data in linear programmed-temperature gas
chromatography was applied in order to calculate the elution temperature of fifteen polycyclic aromatic hydrocarbons on a DB-5
capillary column. The linear programmed-temperature retention data were calculated with a BASIC program starting from
isothermal retention times and the calculated values were compared with experimental data. For five different linear temperature
programmes the accuracy expressed as fractional difference was always better than 1% in spite of the simplifications introduced in
the calculation methods.

INTRODUCTION

Programmed-temperature gas chromatography
(PTGC) is widely used for the analysis of en-
vironmental samples containing compounds with
a wide range of boiling points owing to the
advantage of decreasing the analysis time and

* Corresponding author.

improving the resolution for later eluting com-
pounds. The prediction of the temperature-pro-
grammed retention time from isothermal reten-
tion data has been reported by several workers
both using thermodynamic parameters or reten-
tion indices [l-19].

In a previous paper [20] it was shown that the
method proposed by Said [21,22]  can be applied
without complex calculations for the prediction
of retention data in different temperature-pro-
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grammed analyses. In this work, the retention
times in linear PTGC of fifteen polynuclear
aromatic hydrocarbons (PAHs)  were calculated
starting from data collected during different
isothermal runs with the same column and were
compared with experimental results.

The fundamental equation for temperature
programming is

dt dl-=-
tR L

which when integrated gives

(2)

where L is the column length, dl is the distance
travelled by the solute in time dt, t, is the
isothermal retention time of the same solute at
absolute temperature T and Tp is the solute
retention temperature.

The isothermal retention time, t,, changes
with temperature T according to

t, = A + a exp(b/T) (3)

In eqn. 3 some simplifications are made [21]:  a
and b are constants and A is also a constant
equal to the dead time. This means assuming
that the mean gas velocity remains constant
during the temperature programming. This as-
sumption is not strictly valid [23] as the gas
velocity should decrease with increasing tem-
perature, but many instruments have a built-in
system that automatically increases the inlet
pressure in order to compensate for this effect
and maintain a constant flow-rate. A is therefore
approximately but not exactly equal to the dead
time and can be defined as the mean dead time.
With these simplifications, the three constants in
eqn. 3 can be evaluated from three isothermal
runs at different temperatures.

In linear PTGC, the column temperature is a
linear function of the analysis time, t:

T= T,+rt (4)

where To is the absolute initial temperature and r
is the programming rate in “C min-‘.

By substituting eqns. 4 and 3 in eqn. 2, we
obtain

1
I

4 d6
“T So A+aexp[bl(273+6)]

or

(5)

where y(6) is the inverse retention time func-
tion:

1

y(6) = A + (I exp[b;(273  + IY)]

and $ and 8, are inlet and outlet column
temperatures in “C.

The resulting integration has no analytical
solution and eqn. 6 can be solved with approxi-
mate or iterative methods. In this work we
applied the method proposed by Said 1221,  which
uses curve-fitting techniques to replace the in-
verse retention time function y(6) by a function
that can be integrated. It can be shown that the
normal distribution integral gives the best fit to
eqn. 7 up to a value from 50 to 70°C above the
inflection point 4, which is the elution tempera-
ture range usually observed under experimental
conditions. An exhaustive description of the
theory can be found in Said’s original work and
our previous papers [20-221.

EXPERIMENTAL

The analyses were carried out using a Varian
(Palo Alto, CA, USA) Model 3400 gas
chromatograph,  equipped with a standard flame
ionization detector and a split-splitless injector.
A narrow-bore DB-5 (5% phenyl-95% methyl-
polysiloxane bonded phase) silica column (J & W
Scientific, Folsom, CA, USA) (30 m X 0.25 mm
I.D.) with a film thickness of 0.25 pm was used.
Standard solution of PAHs  in dichloromethane
at concentrations ranging between 0.1 and 0.5 g
1-l were injected (1 ~1) with a microsyringe in
the splitless mode. Highly purified nitrogen was
used as the carrier gas at an average flow-rate of
3 ml min-’ into the column. The make-up gas
dispatched to the detector was set in order to
maintain constant flow-rate of 30 ml min-’ at the
flame tip. The detector and injector tempera-
tures were 300 and 250°C respectively.
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Five replicate isothermal runs were performed
for each compound at temperatures ranging from
373 to 598 K, in order to obtain three values of
retention time with a reasonable temperature
interval. The temperatures of the isothermal
runs used for each compound were chosen in
order to approximate its elution temperature
(see Table I). Programmed-temperature runs
were carried out at a variety of combinations of
initial temperature and oven heating rate. The
assumption was made that the operator-set value
matches exactly the actual temperature of the
column oven; for the Varian 3000 series instru-
ments this is true to within rt l.TC.  Calculations
were performed with an IBM personal computer
using a BASIC program [24].

RESULTS AND DISCUSSION

Five replicate isothermal runs were performed
for each compound at three temperatures (Table
I) in order to establish the reproducibility of
retention data in isothermal analyses. The mean
isothermal retention time, t,, and overall stan-
dard deviation, a, are also given in Table I.

By using the equations described in the Intro-
duction, the programmed-temperature retention
times, t,, were calculated for various initial
temperatures and heating rates. The calculated
(tpc)  and experimental (tpe)  values are compared
in Table II. The percentage difference between
the experimental and calculated values, A (%) =
lOO(t,, - tpc)$W is very small (cl%), notwith-
standing the simplifications introduced above,
showing the adequacy of a normal distribution
integral to fit the inverse retention time function
y(6), giving an almost perfect fit to y(6) up to a
19 value from 50 to 70°C above the inflection
point 4. The fifteen solutes examined elute from
the column more than 50°C above 4, as shown
in Table III.

As pointed out in the Introduction, the ve-
locity of the carrier gas is temperature depen-
dent: an increase in temperature increases the
viscosity and the velocity of the carrier gas
decreases proportionally in a chromatographic
system having a constant inlet pressure. This
results in a linear dependence of dead time on
temperature, but this variation is relatively small

when compared with the exponential variation of
retention time with temperature. This effect is
further reduced by the constant-flow regulator of
the gas chromatograph  used. Hence dead time
can be replaced with the constant A in eqn. 3,
where A is the mean dead time. Moreover, in
eqn. 3 the thermodynamic terms p exp(ASIR)
and -AH/R, where /3 is the column phase ratio,
AS is the molar entropy of solution, AH is the
molar enthalpy of solution and R is the gas
constant, are replaced with the constants a and
b, respectively, but some deviation from linearity
of the In t, vs. T-’ relationship is possible,
owing to the variation of these thermodynamic
characteristics with temperature [12,14,25].  As
pointed out elsewhere [14], these variations do
not have a’great  effect on the calculated reten-
tion values because the decrease in the enthalpy
produces an increase in the entropy term owing
to the correlation of AH and AS through the
molar free energy of solution. The early-eluting
solutes with a retention time very close to the
dead time are more influenced by errors in
evaluating the hold-up time and therefore would
have less reliable isothermal data. Moreover, in
the time corresponding to the dead time the
solutes expand in the gas phase and are trans-
ported along the column; the distance travelled
can be non-negligible for solutes showing a small
retention time, particularly if high initial tem-
peratures are used. In order to ensure greater
accuracy, the three temperatures for evaluating
the constants in eqn. 3 should cover the whole
temperature range during temperature program-
ming because a greater contribution to the differ-
ence between calculated and predicted retention
times can be expected if the retention time of a
compound significantly exceeds the upper limit
of isothermal runs.

It should be noted that the accuracy of the
predicted retention values is fair over the whole
range of the programmed-temperature runs,
notwithstanding the fact that the isothermal
retention times were not measured for all the
compounds at the same temperature and in the
same isothermal runs. This is important from
both the theoretical and practical points of view.
It is in fact almost impossible to achieve the
elution of all the analyte compounds with a
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single isothermal analysis; at low temperatures
the retention time of high-boiling compounds is
too long and the peak shapes (tailing or very
wide) make correct measurement of retention
times difficult unless large sample amounts are
injected; at high temperatures, interference with
the solvent peak tail and elution of many peaks
within a very small interval impair the determi-
nation of early-eluting compounds.

The differences between the experimental and
calculated values are also due to non-instanta-
neous cooling of the sample from the heated
injector to the initial column temperature and to
the temperature lag between the column and
oven during programming. Probably this lag
makes the greatest contribution because the
difference between calculated and observed elu-
tion temperatures is always within +1.3”C (see
Table III), which represents the observed devia-
tion between the set and actual temperatures of
the column oven. The thermal mass of the
capillary column and of its supporting cage is
relatively small, but it may contribute further to
the difference in the actual column temperature
with respect to set oven values, mainly with high
programming rates [26].

Notwithstanding these causes of error, the
prediction of the retention times in the linear
PTGC of complex mixtures of PAHs  gives suit-
able results and can permit the identification of
these compounds in environmental samples on
the basis of retention data, without the need to
perform a series of isothermal runs for each
sample in order to identify compounds having a
wide range of boiling points. By determining
many standards, the flame ionization detection
(FID) responses of PAHs  were found to be very
similar, as they are governed by their carbon
content, which is fairly uniform for different
compounds, and therefore they have very similar
FID response factors (response/mass) [27 1.
Therefore, the identification on the basis of
retention data and the similarity of response
facilitate the determination of PAHs  in environ-
mental samples by reducing the number of
standard mixtures required.

The method, which is easily applied with
simple programming on personal computers, can
also be used as an analogue of the Van Deemter
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plot for optimization of carrier flow-rate, to
establish whether the column used can give a
satisfactory resolution of closely eluting peaks. If
the application of the equation with many PTGC
parameters does not give a sufficient difference
in retention times, this means that further ex-
periments in order to improve the resolution by
changing the analysis conditions will be useless,
and that other solutions must be tried, such as
the choice of longer columns, the use of station-
ary phases with greater polarity and the combi-
nation of different length of polar and non-polar
columns.
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