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ULTIMATE LIMITS IN HIGH-PRESSURE LIQUID CHROMAT0GRAPH.Y’ 
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~lr~wcwlr&llr Pl~_~~.~ilicrlisclrc Clrwric, Utrirwxifiit S~rmhriicltwr, S~rtrrbriickcw (G.F. R.) 

SUMMARY 

Owing to the adictbatic heat of friction, the tcmperaturc of an cluent may in- 
crease by up to 35” if ilp = 500 atm. The capacity ratio of a sample decreases with 
increasing ilp. Temperature (and consequently viscosity, D,, etc.) gradients exist in 
axial and radial directions inside the column. Therefore, because of the equipment 
limitations, (Ilp,,,, is usually less than SO0 atm. The value of u,,~” (i.e., the velocity at 
the minimum of the /t VCI’S~IS ZI curve) increases with decreasing practicle size and 
with decreasing viscosity of the eluent. With cl,, < 5 IAm, II w rl, while K * c(p2. With 
semi-empirical equations and by experiment, it was demonstrated also that the mini- 
mum particle size in HPLC is between 1 and 3 /Am. Up to 240 theoretical plates are 
generated per second. For routine work, 5~drn > c/,, > 3 ,um is proposed, except for 
trace analysis where columns packed with particles of smaller size could be preferable. 
When d,, c 5 IAm, the air classification of the support and the column packing be- 
come sophisticated. The influence of extra-column effects is not negligible. 

INTRODUCTION 

In an earlier paper’, the influence of the particle size (S-35 idrn) of spherical 
silica on column cficiencies was described. The equivalent particle size, cl,,, was cle- 
fined as 

<f!, z j/&I;; L: v ;;z; (1) 

if the porous support was packed by the balanced density method. In eqn. 1. cl,, is 
given in cm if the flow-rate of the eluent, I;: is in cm3/sec, the viscosity of the eluent, 
91, in Poise, the length of the column, L, in cm, the radius of theempty column, I’, in 
cm and the pressure drop across the column, tip, in dynes/cm2 (w 10BG atm). The simple 
relationship /I = A’ -I- C’LJ was found to be an excellent approximation provided that 
(I, > 5 /km. 

In high-pressure liquid chromatography (H PLC), increasingly smaller particle 
sizes were required in order to increase the efficiency of the column and the speed of 

l Part of a lccturc given at the 9th Tntcrnational Sympnsitlm on Advances in Chromatography, 
Houston, Texas. U.S.A., Novcnibcr 1974. 
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analysis. A decrease in r/,,, however, results in a decrease in the permeability. K,, and 
the pressure drop over the column increases if linear velocities of the order of mm/set 
(or cm/set) are required. Another problem is that with decreasing cl,, the difliculties 
of packing of the column also increase, because of the larger surface energy of the 
support. In our experience, the pressure required for the column packing also in- 
creases, because this pressure must always be signifcantly higher than the maximum 
pressure drop over the column ‘during the analysis. Consequently, it is obvious that 
for routine work there is a minimum value of cl,. 

In this paper, some additional facts relating to the ultimate limits of decreasing 
particle size are discussed. The heat of friction. which is a function of the pressure drop 
over the column. has some important consequences. Further, the /I sersus u curve has 
to be described by the relationship 

./I = A -I- B/u -I- Cu (2) 

if r/,, is less than about 5 /Am. 

HEAT OF FRICTION 

In an adiabatic system with an incompressible medium, the heat of friction, Q, 
is independent of the stationary and the mobile phases: 

/IT -_ 
Alp 

41.3 @ c 
= ELIJJ 

The adiabatic rise in temperature, AT (“C), between the inlet and the outlet of the 
column increases with increasing pressure drop over the column, Ap (atm). and with 

TAULE I 

CONSTANT 6 IN EQUATION 4 FOR SOME ELUENTS AT ROOM TEMPERATURE 

Eltrcvr I Spci/ic Dertsily B. m-l 
IlCd (glcr?13) (“Clurr11) CC, 

(cal/~~) 

Water 0.999 0.9982 2.43 20 
Acetic acid 0.468 1.049 4.93 20 
Methanol 0,600 0.7928 5.09 20 
u-Propanol 0.586 0.8044 5.14 25 
Ethanol 0.581 0.7893 5.28 25 
Acetone 0.528 0.792 5.79 20 
Ethyl acetutc 0.459 0.90 1 5.85 20 
rr-Hcxanc O.GOO 0.6603 6.1 1 20 
Mcthylcnc chloride 0.288 1.336 6.29 20 
Chloroform 0.232 I .498 6.97 20 
lsopentanc 0.527 0.621 7.00 20 
Tctrachlorocthylcne 0.211 I .6227 7.07 20 
u-Pentanc 0.542 0.63 I2 7.08 20 
rr-Hcptane 0.490 0.6838 7,23 20 ,. * 
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Fig. I. Tcmpcraturc gradient in the column. Column matcrinl: stainless steel. 15 =:: 30~1: I.D. -- 
4.2 mm. The column is scrcwcd directly into the metal block of the injector. a, Expcritncntcll values 
with the column; b. cxpcrimcntal Vi\ltlcs with nccdlc valve: c, calculutcd adiabatic values. 

decreusing density, p (g/ad), and specific heat, c (cal/g). of the eluent. The constant 
E at room temperature is given in Table I for some important eluents. It can be seen 
in the fourth column that the temperature increase due to the heat of friction is be- 
tween 5 and 7” if the pressure drop is 100 atm. h is extremely small for water as 
cluent. In the calculations above, the compressibility of the eluent and the heat ex- 
pansion of the system were neglected, and also the temperature dependence of (, and 
C. The resulting errors are small provided that Ap < 500 atm. 

With thermoelements at the inlet and outlet of the column, .ilTwas determined 
by repeated experiments. In order to isolate the column, it was wound with asbestos 
cord. The results are shown in Fig, 1. The dotted line (c) is the calculated voluc for 
an adiabatic system, while the full line (a) gives the t;esults of the experiments. Because 
of the good heat transfer through the metallic connections of the column (i.e.. injection 
system and tubing to the detector), about 5O’j/, of the adiabatic AT was measured. 
This value depends on the type and length of the stainless-steel tube. i.e., the conncc- 
tion between injection system and column. etc. In order to demonstrate these heat ef- 
fects, the tempemture drop ;\cross a needle valve was measured as shown in li,nc (b) 
in Fig. I. The effective increase in the temperature of tllc eluent, AT, due to the heat 
of friction decreases (1) with increasing time the eluent spends in the column, (2) with 
increasing heat conductivity of the tube, (3) with increasing heat conductivity of the 
junctions to and from the column, (4) with increasing heat capacity of the sampling 
system, etc. The consequcncc of the heat of friction inside the column is an axial and 
a radial temperature gradient in the column. 

The axial temperature gradient was demonstrated by coating the stainless-steel 
column material with a temperature indicator, i.e., with a liquid crystal phase 
(Licristall, E. Merck, Darmstadt, G.F.R.). This phase was blue at the top, green at 
the centrc and red at the outlet of the tube, for a pressure drop of about 400 atm. 

With increasing pressure drop, the average temperature, Fi, of the eluent inside 
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the column increases and consequently its average viscosity, ii, decreases. On the other 
hand, with increasing pressure, i increases 2. As a rough approximation, the viscosity 
increases by 10% if Ap increases by 100 atm (except for water and alcollols)2. Both 
of the effects mentioned above could compensate each other. If this is the case, then 
the flow-rate will be a linear function of Lip and the permeability. K,:, will be indepen- 
dent of rip, assuming that K,.. in cqn. 1 is calculated with the viscosity at the inlet 
temperature of the eluent. In our system, the Kr value determined experimentally 
was I .74* IO-‘” cm* and was independent of /Ip up to 400 atm (the variation in KF 
was less than 4”/“,). The compensation effect described above, however, only occurs 
fortuitously. The average temperature of the eluent is a function of the heat conduc- 
tivity of the column, while the viscosity change due to the pressure is independent of 
this effect. 

With increasing linear velocity, Tincreases and the average interdiffusion cocf- 
licicnt, D,,,, also increases. The consequence of these efl’ects will be an increase in the 
rate of mass transfer of the sample with increasing u. This could result in a smaller 
C term in eqn. 2 than expected if the conditions were isothermal. The minimum of the 
h VCI’SUS u curve could become broader and the slope of the ascending branch smaller 
due to the increasing temperature. 

Finally, with increasing velocity. the capacity ratio. k’, of the samples will 
decrease because of the increase in T. This effect becomes important if the heat of 
sorption of the sample is high, In our experiments with silica as stationary phase and 
n-heptane as eluent, k’ decreased by up to 20(x, if the pressure drop over the column 
was increased from 10 to 350 atm. 

The radial temperature gradient inside the column is a consequence of the poor 
heat conductivity in a column packed with silica or alumina. The temperature of the 
mobile phase will be higher at the centre of the column than at the walls. Consequent- 
ly. the viscosity and therefore the flow-rate of the eluent will be higher at the centre, 
and the flow profile of the sample will become broader, resulting in increased peak 
broadening. This effect can be demonstrated by the injection of a coloured sample 
into a packed glass column where a Poiseuille-type flow profile can be seen. On the 
other hand, the interdiffusion coefficient of the sample in the centre of the tube in- 
creases (owing to the higher temperature), and the result could be a smaller height 
equivalent to a theoretical plate. 

In Fig. 2, the directions of some gradients caused by the pressure drop over 
the column arc presented. Most of these gradients are valid not only in the axial but 
also in the radial direction. In the theory of chromatography, constant temperature 
is always assumed, because the diffusion coefhcients, viscosities and capacity ratios 
arc a function of temperature. As shown above, in HPLC the temperature distribution 
inside the column is complicated. Sometimes the influence of some parameters com- 
pensate each other. However, it seems to be impossible to develop a valid theory for 
chromatographic processes if the pressure drop over the column is grcatcr than 50- 
100 atm. 

EXPERIMENTAL 

Self-built equipment” was used. The maximum How-rate of the membrane 
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Fig. 2. Schematic presentation of some gradients due to the prcssurc drop. 

pump was 30 ml/min at 400 atm pressure. The cell volume of the self-built UV 
detector was 4.5~1 with a S-mm path length. The noise level was less than 10-j 
absorbance unit at 254 nm. 

The eluents were rr-heptane and ,I-pentane with viscosities of 0.41 and 0.23 cP, 
respectively, at 20”. All measurements were made at room temperature. Before use, 
the eluents were dried over molecular sieves. Their water contents were not controlled 
except in the measurements where the influence of the pressure drop over the column 
(i.e.. the heat of friction) on the capacity ratios was determined. The inert sample 
was n-octane if the detector was a differential refractometer (Model R 401, Waters 
Ass., Milford, Mass., U.S.A.) and 1,1,2,2-tetrachloroethylene (C2CI.,) if a UV 
detector was used. Four aromatic compounds were selected as samples: benzene 
(&t-i,), diphenyl (Diph.), o-terphenyl (Terph.) and nitrobenzene (NB). The sample 
sizes were between 1 and 10 ,ug. 

Statiormry phase 

‘The stationary phase was always porous spherical silica with a specific surface 
area of 350 m2/g and with an average pore size of 150 A as described previouslyl. If 
the particle size of the support, cl,. is less than 5 pm, it is extremely important to re- 
move fine particles (cl,, c 1 ,um). The air-classified sieve fraction of silica was sus- 
pended in a water-acetone ( I : I) mixture in order to strip the fine powder. The equiva- 
lent particle size, cl,, of the fraction was 4.2 f 0.2ql as calculated by eqn. 1. The 
average particle size was 4-5 /lrn as determined by optical methods. 

Cotulnll packing (___... .-._ ,._. 

All columns were packed in drilled stainless-steel tubes with 4 mm I.D. and 
the balanced density packing method was used as described previously3. The asym- 
metry (A.v2) of the peaks3 was always less than 2, and mostly less than 1.5. Three col- 
umns with different lengths were used: 29 cm (column I), 22 cm (II) and 7.5 cm (Ill). 
The specific perrneabilities were independent of the column length, K,: = (1.75 f 
0.15). lo-lo cm2. 
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TABLE II 

CONSTANTS IN THE EQUATION /r k-z= /I -t- B/r/ -t- C/r 

Elucnt : rr-heptanc. 

fc~ll) 
_ . -. ._ 
29 

22 

7.5 

cZc14 

CsHa 

Diph. 
Tcrph. 
NB 

c2c14 

CeH6 

Diph. 
Tcrph. 
NB 

czc14 0 16.5 (&5’~,) 
CL% 0.4-0.5 14.1 (r1:4’%,) 
Diph. 1.3-1.7 12.6 ( f 5 x,) 
Tcrph. 3.346 Il.5 (*8’%,) 
NE 11-14 12.1 (IkS%, 

6 ‘. 
0.46-0.50 
I .47-2.02 

- 

12.5-14.9 

0 
0.44-0.48 

1.1-1.3 
2.6-3.3 
- 

A 
(PI) 

. 
20.3 (&7’%,,) 
19.7 ( :!: 8 ‘X,,, 
2 I .3 ( 3: 3 I%,,, 
- 

33.0 (11: 6%) 

14.0 (& 16’%,,, 
17.4 (:k21 ‘%,) 
14.9 (,t-17’%,,) 
15.1 (,!,IO’~,) 
- 

B 
(/(I- 5 Cfll2~sl~C) 

2.89 ( ;k 14’%,) 
3.85 (:I: 131%) 
2.48 (&9’%,,) 

1.76 (rt:SS’x,) 

10.9 (:k lOl:<, 
9.3 (:h 19u/,, 
9.5 (&13’%,) 
8.1 (rk9’%,, 

.- 

6.59 (11:7’%,) 
6.68 (:!:4’%,) 
4.68 ($,7%) 
3.57 ( rt- 13’%,,) 
7.17 (+zS’X) 

-c 
(rrtsce) 

7.19 (Lk5%) 
5.57 (:t.7’%,,) 
2.29 (rl:8’;/,) 
__ 
4.93 (&IO%) 

0.48 ($:‘)I “/;,) 
0.12 (rk575’;/,) 
0 61 
1 :60 

(&84’;/,) 
( rt 1 X ‘x,,) 

- - _ 

v -. .-. B -- - 
C 

(?WllSl~C) 

0.63 
0.83 
1.04 

- 

0.60 

4.77 
- 

3.95 
2.25 

- 

2.30 
2.40 
I .86 
1.26 
2.58 

-___---.- __._ 

For every column, the h values were determined for a giveri sample using at 
least 12 velocities, and every measurement was repeated at least three times. The 
constants in eqn. 2 were calculated and are given tabulated in Tables I1 and 111 for 

TABLE III 

CONSTANTS IN THE EQUATION I/ == /I -1. B/II -I- Cir 

Elucnt: n-pentanc. 
.._. 

L sntlrpll~ 

(cnr) 

I;’ A 
(prtr) 

29 Gal 
Cb1-b 
Diph. 
Tcrph. 
NR 

__- _... __. _._ _ 
0 
0.4-0.44 

1.42-I .6I 
3.54.0 

10.7-12.1 

V ---.- B .- 
C 

(i?lr,l/.wc) 

1.28 -. 
1.55 
1.54 
1.44 
1.69 

22.5 cm4 

cSl-l6 

Diph. 
Tcrph. 
NB 

0 
0.5-0.6 
1.5-l .8 
3.647 
- 

17.3 (&9%) 
13.2(zt:ll%) 
13.4 (:Lrr7’%,) 
17.7 (*8x,,) 

8.7 (&38X,) 

14.7 (112’%,) 
15.8 (3: I3 yf,) 
I 3 .o ( :I: 9 I%,,) 
12.2 ( :I: 6 7;) 
- 

6.30 (rk 14%) 
8.87 (+9(x,) 
7.01 ( rh7 “/,) 
4.4 I ( ~1: 18 ‘x,) 

14.0 (Ir20’%,) 

2 I .4 ( :t: I I 1%) 
24.3 (It: I I I%,,, 
22.7 (d:7’%,) 
18.6 (:trS’;:,) 
_.- 

id3 (rt6’;) 
3.67 (:I:5 ‘%,) 
2.94 ( :I:4 I%,) 
2.14 ( :I: 9 1%;) 
4.93 ( :t 8 ‘%,) 

0.50 ( :t-. 35 I%,,) 
0.029 
0.44 ( :I: 27 ‘%,) 
1.15 ( II.. 6 X) 
- 

6.54 
- 

7.18 
4.02 
^_ 

7,s c2a 0 26.X ( :k: 8 lx,,, 4.25 (11::37’~,) 0.29 ( 11: 5x 1%) 3.83 
C6I-h 0.5-0.6 13.2 (:1:4’%,) 11.0 (r1:4%) 0.69 ( :t 7 I;/,, 3.99 
Diph. I .9-2.05 12.0 (rk6%) 7.17 (&Y’;/,, 0.74 (f7 I;/,, 3.1 I 
Tcrph. 5.3-5.8 12.2 ( rl-r6’y,) 5.44(&11%) 0.99 (f5 ‘i=) 2.34 
NB 13.8-14.9 II.7 (:kS%) 10.7 (&SIX) 0.46 (&IO’%) 4.82 

--- ..- - _.-. --.- -.--__--.. _.--.. ..- ._... . ..-. -- - .- 

C 
(nl.wT) 
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Fig. 3. Plots of Ir I~P~II.~ u on spherical silica Cd,, = 4.2 I’m). Column lcnyth: 22 cm. Elucnts: (a) II- 
pontanc: (b) rr-hcptanc. Samples: 0, 0, bcnzcne: A, A. o-tcrphcnyl. K,: = 1.74. IO”” cm*. 

rt-heptane and n-pentane as mobile phases. The standard deviations are given as a 
percentage of the average tabulated values in parentheses. In Fig. 3, /I WXSKS tl plots 
are shown for different eluents and different samples in column II (L = 22 cm’). All 
of the curves have a minimum and can be described by eqn. 2. At a constant 
velocity, the peak broadening of a given sample is less with n-pentane than with II- 
heptane as eluent. The /I IVKSI~~ u curves for tetrachloroethylene and diphenyl are be- 
tween the curves of the two other samples shown in Fig. 3. In Fig. 4. results similar 
to those in Fig. 3 are shown. The column in this instance is only 7.5 cm in length, 
however. The constants in eqn. 2, as calculated from the experimental results, are 
given in Tables II and III. For better understanding, it should be pointed out that in 
eqn. 2 the following units are used: 11, pm; A. ,um: B. 10B5 cmZ/sec; C. msec: and 11. 
nim/sec. 

The reproducibility of column packing described by the /I IWSUS I( curves be- 
comes poorer with decreasing particle size because of the increasing surface energy 
of the support. The reproducibility of the constants in eqn. 2 is especially poor if 
the column length is varied, as demonstrated in Tables II and III. The constancy of 
the A term is acceptable. Increasing B terms, however, are mostly compensated for 
by decreasing C terms, and consequently the peak broadening in the neighbourhood 
of the minimum is roughly independent of the column length, Similar effects were 
found in terms of the reproducibility of column packing with constant column length. 

, l 
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Fig. 4. Plots of II ~~xws II on spherical silica Cd,, = 4.2 cm). Column length: 7.5 cm. Elucnts: (a) II- 
pcntane; (b) rr-heptane, Samples: 0, 0, o-tcrphenyl; A, A, nitrobcnzene. K,: == 1.74, 10wl” cmz. 

Probably new packing methods are required if the particle size of the support is much 
less than 5,~m. The ageingaprocedure of these small-particle columns will be faster 
because of the high surface energy of the particles. The results with the columns de- 
scribed in this paper were reproducible when the “dry” column was used again after 
a few months. 

The shape of the h VCI’SUS tl curves can be described by eqn. 2, as demonstrated 
by the values in Tables II and 111. The standard deviations of the calculated constants 
A, B and C average about &100/,. The accuracy of the calculation decreases rapidly 
if the C terms become less than 10B3 set because (a) small differences between large 
numbers are taken and (b) the equipment limits are reached. In our experience, /I 
values as low as IO-15 pm can be determined with the apparatus described above. If 
the relative peak broadening becomes smaller, the influence of the extra-column ef- 
fects (i.e., injection, broadening inside the connecting pipes, volume of the detector) 
becomes comparable to (or greater than) the broadening inside the column itself. 

The minima of the h IWS~~ u curves were predicted or have been described 
earlier4-‘. Hube? described a sharp minimum in the /I ~rsus u curve at a linear 
velocity of about 0.1 mm/set if the particle size of the support was about 30 pm. These 
velocities are of limited importance from the point of view of routine analytical work. 
However, if the particle sizes are less than S,um, the minimum in the curve appears 
at velocities that are significant in routine work. It is difficult to increase the velocity 
here because of the limitation in pressure and because of the increasing heat of friction 
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caused by the increased pressure drop over the column. It should be borne in mind 
that in routine work one always has to work at least at the minimum or better on the 
ascending branch of the /I V~I’SUS u curve. This minimum as a function of d,, is discussed 
later. 

As demonstrated in Figs. 3 and 4, the shape and the position of the h/u curves 
in a column are, to a first approximation, independent of the capacity ratio of the 
sample if the column is “well packed”. Similar results were achieved with columns 
packed with greater’ or smaller particle sizes than those considered in this pap’er. 
This is unexpected from the point of view of the theory of chromatography. 

The capacity ratio of a sample is an extremely sensitive function of the water 
content of the rt-heptane or rt-pentane eluent if the column is packed with silica. Be- 
cause the water content was not controlled. the /c’ values for a given sample and eluent 
varied from column to column (from time to time), as shown in Tables II and III. 
In a given column, on a given day, the capacity ratio of a sample decreased 
monotonically with increasing linear velocity, i.e., with increasing pressure drop and 
consequently with increasing heat of friction. The extreme values of k are given in 
Tables II and III. 

The B term in eqn. 2 describes the longitudinal diffusion inside the column; 
theoretically. f? = 2yD,,,. The factor 7’ = 0.6 was proposed by Snyde?‘. The dispersion 
of the B terms for a compound in a given eluent is great. as demonstrated in Tables 
II and III. Particularly high B values were calculated for column 11 (compensated for 
by relatively small C terms). If the average B terms, including some other results not 
described in this paper, are compared with the diffusion coefficients as calculated by 
the Wilke-Chang equation’, it seems to be a simple and acceptable approximation to 
assume that y = 1. In thp following discussion, the assumption Li = 2 D,,, is made. 
It should be pointed out, however, that extremely careful experiments are required if 
D,,, is to be petermined by means of liquid chromatographic methods. 

The mass transfer term C in eqn. 2 is about l-2 msec for cl,, = 4.2 kdtn. In liquid 
chromatography, the mass transfer in the mobile phase is usually much slower than 
that “in” the stationary phase (i.e., silica). Consequently. the ratios of two C terms 
for a given sample when using the same two eluents in the same column should be 
constant. This ratio should be proportional to the viscosity ratios of the eluents. As 
can be seen in Tables II and III, as expected, the C terms with /I-pentane as eluent 
are always less than those with +heptane as eluent. Unfortunately, the ratios of the 
C terms are not constant and are not equal to the viscosity ratios of the two eluents. 
It is possible that the precision of our equipment (or our own experimental skill) did 
not permit the required precision when calculating these mass transfer terms. 

EjKciency and speed of analpis 
The maximum number of plates is generated at the minimum of the /r venous 

14’ curve (/ltnln. I{,,,~~, II,,,,). The speed of analysis is characterized by the number of 
plates, u/t, or the number of effective plates, N/f, generated per unit time: 

s 

I1 

- = /r(l I k’) t 

N (/c’y 
- = ; (1 + I<')3 

t 
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Fig. 5. Irlrr ~*c~rs~~.s II curve in column IL (L = 22 cm). Elucnt: rr-pcntanc. Samples: tctraclllorocthylcnc; 
benzcnc: diphcnyl: o-tcrphcnyl: nitrobcnzcnc. 

In Fig. 5. the /r/u values are plotted against u for column II (L = 22 cm) with I?- 
pentane as eluent. This curve is approximately independent of the capacity ratio of 
the sample, as demonstrated earlier in Fig. 3. The optimum speed of analysis. Us,,,, 
is achieved at 2 u,,~~ (U = I cm/set). The required pressure drop is 260 atm with I?- 
pentane as elueni. The /I,~~ values are not very different from /I,,,,~ because of the small 
C term (/z,,,~ w 20/.4m). 

The resolution is proportional to the effective number of plates. In Fig, 6, the 

Fig, 6. Effcctivc plate number and minimum relative rctcntion, u, (for resolution R = 1.5) as a func- 
tion of the capacity ratio of the sample. The ligurcs over the arrows give the time of analysis in seconds 
for given k’. Column length : 22 cm. /I”,,, -i: 1 cm/see. Eluent: rr-pentane. Samples: bcnzcnc; diphcnyl: 
o-tcrphcnyl. All other pnramctcrs as in Figs. 3 and 5. 
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0 2 6 10 12 11 16 k' 

Fig. 8. Speed of analysis (L = 7.5 cm). Elucnt: rt-pcntanc. II = 2 cm/see. 11p = 180 atm. A = 28 . . . 
btm. Samples: bcnzenc; diphenyl; o-tcrphenyl: nltrobcnzcne. 

linear velocity, the speed of analysis increased only by a factor of 1.6 because /I,,, = 
18 pm increased here to h = 28 ,um. 

LIMITS IN HPLC 

In the discussion above, it was demonstrated that a precise theory cannot be 
given for HPLC because of the temperature and other gradients inside the column. 
In the following discussion, we shall ignore these limitations and to a first approxima- 
tion we shall handle well known equations in order to obtain a qualitative picture of 
the ultimate limits in HPLC. The following assumptions will be made: 

(1) The Van Deemter equation (i.e., eqn. 2) is validlO. 
(2) The mass transfer term in the stationary phase is negligible compared with 

that in the mobile phase (this is not valid, of course, for heavily loaded columns). 
(3) The constants in eqn. 2 are described by the following equations”: 

A = 2Ad,, w 3d,, (7) 

B = 2yD,, = 2D,,, (8) 

(4) 
1.5 and y 

(5) 
term; for 

u ,,I u ,,, 

From our experience with particles of size less than 5 ,um, the values I = 
= 1 are reasonable. 
The capacity ratio-dependent factor OJ should be described by the Golay 
mass transfer in the mobile phase12 

1 + Gk' + 1 l/cf2 - c.9 L 

‘- .._ 
( 9G( 1 + /c’)L 

From our experimental work, w is roughly independent of the capacity ratio of the 
sample. As a rough approximation, CD will be calculated with eqn. 8 for /c’ = 1, i.e., 
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fo = 0.047 or ~/OJ = 0.22. This approximation is reasonable, because for Is’ = 5 a 
value of 1/(l) = 0.30 is calculated. The use of the theory of open tubes for packed 
columns is an extremely rough approximation and perhaps is not justified. Probably 
it is a better approach to consider I'J as an empirical constant. 

(6) The product of the interdiffusion coefficient and the viscosity of the eluent 
is constant at a given’ temperature, i.e. 

(7) In HPLC, the specific permeability, K, is defined as 

(12) 

Comparing eqns. 1 and 12: 

KI: = KQ (13) 

where + is the total porosity of the column. For porous supports, the value E,,. = 0.84 
is a good approximation. For tile sake of simplicity in the following discussion, it 
will be assumed that K,: = I<. 

With these assumptiotis. eqn. 2 becomes 

(14) 

As pointed out earlier. it is an experimental fact that with decreasing particle 
size the /I SC~SUS u curves become independent of the capacity ratio of the sample, 
and the shape and position of the curves become more and more a linear function of 
d,,,;:~In eqn. 2. the B term is independent of (I,,, A decreases with (/,, and C decreases 
with c/,,~ if the particle size decreases. Consequently. if the particle size becomes very 
small (t/,, < lOpurn). n > (B/u -I- Cu). and with large particle sizes, the contrary is 
true. In gas chromatography. l/,, = 150pm is typical and it is a common assumption 
that I1 w ~1,~. In liquid chromatography, the exponent p in the equation h x (/,,fl as 
proposed by different workers 1~7*13-*b becomes increasingly smaller as the investigated 
particle sizes decrease (p = 1.8-1.3). With very small particle sizes (perhaps cl, < 3 
pm), h * d,. 

&fliciewy arid the speed of mialysis ns n jhctiou oJ’ the viscosity qf the ellrellt 
By combining eqns. 1 I, 12 and 14: 

(15) 

The constant a = ,qD,,, i s not a sensitive function of the viscosity of the eluent at con- 
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stant temperature. In this cast. it can be seen from eqn. 15 that the efftciency is indd- 
pendent of the viscosity of the eluent. Efficiency is a function of the particle size of 
the support and of the pressure drop per unit lengtll of the column. 

From cqns. 5 and 12: 

Hence 
el ucnt. 

the speed of analysis (/I// or N/t) increases with decreasing viscosity of the 

In order to obtain high resolution and/or higll speed of analysis. the velocity 
of the eluent must be equal to or greater than u,,,~,,. Therefore, the shift bf u,,,~~ with 
changing particle size is of great interest. If eqns. 2 atid I4 are differentiated with 
respect to U. it can be shown that 

Hence, with decreasing particle size, u,,,~” is shifted in the direction of higher velocities. 
If at least u,,,~” is required, the pressure drop needed will increase by c3 if the particle 
size is smaller by a factor e, assuming that the colutnn length, viscosity of the eluent 
and temperature are kept constant. A factor of et is the consequence of the decreased 
permeability and a further factor e is necessary because of the shift of U,,,~“. Choosing 
another eluent with lower viscosity does not help to solve the problem. As shown in 
eqn. 17, u,,,~” increases linearly with decreasing viscosity of the eluent. Consequently, 
the pneumatic resistance of a given column at ~4,“~” is independent of the viscosity of 
the eluent. 

With decreasing particle size, It,,,,,, also dccresses. Replacing t~,,,~~ = d$C in 
eqn. 2 and with eqn. 14, we obtain 

11 mln = A -t- 22/B& = cr, (3 --I- 2 1/210) w 3.61 (/,, (18) 

The value of It,,,,,, decreases only linearly with the particle size, and is mainly a function 
of c/,,, To summarize. on decreasing the particle size. for example, by a factor of 3. 
the required pressure drop will increase by a factor of 27 while /I~,,,, will decrease only 
by a factor of 3, if the other parameters (L, 11) are kept constant. At the same time, 
u,,,~” increases only by a factor of 3. Consequently, the pressure drop per unit plate, 
rJp/n. increases with the square of the decreasing particle size. This fact and ,!I/>,,,, 
determine the smallest possible particle size in the analytical routine of HPLC. 

The maximum pressure of the pump (J/I,,,, ) in routine work is between I50 
and 500 atm. If higher pressures are desired, the equipment will bc expensive and 
sophisticated (consider, for example, the problem of the fittings, sampling and 
valves). On increasing the pressure, the compressibility of the liquid cannot be ne- 
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elected and the viscosity and the ditl’usion coeficients can become ;I sensitive function 
of the pressure. If such is the case, /I will be a function of the column length, as is wel I 
known from experience in working with capillary columns in gas chromatography. 
Finally. increasing the pressure drop over the column results in an increase in the 
heat of friction. It could happen that if a liquid clucnt enters the column it might 
evaporate at the outlet since the heat of friction is great. 

Accepting a limited ./l~,,,I,X (for example, 300 atm), the efficiency and the speed 
of analysis can be now calculated at ~~~~~~~ This is the minimum velocity that is acccpt- 
able for routine work and the maximum number of plates are generated here. How- 
ever, the speed of analysis is not optimal. At ,rl/l,,,i,,, the column length. ~5.,,,~,~. can be 
calculated from 

I!. Illi,X = Il,,,i” 11,1:,x 

with eqns. I2 and 19: 

Replacing u,,,~,, in eqn. 20 with eqn. I7 and II,,,,,, with cqn. 18. WC obtain 

Replacing K in eqn. 21 by tl,,Z/lOJ as a rough approximation, we obtain 

(19) 

(20) 

(21) 

(22) 

An equation similar to the above was published by Giddings”. However, Giddings 
neglected the 13 term in eqn. 2 and consequently also the minimum of the curve, rind 
assumed that the linear velocity is extremely small (U --> 0). Contrary to the approach 
of Giddings. in eqn. 22 llnrI,, is assumed, i.e.. n linear velocity of importance in the 
routine of separation. Although the assumptions are dilrerent, the equations arc 
similar because both approximations result in the fact that It hv A in eqn. 2. 

The speed of analysis at the minimum is calculated by means of eqns. I7 and 
18 as 

I1 11, il x lI,l, I n -- = 6.52 D,,, 1.81 

t/t /I--, === 
1.81 n,,, 

II,,” (1 -I- k J 3.61 (/,,2 (1 -I- /i’) 
z -- ---- (23) 

ClP2 (I -I- /i'y a ~C/,,2 (I -I- /Z’) 

The number of (effective) plates genernted per time unit increases linearly with de- 
creasing viscosity of the eluent and increases with the square of the decreasing particle 
size at the minimum of the II IYYSUS u curve. 

With the equations given above. a rough picture of the ultimate limits as a 
function of the particle size in HPLC can be made. It is always assumed that the 
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TABLE IV 

CALCULATED EFFICIENCY AS A l=UNCTION OF d,, AT ttn,l,, 

Eluent : rr-pcntane. D,,, = 2.33. lo-“cm2/scc (ref. 17). r] = 0.23 cP. Sample: benzcno Us’ = 1). 
Apmar = 300atm. 
_ _ _ _ 
Pararncler d,, (,.w)- 

I 2 3 4 5 6 
_. ._.-. _ _ ,. 

9449” 21.2i9 
_. ._ _.._... _. 

trmax 2362 37 795 59 0.55 8.5 300 
Lmnr (cm) 0.85 6.8 23.0 55.0 107.0 185.0 
hn km) 3.6 7.2 10.8 14.6 18.1 21.7 
Itrnln 

(mm/set) 15.2 7.6 5.1 3.8 3.0 2.5 
to WC) 0.56 8.95 45.0 145 357 730 
rtlln @cc- 1) 2111 528 236 130 83.0 58.4 

_ . ._ - _ . -. - _ _ _ .- _ _ . _ ._ _......._ -. 

maximum available pressure is 300 atm and the capacity ratio of the sample is k = 
1. The number of effective plates per second, N/f. can be calculated by dividing ,I/! 
by the factor 4, because [(I -I- /c’)/k’12 = 4 for /c’ = I. The maximum N/t is calcu- 
lated, of course, for Ic’ = 2 if /I,,,~ is independent of k’. In Table IV, the calculated 
maximum number of plates, II,,,,,,. the maximum column length. LIIIIIX, the minimum 
relative peak broadening. /I,,,,~. the linear velocity of the eluent at the minimum of the 
I7 versus u curve, u,,,!“, the hold-up time of the eluent, t,,, and the number of theoretical 
plates generated per unit time, 17/f,, (for k = 1) are shown as 8 function of the particle 
size, d,,. The specific permeabilities are not tabulated. because they are defined by 
eqn. I. The plate number, II “,;, X, is indeed the maximum because the values in Table 
IV arc calculated for the minimum of the It IYYSUS u curve. For the same reason, the 
speed of analysis could be optimised by increasing u,,,,” by a filctor of about 2 in order 
to achieve u,,,~. If doing so, ~2,~~ will be smaller than II,,;,,. With decreasing particle 
size, it becomes increasingly difficult to generate higher velocities than u,,,~” because 
of the limits of the inlet pressure. 

In Table IV. D ,,, = 2.33. lO-5 cm*/sec was assumed, as given in tlie literature”. 
It should be mentioned that the interdiffusion cocflicients as given in the literature are 
often contradictory and most of the values of interest in HPLC were not determined 
by experiment. 

As demonstrated in Table IV. if the particle size of the support is decreased 
by a factor e: 

( 1) ‘?“,iIX decreases with e2, because B/J,,,,,, is constant and the pressure drop per 
unit plate decreases with c2; 

(2) Ll‘,, decreases by e 3, because of the decreasing permeability (ez) and be- 
cause of the increase in u,,~~ (e); 

(3) &In decreases only by a factor e (eqn. 18): 
(4) the retention time of the inert peak decreases with 8, because the column 

is shorter (e3) and the velocity is increased (e); 
(5) u,,I” increases by a factor e (eqn. 17); and 
(6) n/tR increases with et (eqn. 23). 

At the minimum of the It IEYSUS u curve, f,,,,, (2) and to ((4) are sensitive functions of 
the particle size, 

. 
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TABLE V 

CALCULATED EFl=ICIENCY AS A FUNCTION OF d,, AT /I,,~,, 

Eluent: n-pcntanc. ,!I,,, == 5.2. lo-” cm*/scc (Wilkc-Chang cquntion). Q = 0.23 cP. Sample: bcnzenc. 
/-lp,,. -= 300atm. 

Pararnelcr dp (pm) 
. . 

Z 2 3 4 5- .‘.. G 
__ _... . _ _ 

tlmnx 1064 4257 678 i-7628 26 Goi i-8 31-2 
L max (cm) 0.38 3.1 10.3 24.9 48.1 83.1 
&I, (k&m) 3.6 7.2 10.8 14.6 18.1 21.7 
undn (mm/=) 33.9 17.0 II.3 8.5 68 5.7 ’ 
to (see) 0.11 1.82 9.11 29.29 70.74 145.8 
ll/?,( (SCC’ ‘) 4708 1181 523 291 188 131 

_ . __ _. 

From the data in Table IV, the optimum particle size seems to be 2,um. The 
speed of analysis is high enough. i.e., u/t,< = 528/set or Nt,z - 132/set. More than 9000 
theoretical plates are generated. usually sufficient for routine separations. The column 
length can be hardly shorter than 6.8 cm because (I) it is diflicult to pack shorter col- 
umns, (2) with decreasing column length (i.e., decreasing particle size) the influence of 
the inlet and outlet turbulnnces increases, (3) the small volume of the column results in 
the peak broadenings outside the column becoming dominating compared with the 
broadening inside the column. Finally, the time of analysis with c/F = 2 pcnl is very 
short. Consequently, in this efficient and short column. the peak widths are so small 
that UV gsllvanometers are required so as not to falsify the peak shape if columns with 
smaller particle sizes should be used. At the same time. the pealc broadening due to 
the injection of the sample and that in the connecting pipes disturb the efficiency of 
the column. 

If the available pressure drop is greater than 300 atm, the speed of analysis 
can be increased in the same column. At the same time, of course, the number of the 
generated plates decreases. The efficiencies in Table V are also calculated for n-pentane 
elucnt; however, D,,, = 5.20. IO-” cmz/sec. as calculated by the Wilke-Chang equa- 
tion, is used as the diffusion coefficient. Tables IV and V show that the value of the 
diffusion cocf?icient does not influence the minimum particle size that is reasonable 

TABLE VI 

CALCULATED EFFiClENCY AS A FUNCTION OF d,, AT //,,,I” 

Elucnt : tr-hcptnnc. 1) ,,, -= 3.75. 10ms cmz/sec (Wilkc-Chc?ng equation). ‘1 72 0,41 cP. Sample: benzetic 
(k’ == I). .:lp; ,,,, x =: 300 atm. 

Pcarnrtrefer rip (ptt1) 

/ 2 
._.-. 

.. ttnlnn s28 33 1’1 
L tnllX (cm) 0.30 2.4 
lt,,dn (wn) 3.6 7.2 
unll,, (mrn/scc) 24.5 12.2 
In (set) 0.12 I .97 
I//?,~ (set-‘1 3403 847 

745 1 
8.0 

10.8 
8.2 
9.76 

380 

4 

13 246 
19.3 
14.6 

6.1 
31.64 

209 

. 
5 G 

20 696 29 802 
37.5 64.7 
18.1 21.7 
4.9 4.1 

76.53 157.8 
135 95 
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Fig. 9. Separation of condcnscd aromatics. Stationary phase: spherical silica (t/,, 7 4.4jcm). K,.. I= 
I .93* IO-“‘cm2. Column: 6.5 cm long, 4.0 mm I.D. T =. 25“. Elucnt: rr-pcntanc. lp =--. 72 atm. II :=- 
9.3 mmlsec. Sample size -7 3-50 111 per compound. ir z.2 20-25 ,~rm. II == 2600-3250. UV dctcctor. 
Peaks: 1. nicthylencchloride (inert): 2, chloroform (solvent): 3, benzcno: 4, naphthalcnu: 5. diphcnyl ; 
6. anthraccne: 7, pyrcnc: 8. lluoranthcnc: 9. o-terphcnyl: IO, I,2-dibcnzanthracene; I I. 3.4-bcnz- 
pyrenc; 12. pcrylcnc: 13, I, 12-bcnzpcrylenc: 14, coroncnc : 15, I ,2.5.6-dibcnznnthraccnc. 

decreases. The number of plates required is determined by the relative retentions ol 
neighbouring samples. From experience, for most routine analyses less than 1500 
el’fective plates are required. 

In Fig. 9 the separating power and the speed of analysis are demonstrated for 
the analysis of an artificial mixture of condensed aromatics (methylene chloride as tile 
inert sample). The column was 6.5 cm in.length and was packed with spherical silica 
<(I,, = 4.2,um). The pressure drop over the column was only 72 atm. For a linear 
velocity of 9.3 mm/set with ,r-pentane as eluent. /I values were between 20 and 25,~m. 

When c,lp was increased to 250 attn, the separation of tile same mixture 
became poorer, but the time of analysis decreased to less than 20 set, as shown in 
Fig. 10. With a linear velocity of u = 28.8 mm/set, h increased to 30-40 /Am. i.e.. 
the mass transfer term, Cu. was not negligible. This type of separation could be of 
interest if exhaust gases of cars are to be analyzed. Because the column is short and 
efficient, the peak heights are large and consequently “trace’: analysis can also be 
carried out. The minimum detectable concentration of a compound increases with 
increasing linear velocity and efllciency and with decreasing length of the column. 

Opthum parficfc si:e ,jbr frmc crrlnlysis 
In trace analysis. two different problems exist: 
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7 KI c-c3 5 0 - 

Fig. 10. Separation of condensed aromatics. Conditions as in Fig. 9 except for the following: /II, = 
250atm: II = 28.8 mm/see: /I = 30_40/(m; 11 = 16252170; sample size = 1-151~ per compound. 

(1) the coticentration of the trace compound in the original mixture is small 
and there is no practical limit to the volume; or 

(2) the weight of the sample is extremely small. 
Both problems can exist in the same analysis. 

In HPLC. concentration-sensitive detectors (UV. refractive index) are used. 
Trace amounts of compounds can be detected if their concentration in the eluent in- 
side the detector is high. 

The minimum number of plates for a given separation is determined by the 
relative retention of the two neighbouring compounds to be resolved. With decreasing 
particle size of the support, the peak broadening and consequently the column length 
required for a given plate number decrease. Therefore, the concentration of the 
sample in the detector increases, if all other parameters are kept constant. For trace 
analysis, short columns packed with particles of very small size are required. The 
minimum particle size (i.e., the shortest possible column) is limited by the peak 
broadening outside tile column and by the time constants of the detector, amplifier 
and recorder. 

On increasing the sample size over a given limit (loadability), the eficiency 
and the resolving power of the column decrease. In our experience, the loadability 
can be given in grams of sample per gram of stationary phase. provided that the inner 
diameter of the column is larger than 3 mm and smaller than 8 mm. In this region. 
the sample size can be increased by a factor of four if the inner diameter can be 
doubled without a loss in efficiency (i.e., It r~ersus u curve). So far it has been assumed 
that with the plate number required for the separation the loadability is also defined 
because the resolving power of a column decreases if the column is overloaded. It is 
always assumed that the maximum sample size is injected without loss in resolving 
power. 

Provided that the concentration of a compound in the mixture is small but the 
amount of sample size is unlimited, the inner diameter of the column (between the 
limits given above) is unimportant. The amount of sample is often also limited. If so. 
columns with small diameters are required. In our experience, the efGciency of a col- 
umn decreases rapidly if its inner diameter (packed by conventional methods) is 
s’maller than about 3 mm. 
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CONCLUSIONS 

In coriventional column chromntogrnphy and in HPLC. small particle sizes 
are required in order to increase) the eRiciency and to decrease the time of analysis. 
The minimum particle size, however, is limited. If the particle size, c/,,. is decreased, 
then the permeability, K,, also decreases (or the hydrodynamic resistance increases). 
To define and to determine cl,, by.experiment is difficult and it is therefore reasonable 
to define (I,, with &, as in eqn. 1. In 1951, GreggI8 pointed out that in column chro- 
matography l-10 /Am seems to be the minimum particle size, otherwise the time of 
analysis becomes intolerably long. It was believed that in HPLC the minimum cl,, 
could be smaller, because a much higher pressure is available. In this paper, we have 
tried to demonstrate that the minimum cl,, in HPLC is also about 1 pm; The argu- 
ments that result in similar minimum particle sizes in conventional and high-pressure 
liquid chromatography are, however, different. 

The heat of friction increases with the pressure drop, the column is not iso- 
thermal and exact theoretical considerations are not possible. With rough empirical 
assumptions. it can be shown that with decreasing particle size I/,,,~~ increases. In 
routine work, ~4,~~ is the lowest velocity of practical interest. It w;is shown that if the 
pressure is limited, at 14,“~~ the maximum column length increases with ti,,3 while the 
time of analysis increases with rl, J. Therefore, the minimum particle size in HPLC is 
virtually independent of Ap,,;,, (i.e., 200 or 500 atm). of the viscosity 0.f .the eluent 
and of the diffusion coefficient of the sample. The optimum particle sii2 of the support 
seems to be about 1 [trn because (1) of the position of the minimum of the h VL’I’SUS 
II curve, (2) of the limited inlet pressure due to the heat of friction, (3) of the number 
of plates available at unlln (II,,;,, rrv (I,“), (4) peak broadening outside increases 
compared with that inside the column with decreasing particle size, (5) of the problems 
with the sampling system and the fittings at high pressures, (6) of the difficulties in 
packing columns with (1, < 3 ,rAm because of the increasing surface energy of the 
support (“particle bridging”). and (7) /I,,,,~ = rl,, while the permenbility K .a cl,,2 and 
the pressure drop per unit plate increases with the square of the decreasing particle 
size. The advantage gained with decreasing particle size is. however, the shorter time 
of analysis. For orientation purposes only, we can oversimplify the problems by as- 
suming that ‘1 = 3.16, low3 P (3.16 = d10) and D,,, = 3.16. 10ms cm”/sec. With these 
and other approximations made above, the equations below are valid, with the follow- 
ing units: (I,,. kern; tl. mm/set: L, cm; A/I. atm: /l/to or N/fR. see-*: to, sec. if the velocity 
of the elucnt is U,,,In und if the particle size is about or less that1 5 IAm: 

(24) 

(25) 
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In =.= 7.5 * 10-J A/’ cl,” (30) 

Most of routine analyses can be carried out il’ 5000 thedretical plates (i.e., with /c’ = 
2. about 2200 effective plates) are generated. With such a column, baseline separation 
(R = 1.5) is achieved if n < 1. I5 or a can be as small as 1.09 if a resolution of only 
R = I is required. With these assumptions, the parameters are shown in Table VIII 
as calculated by eqns. 24-30. As demonstrated in Table VIII, if the particle size is 
less than 3 fern. the column length becomes too small (problems with broadening out- 
side the column) and the time of analysis too short (problems witli the recorder, etc.). 
If ci,, > 3 pm, the separation can be achieved at uup( = 2 l~,,~~ by doubling the prcs- 
sure. In our experience It “,,, (at u,,, ) will be only about 33’;/, higher than urnin. 

TABLE VIII 

PARAMETERS FOR II -- 5000 AT /!,,,I,, 
7) = 0.3lGcP. /I,,, -: 3*16*10-~crn*/scc. 

Pwwttletcr ir, (1.1 ml) 

5 “. 

.lp (utm) 
i 

50 
lllil x km) 9.4 

thin (mm/set) 4 
hh Cm) 1x 
III (SCC) 24 
nlto (see- ‘1 228 
C Nlrd IC* cs : 

(see- ‘) 34 
_ _._-... 

_ _ 
4 

78 
7.5 
5 

14.4 
15 

356 

53 
_.._. 

.__ _.. .-. ._ 
3 

‘139 
5.6 
6.7 

10.X 
8.4 

633 

94 
._ ^. _. . 

.-. . ..-. _ 
2 I 

__ . . . _ - _. _ 
312 1250 

3.7 1.9 
IO 20 
7.2 3.6 
3.7 0.9 

1425 5700 

213 850 
-_- 

The aim of achieving a higher speed ol‘nnalysis also has limits. In our experi- 
ence. a time of analysis shorter than 5 min is usually of no interest in routine work, 
because more time is required to prepare for the next analysis and to evaluate the 
previous one. 

Very small particles are required for trace analysis because here the columns 
are short, the linear velocity is high and. if the sample size is large enough. the peak 
height will be large. 

LIST OF SYMBOLS 

C’ (cal/g) specific heat of the eluent 
~1~ (/cm) average particle size as defined in eqn. 1 

11 W-n) height equivalent to a theoretical plate 
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,<‘= II<--0 
to 

111 (El 
II 

,~lp ( 10dG atm ;5: dyncs/cm2) 
I’ (cm) 
t or f,z (set) 

to 
u (mm/xc) 
v (cm3) 
r?i (set) 
A (/Am) 
B ( 105 cm2/sec) 

C (mscc) 
D,,, ( lo5 cm2/sec) 
E (“C/atm) 
F ( cm3/sec) 
K (cm’) 
K,.. (cm2) 
L (cm) 

9” (Cal) 

R = 
r.1 I,< 

\T 

T(T) ‘. 
lcz’ 

a = -“‘r’- I* ‘1 

cf. = 71 D,,, 

Y 
‘I (P) 
A 
c’ (g/cmJ) 
E 7 

L!J 

capacity ratio 

mass of the elucnt in eqn. 3 
number of theoretical plates 
pressure drop over the column 
radius of the column 
time of analysis 
hold-up time of the inert peak 
linear velocity of the eluent 
volume of the eluent in eqn. 3 
average peak width 
“packing” term in cqn. 2 
longitudinal dif’l’usion term in eqn, 2 
mass transfer term in eqn. 2 
interdiffusion coefficient in the mobile phusc 
constant in eqn, 4 
flow-rate 
permeability defined with the linear velocity in eqn. 12 
permeability defined with the superficial velocity in cqn. 1 
co1 umn length 
number of effective plates 
adiabatic heat of friction of the eluent 

resolution 

temperature 

relative retention 

constant in eqn. 11 
constant in eqn. 8 
viscosity of the eluent 
constant in eqn. 7 
density of the eluent 
total porosity defined in eqn. 13 
constant in eqn. 9 
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