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Summary 

An expression is proposed for the value of the Coating- 
Efficiency C.E. starting from the Golay-equation, ex- 
tended to situations of appreciable pressure drop by 
Giddings. A comparison is made between the coating- 
efficiency following this theory and the simplified ex- 
pression for coating-efficiency as generally used in the 
literature, that neglects the effects of resistance to mass 
transfer in the liquid phase and the pressure drop. It is 
shown that the complete equation from the coating- 
efficiency explains the observations made in practice. 
Application of the theory described will lead to a 
better check on ffdm formation in capillary columns. 

Introduction 

One of the aspects of describing column quality is the 
comparison of  experimentally obtained plate numbers 
with theoretically predicted values. In capillary gas chro- 
matography it has become common practice to use the 
Coating-Efficiency "C.E." as a measure for this purpose. 
C.E. is defined as the ratio of theoretical to experimental 
plate height at optimum conditions: 

Htheor 

ra in  

In practice, however, the following simplifications are made 
in the Golay-Giddings [2, 3] equation describing the theo- 
retical plate height: 

- the effect of a pressure gradient on peak broadening is 
neglected; 

- it is assumed that the contribution of the resistance to 
mass transfer in the gas term is appreciably larger than 
the term accounting for diffusion in the stationary 
phase (Cm, 0 >> Cs). 
(Cm, 0 is defined at column outlet pressure conditions.) 

This together with the Golay equation [2] leads to the 
well known expression: 

r j l l k 2 + 6 k + l  

C.E. - 3 (1 + k) a (2) 
Hexp, min 

r being column radius 
k capacity ratio of a solute. 

A study of experimental data, however, reveals the failure 
of eq. (2) to explain the following observations: 

- C.E. is dependent on the nature of the carrier gas and 
the ratio of inlet to outlet pressure; 

- the effect of the partition coefficient K (and thus k) 
of a solute on the C.E. is different from the results 
predicted; 

- wide bore columns show much better C.E.'s than narrow 
bore columns; 

- stainless steel capillary columns and "whisker" columns 
show appreciably lower C.E.'s than smooth wall glass 
capillary columns under similar experimental conditions. 

It is the aim of this paper to discuss the Coating-Efficiency 
from a theoretical point of view. 

It will be demonstrated why and to what extent the sim. 
plified expression for C.E. as given by eq. (2) fails as a 
measure for column quality in many practical situations. 

Theory 

In a separate paper on the efficiency of capillary columns 
[1] the authors treated the dependence of optimum gas 
chromatographic conditions on inlet and outlet pressure, 
P, and the ratio of Cs/Cm, 0. It was shown that even when 
the liquid phase is distributed as an uniform film, Cs, can 
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seldom be neglected compared to Cm,0- Especially in 
narrow bore columns it is necessary to include the ratio of 
inlet to outlet pressure, P, and the Cs term in the calcula- 
tions of Htheor,mi n- 

In the paper mentioned above [1] it was derived that 
starting from the Golay equation extended by Giddings 
to situations of appreciable pressure drop, in almost all 
practical situations the value of Htheor,mi n in the numerator 
of eq. (1) can be expressed as: 

Htheor, mi n = 2 x/B0fl (Cm,ofl + Csf2) (3) 

Bo is the term of the Golay equation describing longi- 
tudinal molecular diffusion under conditions of 
column outlet pressure 

Bo = 2 Din,  o 

Dm,o is molecular diffusion coefficient of a solute in the 
carrier gas at column outlet pressure 

fl correct for effect of pressure gradient on column 
and 
f2 efficiency. 

9 ( p 4 _ l ) ( p 2  _1)  
fl = ~ (p3 _ 1)2 (4) 

3 P 2 - 1  
f 2 - 2  p 3 _ l  (5) 

By definition, P, is the ratio of inlet to outlet pressure--Pi/P o . 

In the following the C.E. obtained from the simplified 
eq. (2) and resulting from the complete form following 
eq. (3) will be compared: 

Dividing C.E., using the complete eq. (3) as the numerator 
and the simplified form given by eq. (2) in the denominator 
yields: 

C.E. (3) 
= f~ ~1  + G(k) 

f2 
C.E. (2------3 ~ (6) 

In this expression the following symbols are used: 

G (k) = 4 a 2 Din'~ k = (7) 
Ds l l k 2 + 6 k + l  

4 a 2 Dm'~ 
Ds "f(k) (8) 

D s is diffusion coefficient of a solute in stationary 
liquid phase 

Vs 
a=~m m is volumetric phase ratio of stationary and mobile 

phases. 

If the stationary liquid film is distributed as an uniform 
fdm, a, can be replaced by 

2 df 
a =  r ( 9 )  

df being film thickness. 

Results and Discussion 

Table I gives the variation of the pressure gradient correc- 
tion factors ft and f2 with the inlet to outlet pressure ratio. 
More difficult to estimate is the contribution of G(k) in 
eq. (7), especially owing to a lack of data on D s in different 
stationary phases. 

As an example data on nCa - nC9  hydrocarbons are taken 
from Desty [4]. From this publication it appears that 

D m ' o  ~ 5  x 10 4 for these hydrocarbons separated on 
Ds 

squalane at 50 ~ The carrier gas was nitrogen, the outlet 
pressure 1 bar. 

f(k) (eq. (9)) is easy to calculate [1]. At low values of k, 
f(k) is proportional to k. On increasing k, f(k) rises and 
passes through a maximum. At high values of k, f(k) is 
given by f(k) = 1/11 k. The position of the maximum is 
easily found by differentiation of f(k). The maximum value 
of f(k) is 0.0791 for k = 0.3015. 

In Tables II and III ratios of C.E. according to eq. (3) and 
C.E. calculated by the generally accepted eq. (2) are given 
for several conditions. This ratio is, according to the de- 
finition of the Coating-Efficiency, of course also equal to: 

C.E. (3)_  Htheor,min (3) _ 2x/Bof~(Cm,ofl +Csf2) 

C.E. (2) Htheor.mi n (2) 2 ~ m ,  o 

(10) 

This ratio is calculated for n-hydrocarbons under condi- 
tions as mentioned above, for different column diameters 
and different values of film thickness (dr). Assuming the 
distribution of the liquid film to be homogeneous the phase 
ratio, a, easily follows from eq. (9). It should be noticed 
that for situations, often met in practice, where there is 
droplet formation of liquid phase, or if most stationary 
liquid is accomodated in pores of the column wall CE(3)/ 
CE(2) will be appreciably larger than given in Tables II 
and III. This follows from the fact that C s is proportional 
to d~. If there is a non.uniform fdm distribution of the 
liquid phase, Cs will be larger, than for a uniform film, since 
Cs will be determined mainly by spots within the column 
with the largest value of df. 

Table I. Variation of pressure gradient 
correction factors with ratio, P, of inlet to 
outlet pressure. 

P = Pi/P0 f l  

1 .1 1.001 
1.5 1.013 
2.0 1.034 
2.5 1:052 
5 1 .O98 

10 1A20 
100 1.125 

f 2  f2/ f l  

0 . 9 5 2  0 . 9 5 0  
0.790 0:779 
0.643 0.622 
0.539 0.512 
0.290 0 .264  
0.149 0 . 1 3 3  
0.015 0.013 

644 Chromatographia Vol. 12 No. 10, October 1979 Originals 



Table II .  Variation of ratio of Coating-Efficiency calculated by eqs. (3) and (2) 
with column radius, film thickness and inlet to outlet pressure ratio with parti- 
tion coefficient K. (Conditions as in text.) Outlet pressure Po = 1 atm. 

(Uniform fi lm distribution) 

r d f  a P= 

/lm /~m Pi/Po 

250 1 0.008 1.25 
0.5 0.004 1.25 

125 0.5 0.008 2 
0.1 0.0016 2 

50 0.5 0.02 7.25 
O. 1 0.004 7.25 

25 0.5 0.04 26 
0.1 0.008 26 

CE (3)/CE (2) 
K = I O 0  K= IO00  

1.31 1.06 
1.11 1.03 
1.26 1.08 
1.04 1.04 
1.37 1.15 
1.14 1.12 
1.30 1.13 
1.15 1.13 

Max. at Kma x 

1.38 
1..11 
1.32 
1.05 
1.63 
1.14 
1.71 
1.15 

37.7 
75.4 
37.6 

190 
15 
75 

7.6 
37.5 

Table I I I .  Variation of ratio of Coating-Efficiency calculated by eqs. (3) and (2) 
with column radius, film thickness at Pi/Po = 2 with partition coefficient K. 
{Conditions as in text.) Outlet pressure Po = 1 atm. 

(Uniform fi lm distribution) 

r df a 
#m pm 

50 0.5 0.02 
0.1 0.004 

25 0.5 0.04 
0.1 0.008 

p= 

Pi/P0 K = 100 

1.71 
1.11 
2.31 
1.26 

K = 1000 
CE (3)/CE (2) 

Max. 

1.14 
1.05 
1.14 
1.08 

at Kma x 

2.29 15 
1.11 75 
4.23 7.6 
1.32 37.5 

In preparing Tables 1I and III the following assumptions 
have been made: 

a) the partition coefficient K is considered to be indepen- 
dent of pressure, this is only true for not too high values 
of the average column pressure, 

b) in Table II the pressure drops have been selected such 
that the pressure drop, AP, is proportional to 1/r 2 . This 
means that under optimum conditions the columns of 
different radius have very roughly about the same plate 
number. 

In the last two rows of Tables II and III the maximum 
values of CE(3)/CE(2) are presented together with the 
accompanying value of the partition coefficient K. 

Conclusions 

As can be concluded from Tables II and III the generally 
accepted expression for the coating-efficiency CE(2) is an 
unacceptable oversimplification in many cases. The coating- 
efficiency following from eq. (3) is always larger than CE(2). 
There is no sound reason for neglecting the C s term with 
respect to the Cm, o term, in most practical situations. In 
situations of large inlet to outlet pressure ratios the pressure 
correction factors f~ and f2 should be included also in the 
calculations. 

The authors feel that the column efficiency, as observed in 
practice, should be compared with values obtained from a 
complete theoretical treatment. Only in this way valuable 

Chromatographia Vol. 12 No. 10, October 1979 Originals 645 



information can be obtained on the actual distribution of  
the liquid phase in the column. 

An expression (6) is introduced which enables research 
scientists to obtain the theoretical value o f  the C.E, with- 
out need of  simplifying assumptions. From eq. (6) the 
errors involved in using the simplified equation can easily 
be deduced, provided D s and Din, 0 are known. Eq. (6) can 
explain the observations mentioned in the introduction 
when using the simplified expression, (2), via the effects of: 

- phase ratio 
solute retention 

- nature of  carrier gas 
- column outlet pressure 
- inlet to outlet pressure ratio 
- nature and distribution of  liquid phase 
- column temperature. 

As can be concluded from Tables II and I I I a  large pressure 
gradient, or large value of  P, partly compensates the effect 
of  a non-negligible Cs-term. 

Hopefully in the near future more data on diffusion in 
liquid phases will become available. If  so the C s term for 
uniform film distribution and thus eq. (6) can be calculat- 
ed exactly. Then, deviations from a coating-efficiency from 
100% (acc. to eq. (3)) will give important information on 
the actual distribution o f  the liquid phase, and thus enable 
researchers to point their attention to this now often 
neglected aspect in developing the ideal column. 
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