JOURNAL OF CHROMATOGRAPHY I41

GAS-LIQUID CHROMATOGRAPHY

A CONTRIBUTION TO THE THEORY OF SEPARATION IN
OPEN HOLE TUBES

H. A. C. THIJSSEN
Research Depariment, P. de Gruyler en Zoon, N.V .,
's-Hertogenbosch (The Netherlands)

(Received October joth, 1962)

INTRODUCTION

The degree of separation obtained in a chromatographic column depends upon the
overlap of the elution curves of the components emerging successively from the
column. The separation performance will be introduced as a measure of the degree of
separation between two components irrespective of their relative volatility. The
proposed measure will fully describe the influence of the physical properties of the
components, the column properties and the operating conditions upon the separation.
It has become common practice to consider the number of theoretical plates (%), or
the length of a column equivalent to a theoretical plate (H.E.T.P.), as a measure of the
separating capacity of gas chromatographic columns. The latter concept originates
from the theory of distillation, where it has proved its practical value. It is, however,
an empirical quantity and the theory, especially in packed columns, .does not deal
with the mechanisms that determine this quantity.

In chromatography, when comparing a coated capillary column and a packed
column, both columns having an equal number of theoretical plates for a given com-
ponent, it appears that with the latter the degree of separation is, as a rule, appreci-
ably higher. This effect will be more pronounced at high vapour pressures of the com-
ponents to be separated. From this it follows that the theoretical plate concept is
only to a limited extent suitable to describe column resolution. It will be shown that
the height equivalent to a transfer unit, Hog, is a true measure of what a column
can do in separating a given pair of components, independent of their relative vola-
tility. '

PRACTICAL ASPECTS OF THE TRANSFER UNIT

The degree of separation, S, of two neighbouring components will be simply defined as:
S = —— (1)

In this expression the retention times ¢, and {5 are obtained by dividing the column
length / by v,, and v,, the velocities of components 1 and 2 respectively; wis the mean
width of the two components (in time units) at the baseline, between the tangents to
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their elutionm curves. The mumber of theoretical plates, 7, is: related to ¢ and w by:

4
- : (2)

@

If 2 is small as compared. to 4, for S mawy be writtem:=

s—(@—1) X} (3)

Z

The elution welocity of 2 component is equal to the gas welocity vy, times its fractional
occurrence in the gas phase. If w and r are the mole fractions of a component in the
gas phase amd in the statiomary phase respectively, the number N, of moles in the
gas phase can be espressed by:

Vatp < 273 Vet
N, — —_— Ay
No =% T % zz.4-10% ¥ ST (4)
amnd the number of moles N im the statiomary pihase by
o "sprs:
Ng = M, (5)
The melation between v and w at phase equilibrinmm reads (for ideal gases):
a y g
—= A 6
The fractiomal cocumence of a compoment im the gas phase: is equal to:
Ng
Nﬂ/’ R N&' a
which by applying eqns. (1), (3) and @) leads to:
. Bz WapeT —%_ T _
¢=1 ((n ki ;;PV,,,M) T+ & (7}
where &, the capacity ratio is:
- Sz Vaepad (8)
T PV,
The melative elution veloditty @y,/e, cam mow be writtem as:
up I 4 Aw
L@ 1 4 Ay (9)
The mellative wolattility of two components is defined] as:
Py Rz
WET Py ()
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Substituting eqns. (g) and (ro) in-eqgn. (3):

k& +/9
S = I'll (ory,2 — T) 1/_
X 4+ & &4

((wm)

(For closely neighbouring components, &; = ks, £; in eqn. (IT) may be replaced
by &.)

From eqn. (x1) it will be evident that the degree of separation, as defimed by
eqn. (1), is not determined only by «;, , and %, but also by the value of Z. The factor
k/(x + k) becomes of importance if r is not small as compared to &, that is for small
values of %2 (say << 3). From eqn. (8) it follows that & will be small 3f V.4V, s smmalll
(thin liquid layers) and P, the vapour pressure of the pure component is large (gl
temperatures).

T he number of transfer uniis Nog

CHILTON AND COLBURN!? defined the number of transfer units N ge on overdll gas base
as:

C2 de
Noo = [ ——— (22
Ca
and the height of a transfer unit as:
Heog = ‘ (
05 = T (m3)

VAN DEEMTER, ZUIDERWEG AND KLINKENBERGZ have shown the rejation hetweem
Nog and » to be:

N B ¥ '
o = 2 (‘1[ o k) 1] («M))
or:
VEENes = — &
T 4+ &

by substituting Noe for # in eqn. (z1):

/0.5 Noc
4

S = (o, — 1)

(%))

According to this equation the degree of separation of two componemnts is wowerned
only by their relative volatility and the mumber of transfer units. Whereasthemumiber
of theoretical plates is a measure -of column performance for large values«of & only., the
number of transfer units is a true measure of the separation performamnce irrespectiwve
of the value of &*.

The number of transfer units can be readily obtaimed from the chromatogram:

Nog = 32 ((4 —;h’) (a6)

. * The problem of the imperfection of the theoretical plate concept has among others also ibeemn

recognized by Harasz?, who introduced the concept of a modified theoretical plate comtaining the
same parameters.
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wilere # is; the retention: time' of the component and {, that of the carrier gas (non-
retaimed] componentt)..

To illustirate: egne.. (15) the separation data are given of the system methyl ethyl
Eetome-metihvyl isopropyl ketone in: a capillary column coated with dinonyl phthalate
(see Tablle IT)..

TABLE I
SHEPOARATDON OF METHEXYXL. ETHYL KETONE-METHYL ISOPROPYL KETONE IN A COPPER CAPILLARY COLUMN

Lengtin off the: capillary 15 m,. inner diameter 0.25 mm. Coating : dinonyl phthalate, coating thick-
mess 0.5 su; mitrogem welocity 16:7 cmysec at 22.5%; inlet pressure 1.28 kg/cm?; outlet pressure
I.00 kg/cm2

Temnperature (°C)
Suprmratioondata

225 50 75 100 125
Py oLnoy 0:385. 0.860 1.87 3.79
P, 003y 0.166 0.550 1.5 3.54
# z0:0 9.5 6.8 5.4 4.95
@y 90 0.35 0.21 o.15 0.125
&, 355 3.5 8.7 6.25 5.47
Ty, 1-50: O:.45 0.27 0.175 0.135
%) »o» 3:26 3.47 3.64 3.84
b7 1] 8, Soo 03,100 16,700 20,600 25,600
Noa:.u oz, 680 10,040 8,040 4,580 2,520
No:, 2 035,049 6,600 12,000 7,100 4,680
- .82 .64 1.57 1.48 I.46
Ay 595 L.90: 0.96 0.48 0.29
A, o3 3.4 .50 0.72 0.43
S 2.2 10.00 7-0 5.2 4.0

The wvamatiom of the number of transfer units and of the number of theoretical
plates witth temperatuze and! with: degree of component separation are presented in
Figs. ¥ amd 2 respectiwely..

THEORY OF THE TRANSFER UNIT

The: mass transfer im a: column is governed by: (a) rate of mass transfer in the gas
pitase,, () rate of mass transfer in the stationary phase, and (c) longitudinal and radial
diiffimsiom i the: gas: phase..

Mass tranusfer i e gas pliase

Jaumopt dernived! am exact: equation: describing the heat transfer in a round tube for

comstamtt walll temperatiure: and! laminar gas flow. By analogy between heat and mass
tramsier his equation cam be: rewritten as

Gy —Gy) —myl —m,l —mgl
————— = 1 — a.:820¢e — 0.097 e — 0.0135 e (x7)
oy — Gy
wihere::
3.66:.Dy, 22.1 Dy 53.0 Dy
my = ———— ;Mmy = ————— and mo = —— =
12ug) 72y, r209

The distributiom of 2 component im a capillary tube can be approximated by a
Gamssinm curwe.. Cousequently the integrated driving force over the length of the
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Fig. 1. Effect of temperature upon number of theoretical plates and number of transfer units
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Fig. 2. Effect of number of theoretical plates and of number of transfer units on degree of com-
ponent separation.
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capillary is zero. In JAKOB’s model a zero driving force is equivalent to 6 — oo (- oo}
For large values of / eqn. (x7) reduces to:

=1—o0.8z20e "% - (x8)

The amount of mass IV, transferred during a time f is given byv:
N = I’, ((C@ -— Co) f(IQ))

From eqns. (z8) and (19) it follows that:

_3.660’
— N = Vgy{cp— ;) \1 —o0.820e L {20}

Replacing /v, by 6 and differentiating eqn. {20) with respect to §:

aAN 3550 . 66D
—EE- = — Ifg (00 -_— Ci» 0.8z0 e e . —3——,,-ry— <21§l

The mass transfer coefficient K, in the gas phase is defined as:

dN
5 = — Ko leg— <) (22)
and eqn. (21) may be modified to:
Co — Ci 2. D _3.6? Dyl
Ky = ‘o “: 3-66 Dy o08z0 Tge e (=3}

cg — g 92
From eqgns. (23) and (18) it follows that:

3.66 Dg _. -
Ky ==>~——7V¢ (29)

M ass transfer coefficient in the stationary phase

For a constant interfacial concentration NEwaAN? derived for the mass transfer in
a slab: )
DyB:> T — QD022 23002

u J— .i; e— 45 4 —e 4= <+ _I- e—— g== - _...._) r(zs))
co — Ci E 9 25
For the same reasons as apply to the gas phase the relation reduces to:
. _ Dyp*
o —4a _ E‘, e += (26)
co — Cg¢ bz o
The mass IV transferred in time 6 is:
N = V4 {ceg — <o) (=7)
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Substitution and differentiztion te @ gives:

AN | 8 Da —
- We (@n— ) == 4422 e ¥ (28);

Again the coefficient of mass transfer K m tihe statiomary phase is::

N
— = — K (s — i) (29)

wihich leads to:

ey
Ky = Wy m Z;‘i ((310%

(OVIERALL NUNIRER OF TIRANSFER TNITS IN THE GAS RPHASE

According o the doufbile (fillm tiaory:

LI bi 3 _q__lK (31)
Kow Ky Ks "

mhere Ko xepresemnts the oweralll aoefffidient of mass transfer om gas base and!

K= %f; ((equuiliibrimm comstmtt)..

From:
[
* dic Kape@ \
Npe = | —_ (32))
o J."af"‘——w G (32)
e
and:
/A /(o
Hog = —— = — (33)
Vo Koc®

Fog (34
After substituting eqns. (24), (Fv) amd () mto eqm.. (349

W 4t b, U= T 44 2%y
Hog = ———— -+ 4.,, A 4 —— (39)
BIED D)y DD W 3.66 D)y, e 2Dy,

Radial and longitudinal &ijffucsion:

From a study by WeEsmmsvier® tihe effiect of radiial and lomgitwdimal diffusiom om the:
HIET.P. can be obtained:

ag® D) .
HETP — —»_ . 277 (36)
oy Dy Uy
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or in terms of transfer units:

1+ k)2
Hoa = ! %2 )(

7)01’2 D g)

25D, T v (37

The overall transport in the capillary column is obtained by adding the heights of the
transfer units for the different transport phenomena:

(x + &) D, I + 2k -+ 1442 ver? I 4 vpz®

Hog = ~——uil =2 —~ : 8
oc k2 Vo 48 ko Dy k n2Dg (38)
The degree of separation of two components is then:
(1 + k)2 Dy, T 4+ 2k 4 14Kk vor? - 1 4 ve221—Y% ( ! )’/z
S = (e — 1) [ w 48 A2 Dy "k n?D,,'] 32 (39)

CONCLUSION

The H.ET.P. concept in gas-liquid chromatography might be misleading. The exam-
ple represented in Fig. 2, clearly demonstrates that the operating conditions leading
to an increase of the number of theoretical plates result in a decrease of the separation.
The number of transfer units, however, is the exact measure of separation performance.

From eqn. (38) it can be deduced that for low values of % (4 << 5) the number of
transfer units decreases sharply with a decrease of k. The effect upon %, by the coating
thickness, capillary diameter, vapour pressure of component, temperature and proper-
ties of the stationary phase follows from eqn. (8).

The height of a transfer unit, for most practical purposes, will be controlled by
the rate of mass transfer in the stationary phase. The relevant term in eqn. (38) reads
in physical units:

8

P
0.005 vl Yvo2 (40)
T pgDyg

This expression shows the significance of small capillary diameters, low molecular
weight of the stationary phase, low gas velocity and thin coating layers. The first
derivatives with respect to T of yP/T and of /D, are positive and negative respec-
tively and not of the same order of magnitude. Roughly at values of yP between 0.5
and 1.0 the ratio yP/TD; will pass through a minimum.

In eqn. (38) the diffusion coefficient in the gas phase, Dy, is the only parameter
that is pressure dependent. Low pressures result in high values of D, At very low
pressures, the height of a transfer unit according to egn. (38) will be controlled by the
first term, representing the longitudinal diffusion.

LIST OF SYMBOLS

¢¢ = concentration after time zero (g/cms?)

ce = concentration after time 6 (g/cm3)

¢¢ = concentration at interphase gas-stationary phase (g/cms3)

c* = concentration in one phase in equilibrium with concentration in the

other phase (g/cm3)

J. Chromatog., 11 (1963) 141~150



GAS—LIQUID CHROMATOGRAPHY ! THEORETICAL STUDIES 149

e = base of natural logarithms
D, = diffusion coefficient in the gas phase (cm?2/sec)
D ; = diffusion coefficient in the stationary phase (cm?/sec)
G = gas rate (cm3/sec)
Ho¢ = height of a transfer unit, based on gas-ﬁlm resistance (cm)
H.E.T.P. = height equivalent to a theoretical plate (cm)
K, = mass transfer coefficient in the gas phase (cm?/sec)
K ; = mass transfer coefficient in the stationary phase (cm?2/sec)
Koe = overall gas phase mass transfer coefficient (cm?2/sec)
K = ¢g4/cs, equilibrium constant
k ratio of quantity of component in stationary phase and in gas phase

mole fraction of component in gas phase

! = length of column (cm)
M s = molecular weight of stationary phase (g/mole)
N oe = number of transfer units
»# = number of theoretical plates
N = mass transferred (g/cm?2)
O = area of interphase gas phase-stationary phase
p = pressure (atm)
P = vapour pressure of component (atm)
r = inner radius of capillary (cm)
S = (¢, — t,)/w degree of separation
T = temperature (°K)
t = retention time of a component emerging from column (sec)
{, = retention time of air peak (sec)
v = velocity of component in column (cm/sec)
v, = average velocity of gas stream in column (cm/sec)
Vg4 = volume of gas phase/unit interphase (cm)
Ve = volume of stationary phase/unit interphase (cm)
w = basewidth of component (sec)
x = mole fraction of component in stationary phase

v

z = thickness of stationary phase (cm)
oy, 5 = Y3 P1fysPs relative volatility

y == activity coefficient of component
density of stationary phase (g/cm3).

Il
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SUMMARY

The height equivalent to a transfer unit (Hog) is, as opposed to the height equivalent
to a theoretical plate (H.E.T.P.), an exact measure of the separation performance of
gas-liquid chromatography columns.
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150 H. A. C. THIJSSEN

A relation. between physical properties of the stationary phase, physical proper-
ties of compcnents to be separated, dimensions and operating conditions of capillary
columns on the one hand and the H g on the other hand is derived. It is shown that
a decrease of %, the capacity ratio of stationary phase to gas phase for a given com-
ponent, results in an increase of the Ho¢ and a decrease in the H.E.T.P.

REFERENCES

. H. CHIiLTON AND A, P. CoLBURN, Ind. Eng. Chem., 27 (1935) 255.
J.v. DEEMTER, F. J. ZUIDERWEG AND A, I{LINKI:NBERG Chem. Eng. Sci., 5 (19506) 271.
HALASZ AND G. SCHREYDER, Z. Anal. Chem., 181 (1961) 367.
. JaxoB, Heat Transfer, Vol. 1, John Wiley & Sons, Inc., New York, 1956.
. B. NEWMAN, Trans. Am. Inst. Chem. Engvs., (1931) 203,
. W. WESTHAVER, J. Res. Natl. Bur. Std., 38 (1947) 169.

J- Chromatog., 11 (1963) 141-150



