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INTRODUCTION

The height equivalent to a theoretical plate (HETP) represents, as is well
known, the column efficiency in chromatographic separation. On the basis of the
theory of LAPIDUS AND AMUNDSON?!, VAN DEEMTER et @/.2 derived a famous equation

of the following form:
H'=A+§-+Cu (1)

In this equation A is the HETP and « the linear velocity of carrier gas.

KieseELBacH? and JoNEs? presented modified theories, and DE WETS® found a
hyperbolic relationship between HETP and temperature, for the elucidation of which
he postulated that the diffusion constants in the gaseous and liquid phases are
proportional to the absolute temperature and the partition coefficient K is inversely
proportional thereto, resulting in the following expression:

C
H=A+B;3T+7[3

DurrieLD® varied the linear velocity and found that the third term in the right-
hand side of eqn. (1) increased.

In the present study it was deduced from the VAN DEEMTER theory? that the
logarithm of HETP, and hence the logarithm of the plate number of a given column
under certain conditions, varies linearly with the reciprocal of the absolute tem-

Pperature.
THEORETICAL CONSIDERATION

LAPIDUS AND AMUNDSON}?, in 1952, presented a system of partial differential
equations, in which diffusion, convection and the kinetics of dissolution into sta-
tionary phase and evaporation therefrom are considered mathematically. Their
solution, however, was too complicated to be applied to the practical problems,
and later VAN DEEMTER et al.? transformed it into a convenient form of the Gaussian
distribution. Namely, it is shown that the outlet concentration is:
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where ¢ is the time, L the column length, and

T, B

where F; and F; are the cross-sectional fractions of the gaseous and liquid phases,
respectively, and K is the ratio of the concentration in the gaseous phase to thatin
the stationary liquid phase at equilibrium. It is considered that a pulse of duration
o and concentration ¢, is injected into the column inlet. The variances ¢,2 and ¢,2 are
given by:

o DgL
012 = 2 ——
! 13 . (4)
and
g2 == 2 ._‘El_z.j_‘_ (5)
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where « is the rate constant of dissolution from gaseous into liquid phase and D, the
diffusion constant in the gaseous phase.
It can easily be shown that the retention time ¢g is given by

th = =
B= Bu
The number of plates »# is given by

L L p2
n= = (7)

H 012 - 092

We will discuss the characteristics of eqn. (7) in two extreme cases.

At low temperatures
It is seen that in this case:

K ——>o0 and g— —n —Ié};—g (8)
so that the relation
022 S>> 0,2
holds approximately. Hence, it follows that
&)
" — pu/ = L-x ©)

(0‘2)2_ 2.u- k5
B

J. Clhromatog., 17 (1965) 66—72



68 ' T. KAMBARA, H. KODAMA

The rate constant of dissolution or adsorption « may be expressed in the form:

—AH,
& = ¢p'eXp <_}ﬁ"_ (IO)

where A4H, is the activation heat of the process. It can therefore be derived that

L. AH,

— (11)
2-u-Fy 2.303 RT

log » = log

At high temperatures
In this case:

K——> o and f—>1 (12)
so that
012 > 022 = o.

Hence, it is seen that

tR? L.u

On the other hand, one may write:
D = Dy-exp (Z222 1
= Dy e.\p( BT (14)
Thus, it is found that
1 ~ 1o L1 AF s rs)
O8 * = 198 D, 2.303 RT (15
or e
2:Do 2
=1 6
log H °8 2 + 2.303 RT (16)
EXPERIMENTAL

The benzene, toluene, isopropy! alcohol and ethyl alcohol used were all the
reagent grade. The gas chromatograph was a Hitachi apparatus (Type KGL-24A).
The column was 3 m long and 4 mm in diameter and the 10 % Apiezon grease L
(40—60 mesh) served as the stationary phase. Helium was used as the carrier gas, and
the pressure difference between the inlet and the outlet was maintained at 0.4 kg/sq.
cm throughout the measurement. The amount of sample injected was always kept
to 5 ul.

The variation of the linear velocity with temperature offers a complicated
problem, but in this study it is assumed that the linear velocity of carrier gas re-
mains approximately constant owing to the constant pressure difference. The change
in the flow rate of gas volume expressed in mole/sec is measured and given in Fig. 1.

J. Chromatog., 17 (1965) 66—72



TEMPERATURE DEPENDENCE OF THE HETP

35

sob

mi /min

20

1 i !

-1.20

40

)
80 120

Temperature °C

mmole /min

-10.80

Fig. 1. Variation of the flow rate of helium carrier gas with temperature measured at 22° £ 1°
and 1 atm at the column outlet. Under these conditions the logarithm of the flow rate varied

only slightly.

RESULTS AND DISCUSSION

Some examples of the gas chromatograms recorded are shown in Fig. 2. It is

found that with the increasing temperature the retention time becomes shorter and

the peak first becomes sharper and then again broader.
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Fig. 2. Gas chromatograms of benzene at various temperatures. Recorder sensitivity (full-scale
23 cm) and chart speed are: (a) 8 mV, 0.5 cm min—1; (b) 32 mV, 1.0 cm min-1; (c) 32 mV, 1.0 cm
min—1; (d) 64 mV, 1.0 cm min—?; (e) 64 mV, 2.0 cm min~1; (f) 64 mV, 2.0cm min—1,
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Figs. 3 and 4. Variation of plate number with temperature for benzene and toluenc.

The number of plates was obtained by means of the equation:

(17)

where wp, is the half-width of the peak®8. The variation of the number of plates with
the temperature is shown in Table I and Figs. 3 and 4.

The logarithm of the plate number plotted against the reciprocal of the ab-
solute temperature is shown in Fig. 5, from which one can easily find good linear

TABLE 1

MEASUREMENT OF PLATE NUMBER AND RETENTION VOLUME

Columnn /T X rod Benzene Toluene

temperature

(°C) log n log Vg logn log Vn
40 3.19 2.95 3.88 2.95 4.36
50 3.11 3.03 3.73 2.94 4.17
55 3.05 3.06 3.67 — —
6o 3.00 3.12 3.59 2.97 4.02
65 2.96 3.16 3.53 3.00 3.94
70 2.92 3.19 3.46 — —
75 2.87 3.16 3.38 3.04 3.78
8o 2.83 3.14 3.33 3.06 3.72
85 2.79 3.09 3.25 3.11 3.63
9o 2.75 3.03 3.2t 3.15 3.58
95 2.72 2.92 3.14 3.18 3.49

100 2.68 2.87 3.10 3.23 3.45

IIO 2.61 2.75 3.00 3.18 3.32

120 2.54 2.66 2.93 3.09 3.20

130 2.48 2.55 2.88 2.94 3.12

140 2.42 2.49 2.78 2.81 3.01

150 2.37 2.51 2.77 2.71 2.95
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relationships indicating the essential validity of the present theoretical considerations.

The linear relationship between the log ¢g and 1/7" has been known for a long
time, and is also given in Fig. 5. This would support the good control in the experi-
mental work in the present measurement.

Compared with the theories proposed by DE WET5 and DUrFIELDS, the present
study elucidates the temperature dependence of HETP, or of plate number in gas
chromatography, more elegantly and reasonably and on the basis of sounder physico-
chemical considerations.
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Fig. 5. Plots of log # vs. 1/T (shown by open circles). Log ¢ is also plotted for comparison (shown
by full circles). (a) Isopropyl alcohol; (b) ethyl alcohol; (c) benzene; (d) toluene.
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SUMMARY

It was predicted theoretically that the plate number of a given column varies
with temperature. From the VAN DEEMTER theory? it was shown that the logarithm
of the plate number, or of HETP, plotted against the reciprocal of the absolute
temperature gives two straight lines. This prediction was experimentally confirmed
and it was found that each column shows the maximum plate number at a tempera-
ture near the boiling point of the sample.
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