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: CONST RUCTEON OF COLUMVS FOR LEQUED CHROMATOGRAPHY WITH
,VERY LARGE PLATB HUMBERS

. THEORY AND PRACTICE_
J.C. KRAAK, H. POPPE and F. SMEDES

Labaratory far Analytlcal Chemistry, Universiiy of Am.sterdam, Nieuwe Achtergracks 166, Amsterdam
{ The Netherlands}

SUMMARY

A new method of characterizing the performance of liguid chromatographic
columns of different types, with respect to the compromise between separation speed,
pressure drop and number of theoretical plates, by plotting H/v versus AP/N (pressure
drop per plate) is proposed. The practical value of this representation in choosing the
optimal column type and constructing columns with large plate numbers is demon-
strated. The possibility of creating large piate numbers on narrow-bore columns
(L.D. 2.8 mm) by the coupling of shorter columns was investigated. The separating
power of a-column with 50,000 theoretical plates is illustrated by some difficult separa-
tions of test and natural mixtures.

- INTRODUCTION

Any attempt to generate a large number of theoretical plates in a liquid chro-
matograph within z reasonable time immediately raises the problem of the compromise
" between the pressure drop and the quality and speed of the separation, and we there-
. fore need a measure for characterizing columns in this respect. Many proposals for
" the characterization of a column by means of a single quantity have been made, e.g.,

the performance index!, the performance factor?, the peak capacity® and the product
of retention time and pressure for a specified plaie number®. In comparing columns
“of different types, e.g., with widely varying particle sizes or superficially and totally
_ porous materials, these proposed quantities are not useful for the estimation of the
" compromise between pressure and separation speed, because these proposals either ig-
nore the pressure limitation or depend on crude simplifying expressions for the plate
beight. . : )
. An important parameter of the separation process, the linear velocity of the
" eiuent, cannot he changed at will because the available input pressure is not infinite.
In order-to find the optxmai situation such that, with the available pressure drop, the
_ separation is possible in the shortest time with the particle size as an adjustabfe
_ parameter, several methods are in use, e.g.:
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(i) The dependence of plate height on flow-rate and particle size is-simplified
to fractional powers such as H = d? or H = v™. These methods, which were applied
by Snyder? and Majors and MacDonald®, are suitable only within a relatively narrow
range of parameter values, as shown by Huber®,

(if) One can measure the plate height ata specxﬁed lmear velocity of the eluent,
e.g., 1 cm/sec. This again gives a reasonable comparison between different columns
only within narrow ranges of parameters where the stated velocity is meaningful.

(iif) It is assumed that the plate height curve, when plotied in the dimension-
less parameter v = vd,/D;, and i = H/d,, is independent of the particle size. When
this is correct, the compromise between pressure drop and separation speed can be
found very elegantly, as shown by Knox’ and Knox and Saleem®. The optimal opera-
tion is then at the minimum of the reduced plate height curve, with a particle size
such that the available pressure drop is necessary. However, the solution predicts
optimal particle sizes for liquid chromatography that are between 0.5 and 5 gm, which
unfortunately lie in the range where packing difficulties occur. Ia this range, the re-
duced piate height is not constant, thereby invalidating the mathematical treatment
of the problem by Knox and Saleem®. ’

Summarizing the above discussion, we can state that: (2) characterization of
the performance of columns with a single quantity is of limited use in practice, and
{b) the compromise between speed of separation and pressure drop cannot be found
zasily. These conclusions are especially valid when one tries to vary the column
packing material and pariicle size over a wide range.

THEORETICAL

We propose here a procedure by which columns can be compared from the
operational viewpoint of the analytical chemist and purely experimentally. The
operational viewpoint can be expressed as follows. A certain mixture has to be
separated and, of different phase systems investigated one or a few are chosen that
have the best selectivity. The necessary number of theoretical plates, N_.,, can then
be calculated with the well known equation

71 2
req — (l’_" - 1) (_k_,;'_—l) (1}
where r;;, = selectivity factor; R = specified resolution; and &" = capacity ratio.

The question for the analyst is now how to achieve this plate number in the
shortest time with equipment that is capable of a certain input pressure. To solve
this problem, we first have to distinguish two cases: (i) the separation problem is on
the trace level with a limited amount of sample available; or (ii) the separation prob-
lem is on the analytical level with an unlimited amount of sample available.

In the case (i), on the one hand the analyst desires a very low plate height in
order to minimize the sample dilution in the column, e.g., he wazts to keep a low
detection limit, while on the other hand he needs a certain number of plates in order
to resolve his peaks. In case (ii) he can consider the column as a black box and he is
not concerned with the inside of the column, e.g., particle size, plate height, length
and velocity of the eluent; if it will give the required plate number in a short time but
with a plate height of, say, 1 cm, he wiil be satisfied.
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" The retentmn time of the components will be propomonal to H/v, according
to the equatxo-f

. (K 1¥ H
tey = G — D L @

Now, -H/v is dependent on v, generally decreasing with increasing v. Thus, with a
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certain t}'pe of column (b_'y’ & Column type W ian Coruinmns with a certain pd.umuv
material and packing technique but without a specified length), one desires to work
at the highest value of v that is in accord with the maximum pressure available
(P..x.) 2and the number of plates required (N,..). In the ideal case, a pressure drop
of exactly P, will exist for a column with a length such that the plate number is
exactly N,.,.

For the characterization of column performance, it is therefore logical to plot
H}v as a function of AP{N = p, the pressure drop per theoretical plate. This allows the
analyst to find the point where the whole pressure capacity of his instrument is used
by calculating p as the quotient of the known parameters P_,, and N. Moreover,
different particle sizes, pellicular or totally porous particles can be characterized in
one graph. The compromise between pressure drop and speed of separation and the
performance of columns can be made very clear in this way.

In order to gain some insight into the experimental curves, which -will be
presented later, it is useful to discuss the curves obfained when certain models of the
permeability and plate height behaviour are adopted. For the dependence of
theoretical plate height on parameters such as velocity, particle size and capacity
ratio, complicated mathematical expressions are in use. The more complete and exact
the expressions are, the more mathematical difficulties result in optimization proce-
dures. For the discussion of the theoretical predictions in the plots of H/v versus p, a
simplified model is more useful:

2
H=a2m ¢ g, 1y le 3
Dy,

where e, § and y are constants depending on the bsd geometry and capacity ratio,
D,, is the diffusion coefficient in the mobile phase, D,, the diffusion coefficient in the
stationary bed and d, the mean particle size.

When. we combine the equations with the expression for the pressure drop

along the column:

AP —5’;5" @

where 0 is a constant of the order of 800, we can obtain a representation of the plot
of AP/N as abscissa and H/v as an ordinate:

AP D o, v o WP
7= (g g ©)
H D . d, _ d

- i ' ©



- pressure drop per plate becomes a constant, énaDn,,/d,, and the separatzon speed =
" decreases with the square of the velocity. With' a certain’ partzcle size and packing
‘structure, a smaller pressure drop per plate can never: be obtained. This. corresponds
- to the critical pressure necessary to carry outa separation, asdxscussed by Gxddmgs“’-
. and Knox". Thls critical pressure ‘was calculated to be“’ e oo T

APcrn": 4?7"1'7ID¢§: ‘ .

N az

1 whxch turns out o agree exactly thh our result for the lowest pressure drop per
plate, danDj.(d. - .
At extremely hjgh velocrty, we have

AP . ¥ H . &
N w&)}t D, and——as'y Dip

which shows the high pnce that must be pald in pressure, propomona. to v2 to attam »
high-speed separations. '

“As:can be seen from Fig. 1, each of the extreme cases- shows straxcht-hne '
asymptonc behaviour. The total curve will lie higher and more to the nght than the
‘two linear extrapolations -because both the first and the last term contribute and
because of the contribution of the convection and mobile phase: exchange terms. The
- effects of decreasing’ the particle size whlle assummg the same packmg geometry are
‘now. two-fold'

(a) The right-hand side asymptote Hfyv— (ydzl D,p), is d.splaced downward> As

tog5-

-1k

-2

n-pentane” -

)

s oy — -_:i ,-2'_;' : \-e =
- . . E L S 1;,593

Fxg. 1. Theoretxmlly a-.lcn,lated H/v versus AP/N piots H mkv..lated anccrdmg to H = 1 SD/v +
Zd, + 0 i div. 4PIN cak:u;ated aocordmg to AP[N = 800 Hvd"’v; Eluent 2,2 4—trunethylpentane
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- long as enough gmsme is avaﬂab!e and-the packmg structure remains the same, we
- can speed up the separation.

: - {b) The vertical asymptote, p -+(§q¢zz‘)m/dj) is dxsplaced to the nght The
'cntxm‘ pressure is raised and with a limited pressure we can no longer obtain very high
- plate numbers. )

Curves for different partxcle sizes thh an assumed constancy of @, § and
¥ (& constant) will have an intersection point. In practice, this means that in order to
obtain very small separation times smaall particles are to be preferred; on the other
hand, very high plate numbers can be obtained only with larger particles with
associated low p values.

Finally, Fig. 1, drawn for 4, = 30, 10 and 3 um, shows that for the
fastest realization of a certain plate numbe: with a fixed pressure drop a cerfain
optimal particles size exists. This is the resuit that Knox and Saleem® obtained
previously. Martin er gl.13-** discussed the same point, together with the pracucal
ramifications.

The dashed line in Fig. 1 shows the effect of a decrease in the viscosity of the
mobile phase on the Hjfv versus p plot. The viscosity change has no infiuence on the
position of the vertical asymptote, dnaD,/d;, because the product 7D, is a constant,
according to the Wilke-Chang equation. On the other hand, the horizoatal asymptote,
yd:/D,,, shifts downwards (except in the unusual case where the pores of the par-
ticles are completely filled with stationary liquid, when no shift will occur).

In conclusion, we can say that our theoretical explanations contain nothing
new; all of the results are well documented in the literature and they are given here
only to illustrate the significance of the H/v versus p plots. The importance of the
representation of this plot is the fact that coiumn performances can be compared with
it without any assumptions other than: (a) proportionality of time variance with col-
umn length, (b) proportionality of pressure drop with column length and (c) small
influence of the capacity ratio &’. Therefore, the representation, although interpreiable
i theoretical terms, is based purely on experimental results.

EXPERIMENTAL

Apparatus

The liquid chromatographic experiments were carried cut on a home-made
liguid chromatograph constructed from a reciprocating pump (Orlita, Type AE-10-
4.4), a Bourdon-type manometer, a high-pressure injection valve (Valco, HPSV CV-
6-UHPA) and a UV spectrophotometer (Zeiss, PM2 DLCO). In ali of the experiments,
stainless-steel columns of I.D. 2.8 mm and length 25 cm were used.

In order to minimize band broadening, special home-made PTFE-filled Swage-
lock reducing unions with a frit were used to connect the injection port and detector
with 0.25-mm 1.D. stainless-steel capillary tubing to the column. To couple columns,
1/16-in. zero dead volume Swagelock connectors were used. Most experiments were
carried out at 2 wavelength of 260 nm. In order to prevent contamination of the col-

umnmn, a stainless-steel pre-column (50 X 1 cm) was installed in front of the injection port.

Materials . C
" The materials used were 2,2,4-frimethylpentane, rn-pentane, acctone, diethyi
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ether, tetrabromoethane and chIoroform (Merck, Darmstadt G F R ) Sihca. gel
(Merck, SI-60) was ground and classified in different particfe s;zc ranges by means of
an air classifier (Alpine MZR, Augsburg, G.F.R.). The fractions were sedimented in
acetone—water (1:1) in order to remove fines. : .

Procedures

The different columns were filled by a balanced slurry techmque About 189,
(vi/w) of silica gel was slurried in a mixture of tetrabromoethane and chloroform of -
sp.gr. 2.10, and 10 ml of this slurry were placed into a metal stock tube (30 X 1 cm)
to which the column was connected. The slurry was pumped into the column as rapidly
as possible with a high-pressure pump (Burdosa, Type V410) at a maximum pressure
of 1000 atm with 2,2 4-trimethylpentane. After filling, the columns were cluted
successively with acetone, diethyl ether and 2,2,4-trimethylpentane (about 100 m!
each). Finally, the columns were efuted with 2,2 4-irimethylpentane plus 0.5%; of »-
butanol as 2 modifier until the capacity ratios of the test samples were constant.

To calculate the number of theoretical plates of the columns, four methods for
rceasuring the standard deviation (¢,) were used: (1) half the peak width at 0.607 of the
peak height; (2) one quarter of the peak width at 0.135 of the peak height; (3) one
quarter of the Deak width at the base by drawing the tangents; and (4) according to
the normalized central second moment. The retention times were measured to the
peak maximum with a stop-watch. The particle sizes were determined visnally from
photographs made with a scanning electron microscope (S.E.M.). Special atiention
was paid to minimizing the external peak broadening caused by the detector, injector
and connection tubes. The variance caused by these componenis was found to be
36 uP*. No correction for this external effect was applied.

RESULTS AND DISCUSSION

To show the usefuiness of H/v versus p plots for characterizing the performance
of columns, some plots were constructed from data available in the literature (Fig.
2). Some of the data were incomplete and had to be extrapolated. Despite this, Fig.
2 shows clearly the value of such Hjv versus 4 plots. The graph for porous layer
bezads (curve a) from the data of Done ef 2l.'® is noteworthy. It shows that porous
layer beads act as an excellent column material and should be preferred for the attain-
ment of very large plate numbers with a reasonable pressure drop, compared with the
completely porous supporis, because of the favourable pressure drop per plate.
However, porous-layer beads have some disadvantages which ‘cannot be seen
directly from the H/v versus p plots: (i) the sample capacity of porous layer beads is
two orders of magnitude smaller than that of completely porous materials, so that
such columns are easily overloaded, resulting in asymmetrical peaks; and (ii) the
theoretical plate height of this type of column is high because of the large particie
size, which results in a greater dilution of the sample on iis passage through the col-
umn and may lead to detection problems in trace analysis.

“The completely porcus supports have a large sample capacity and the namcle -
size can be very small, which is favourable for extremely small plate heights. This type
of support must be preferred in most instances, despite the Iarger pressuré drop
nzeded fo obtain rmsonablc separation speeds. In order to demonstrate more prec:sely -
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Fig. 2. Some Hjv versus AP|N plots constructed from data from the literature.

Curve - d, (pum) Eluent Support Coating Ref.
a 29 Hexane Porous layer bead 294 B,8’-Oxydipropionitrile 15
b 42 n-Pentane  Spherical silica — 16
c 56 Hexane Spherical silica 309 8.8 -Oxydipropioritrile 17
d 4.2 Heptane Spherical silica — 16
e 5-6 Hexane Spherical silica — 18
f 63-80 Isococtane DPiatomaceous earth 89 Fractonitril IIL 19

the relationshi;; between separation speed and pressure drop, a number of columas
were filled with silica gel of different particle sizes by a balanced density method and
Hjv versus p plots were constructed, as shown in Fig. 3. The curves agree very well

-2

-3

-5 - -3 -2 -1 ap
: ) tos Sy~ .

Fig. 3. Experimentally measured H/v versus AP|N plots. Support: irregular silica. Eiuent: 2,2, 4-tri-
) methy_lpentane + 0.5%; butanol. Solute: n-dinitrobenzene (&° = 2.8).
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with the theoretical predtctxons, as dxscussed before. It can be seen that the fastest
separations can be achieved on columns filled with very small particles, as was pointed
out earlier by some workers, but the price on€ has to pay for a reasonable number
of theoretical plates is very high. This is especially the case for the 4-um particles,
because the reduction in plate height is no longer proportional to the particle size, at
least with our packing method. In our opinion, the very small particles (<5 zm) are
interesting only for trace analyses on very short columns in those instances where the
number of theoretical plates need only be small because of large selectivity factors.

Influence of the viscosity of the mobile phase on Hlv versus p plots

) According to eqn. 4, the pressure drop is proportional to the viscosity of the
eluent. An increase in the viscosity has no effect on the asymptote énaD;d; 2 (11Dim
is constant). According to eqn. 3, the theoretical plate height also depends on the
diffusion coefficients, D;, and D;,. Dy, is an overall coefficient, built up from Dy,
(stagnant mobile phase) and D,, (stationary phase). An increase in the viscosity of
the mobile phase will increase the theoretical plate height. As a result the plots are
shifted upwards in this case. The change in the Hfv versus p plots due to a change in
the viscosity of the eluent can be seen from Fig. 3, where the dashed line shows the
shift if the eluent is changed from 2,2 4-trimethylpentane (n == 0.50) to r-pentane
(n = 0.23) for 4-um particles (see also curves b and d in Fig. 2). If different columns
are compared by our proposed method, one has to take account of large differences
in the viscosity of the mobile phase.

Effect of the procedure on the number of theoretical plates measured

Recent results obtained with very fine particles in short columns by various
workers suggest reasonable elution times for plate numbers in the range 50,000-
100,000. There is some doubt, however, whether these plate numbers can be extrap-
olated to larger total column lengths. In particular, the fact that the peak shapes on
these short columns are frequently asymmetrical raises this doubt. In order to
elucidate this point, we investigated the effect of the procedure for the measurement
of the plate number on the resuits obtained.

The linearity of the distribution isotherm was first checked by varying the
sample size over two orders of magnitude. No effect on the capacity ratio was
found. Nevertheless, all peaks showed a small degree of tailing. This effect could be
due to the injection profile and to the so-calied wall effect, as discussed by Knox aad
Parcher??, Four different methods of determining the peak standard deviations were
applied, viz., measurements of the peak width at 0.607 and 0.135 of the maximal
peak height, the tangent method and the normalized central second moment. With the
1ast procedure, reproducible results could be obtained only with small column lengths,
because problems with noise and drift rejection arose with larger column lengths. The
results of the measurements, on a number of separate and coupled columns for an
unretained and a retained component, are presented in Table I.

Two trends can be seen in Tabie I:

¢i) For the retained compound (p-‘nitrotohiene), the situation is the simplest,
because the extra-column effects play a minor role. It can be seen that on extrapolation
from a 25-cm column length to five times this length larger plate numbers are predicted
than are actually measured. This is the case for both measurements via the peak width



1-1t is: poss;ble ‘to conclude only that the second moment gives'a: ‘better-fit up to'a
: ,combmatxon of three columns. Itis reasonable to: suppose that Wlth asymmetrxm.l
' peaks, thh a tail in'the 1-5 /,, maxxmal peak hexght région, the. first three methods
N _overest_mate the separatmn power of long columns; such tails do not. aﬁ‘ect the mea-
‘surément on one column, but when a number of columns are coupled the. repeated -
- convolution of elution curves will bring the eﬁ'ect of the tails into the Eugher parts of :
the elutron curve; e.g., the peak width at a certain peak hexght mereasec - )
. (i) With the unretained component (toluene), this effect is overshadowed by ‘
_ the extra-column effects. As a result, the smgle-column (25 cm) experiments -give -
- systematically low results. When a number of columns are coupled, the effect decreases.

As a result; the actual plate m,mbers measured are greater than the extrapolated'
Avalues - . : S :

Constructzan of columns with large plate numbers

Although i in practice a large number of separations can be carrxed. out eﬁ‘ec-,
~ tively on columns with 5000-10,000 pla;es, in some instances more plates are very -

useful if not really necessary, such as:

(1} inthose instances where, despite the fact that the phase system is optm:uzed

as well as possible; for some components of the sample the select:vnty fac‘ors are
- still very small;
(2) for those separatxon problems where the capac1ty factors of the solutes are
very small and cannot be increased; ,

(3) for the separation of very complex mixtures; optlmlzatlon of the phase
-system in such difficult separations is almost- impossible because any improvement in-
* the selectivity factor of two- solutes in the mlxture usually worsen the selectwrty factor ,
of another pair. - ) a

In order to. demonstrat\. that it is possxble to create columns wﬁh really larce
plate numbers (50,000) at a certain separation speed. (Hfv = 7-1073 sec) and a fixed
pressure drop (350 atm), a number of 25-cm columns were coupled. According to
Fiz. 3, 6-um silica gel particles were selected as being the hest choice for this problem.
Tke final column length required in order to fulfil the stated demands was 125cm. -
This result proves the possxbthty of creating really large plate numbers on narrow-
* bore coupled columns and shows the value of H/v versus AP|N plots for selecting the -
best column material. Fig. 4 shows some separations of test and natural mixtures on
thls 59 000~n]ate column and conﬁrms the large separatlon power that one can expect.

'CONCLUSIONS :

" . The main conclusxons can be summanzed as fOHOWS" Sl ' :

A (1), Comparison of columns with respect to. separatzon speed and | pressu-e drop :
by constructmg HJv versus p- plots is very valuable for a large range of parameters,

. becal.se it is based excluswely on experlmental results. Lol

, - (2) One hastobe careful when extrapoiatmg plate nunbers based on m..asure-
*ments on short columns. = ¢ e =

- (3) Large plate numbers am be created by couphng shor.t narrow—bore cot-': :

” umns., e
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Fig. 4. Separations on a 50,000-plate column. Support: irregular silica (4, = 6 xm). Column length,
125 cm; L.D., 2.8 mm. Eluent: n-pentane - 0-0.2%¢ butanol. (a) Test mixture of aromatic hydro-
carbons: dodecylbenzene, butylbenzene, toluene, naphthalene, anthracene, fluoranthene, chrysene
(& = 0.31). (b) Test mixture of alkylbenzenes: Cs;, Cio, Cs. Ce. Co. Ci, benzene. (c) Extract of the

ash from a refuse incinerator.

' (4) Standardization or at least a description of theoretical plate height mea-

surement methods is recommended.
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