
StiMMARY 

A new method of characterizing the performance of liquid chromatographic 
cohmns of different types, with respect to the compromise between separation speed, 
pressure drop and number of theoretical plates, by plotting H/v verse &‘/IV (pressure 
drop per plate) is proposed. The practical value of this representation iu choosing the 
optimal cohunn type and constructing columns with large plate nurubers is demon- 
strated. The possibility of creating large piate numbers on narrow-bore columns 
(I.D. 2.8 mm) -by the coupling of shorter ~01~s was investigated. The separating 
power of a-column with SO,000 theoretical plates is illustrated by some di&ult separa- 
tions of test and natural ruixtures. 

ENTRODUCTION 

Any attempt to generate a large number of theoretical plates in a hquid chro- 
matograph within a reasonable time immediately raises the problem of the compromise 
be&G-~ 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 sirrgle .quantity have been made, e.g., 
the performauce index’, the performance facto?, the peak capacity3 and the product 
of retention time and pressure for a specified plate nu&eP. In comparing~columus 

-of different types, e.g., with widely varying parWe sizes or super&ally and totally 

‘~ 
porous materials, these proposed quantities aze not useful for the estimation of the 
compro& between pressure and separation speed, because these proposals either ig- 
nore the pressure limitation-or depend oh crude simplifying expressions for the plate 
height. _ 

An important parameter of the separation process, the liuear velocity of the 
-. eiueut, cauuot-be chauged at will because the available input pressure is not infinite. 

In order-to tid the opt&u@ situation such that,-with the available pressure drop, the 
selmr@o~ is .pass$ile in the shortest time with the particle size as an adjustable 

__ parameter,_~ severa methods are in us& e.g.: 



_(i) The dependence of pI2te height on flow-rate and particle size is-simplified 
to fractional powers such as H = cii or H Y 9’. These methods, which were applied 
by Snydefl and Majors and MacDonaldS, are suitabIe only within-a relatively narrow 
rans of parameter values, as shown 5y Hubelb.~ 

(ii) One can measure the plate height at a specitkd linear velocity of the eluent, 
e.g., 1 cm/set. This again gives a reasonable comparison b&veen diflerent columns 
only within narrow ranges of parameters where the stated velocity is meaningful_ 

(iii) It is assumed that the plate height curve, w-hen plotted in the dimension- 
less parameter Y = vdP/DI, and h = E/c&, is inde_pendent of the particle size. When 
rhis is correct, the compromise between pressure drop and separation speed can be 
found very elegantly, as shown by Knox’ 2nd Knox and Saleem*. The optimai 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 pm, which 
unfortunately lie in the range where packing difficulties occur. in this range, the re- 
duced plate height is not constant, thereby invalidating the mathematical treatment 
of the problem by Knox and Saleems. 

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, 2nd 
(b) the compromise between speed of separation and pressure drop cannot be found 
easily. These conclusions are especially valid when one tries to vary the column 
packing material and particle size over 2 wide range. 

THEORETICAL 

We propose here a procedure by which columns can be compared from the 
operational viewpoint of the 2n21ytic21 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 p!ates, N,,,, can then 
be calculated with the well known equation 

where rji = selectivity factor; R = specified resolution; and k’ = 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 anaiytic21 level -with an unlimited amount of sample available. 

In the c2se (i)> on the one hand the analyst desires a very low pl2te height in 
order to minimize the sample dilution in the column, e.g., he wants to keep a low 
detection limit, while on the other hand he needs a certaio 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, @late height, length 
and velocity of the eluent; if it will give the required plate numb&r in a short time but 
with a plate height of, say, 1 cm, he will be satisfied. - 
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The retentiaiitime of the components will be proportional to H/v, according 
to the equation9 

Now,~U_/v -is de&dent on v, ~generally decreasing with increasing v. Thus, with a 
ceXrtain type of column (by a column type we mean columns with a certain packing 
material and packing technique but without a specified iengthj, one desires to work 
at the highest vaiue of v that is in accord wi+J the maximum pressure available 
(I’,.,_.) and the number of plates required (N,,). Trt the ideal case, a pressure drop 
of exactly P,,, will exist for a column with a length such that the plate number is 
exactly Nreq. 

For the characterization of column performance, it is therefore logical to plot 
H/v as a function of dP/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 I’,,,. and N. Moreover, 
different particle sixes, pelhcular or totally porous particles can be characterized in 
one graph. The compromise between pressure drop and speed of separation and the 
performance of cohunns 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 obtained when certain models of the 
permeability and plate height behaviour are adopted. For the dependence of 
theoretical p!ate 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 vermsp, a 
simplified model is more useful: 

DiIE W=a.-+- 
V 

pd, + y.g 

(P 

where a; p and y are constants depending on the bed geometry and capacity ratio, 
I&, is the diEusion 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: 

where B 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: 
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which turns out to agree exactly with our result for the lowest -@esSure drop .@er which turns out to agree exactly with our result for the lowest -@esSure drop .@er 
plate, Saq&&. plate, Saq&&. 

At extremely hijtjh velocity, we have: At extremely hijtjh velocity, we have: ._ ._ 

which shows the high price that must be paid in pressure, proportional to 9, to attain 
high-speed separations. 

As can be seen from Fig. 1, each of .the extreme cases ~hows..straight-hue 
asymptotic behaviour. The total curve will lie higher arid more to .the &ht than the 
two linear extrapolations because both the first and the iast term contriiute and 
because of the contribution of the convection and mobile phase exchange terms. The 
efFects of decreksing. the particle size .whiIe assuming the -same packing geometry are 
now two-fold: 

(a) The right-hand side asymptote, H/v -I+ (&/D,,), is *placed downwards. As 



‘I i.C~ik.~ vERYEARGEPLATEN~~- 151 

. _ 
:‘ fo.pB a&no&h pressure is availa& and the packing structnre remains the same, we 
-- can.speeduptl+epamtion. 

.~ (b} -Thq 3&i& asymptote, p -t+ (tS,,xd&Jd~, is displaced to the &id. The 
dcr3i& pfessrrre is raised and yitlr a limited pressure we can no longer obtain very high 
p&e’ nnn&rs. 

Curves for diEerer& particle sixes with an assumed constancy of a, $ and 
y (it constant) wilf have an intersection point. In practice, this means that in order to 
obtain ve~smdl &eparation times small particles are to bep&errzd;on the other 
hand, very high plate numbers can be obtained only with larger particles with 
asso&iated iow p values. 

Finally, Fig. 1, drawn for $ = 30, 10 and 3 pm, shows that for the 
fastest realization of a certain plate number with a tied pressure drop a certain 
optimal particles size exists. This is the result that Knox and Saleen? obtained 
previously. Martin et al. t3~1’ discussed the same point, together with the practical 
ramifications, 

The dashed line in Fig. 1 shows the effect of a decrease in the viscosity of the 
mobife phase on the H/v versusp plot. The viscosity change has no influence on the 
position of the vertical asymptote, &cz&#~, because the product qD1, is a constant, 
according to the-Wilke-Chang equation. On the other hand, the horizontal asymptote, 
y&JDtp, shifts downwards (except in the unusual case where the pores of the par- 
ticles are completely Glled~ 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 vers(cs p plots. The importance of the 
representation of this plot is the fact that column performances can be compared with 
it witho_ut 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 k’. Therefore, the representation, although interpretable 
in theoretical terms, is based purely on experimental results. 

The liquid chromatographic experiments were carried out on a home-made 
liquid chromatograph constructed from a reciprocating pump (Orlita, Type AE-IO- 
4.4), a Bourdon-typemanometer, a high-pressure injection valve (Valco, HPSV CV- 
6-UHPA) and a UV spectrophotometer (Zeiss, PM2 DLC). In all 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 I.D. stainless-s*-eel capillary tubing to the column. To couple columns, 
l/16-in. z&o dead volume Swagelock connectors were used Most experiments were 
carried out at a_w&elength of 260 nm. In order to prevent contamination of the col- 
+ng,a stainless-steel precolumn (SO x 1 cm) was installed in front of the injection port. 

The materials used were 2,2,&rimethyipentane, n-pentane, acetone, diethyl 



._-. 
ether, tetrabromoethaie and chloroform @&ck, Darmsta$t,- GF.R.)~ SIX&L gel 
(P/rerek,~Si433) was ground am? ci2ssStd in cSff&ene par&Ice s-i!& r&ges. by m&as of 
an air classifier (pint MZR, Augsburg; G.F.R.). The fractions -were sedimented in 
acetone-water (I : 1) in order to remove Iincs. 

The di&renr columns were Wed by a baIa&zed slurry tech&que. About IO% 
(w/w) of silica geI was slurried in a mixture of tctrabromoethane and chloroform of 
ss.gr. 2.10, and IO mI of this slurry were pI&d into a metal stock tube (30 x I cm) 
to which the coiumn was connected. The slurry was pumped into thecohmm as rapidly 
as p&sible with a high-pressure pump (Rurdosa, Type V410) at a maximum prcssurc 
of 100 atm with 2,2,4-trimethylpentane. After fiIhng, the columns were elutcd 
successively with acetone, diethyi ether and 2,2,4-trimethylpentane -(about 100 ml 
each). Finally, the columns were eluted with 2,2#rimethyipentaane plus 0.5% of rz- 
butanol as a modifier until the capacity ratios of the test sampfes were constant. 

To caiculate the number of thcorcticai plates of the coiumns, four methods for 
measuring the standard deviation (cJ 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’wak width at the base by drawing the tangents; and (4) according to 
the normalized cent& second moment. The-retention times were measured to the 
peak maximum with a stop-watch. The particle sizes were determined visually from 
photographs made with a scanning eIectron microscope (S.E.M.). Special attention 
was paid to mhiimizing the external peak broadening caused by the detector, injector 
and connection tubes. The variance caused by these components was found to be 
36~1”. No correction for this external effect was applied. 

RESULTS AND DISCUSSION 

To show the usef?rlness of H/v versusp 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 sbows clearly the value of such H/v versm p plots. The graph for porous layer 
beads (curve a).from the data of Done et QL~' is noteworthy. It shows that porous 
layer beads act as an exceIIent 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 supports, _because of the favourable pressure drop per plate. 
However, porous-layer beads- have some disadvantages which -cannot be seen 
directly from the H/v versusp plots: (3 the sample capacity of p~orous layer beads is 
two orders of maetude smaller than that of completely porous materials, so that 
such columns are easily overioaded, resulting in asymmetricaI peaks; and (ii) the 
theoreticaI plate height of *&is tyke of column is high because of the Iarge particle 
size, which results in a greater dilution of the sampIe.on its passage through the col- 
umn and may lead to detection problems in trace analysis. - -’ 

The compIeteIy porous supports have a large sampIe capacity and the particle 
sk CZSI be vex-y smaII, which is f&vourabIe for extreme& smaII pIate he++ T&s +$&e 
of support must be preferred in most instances, despite -the h&g& ~pressurc hop 
needed to obtain rcasonabie separation speeds. Tn order to demonstrate mo_m preciscty 
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Fig. 2. Some K/v versza APIN plots constrwted from data from the literature. 

Curve db (pm) EIuent Support Coahg 

a 29 Hexane Porous iayer bead 2 % &#I’-Oxydipropionitriie 
b 4.2 n-Pen-e SpheriCat silica - 

z 
S-6 Hexane Spherical silica 30% &T’-Oxydipropiocitrile 
4.2 Hcptane Spherical silica - 

e 5-6 Hexane Spherical silica - 
f 63-W Isooctane Diatomaccous ezrth 8% Fractonitril III 

Ref. 
-- 
15 
16 
17 
16 
18 
19 

the relationship between separation speed and pressure drop, a number of columns 
were f&d with silica gel of different particle sizes by a balanced density method and 
-H/V ver.~u.s p plots were constructed, as shown in Fi g. 3. The curves agree very well 
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Fig. 3. Ek$erimentaliy measured N/v versus AP/N plots. Support: irreguiv silica Fluent: 2,2,44-i- 
~;rietfiylpentane G-OS% butanot SoWe: m-dinitmbenzene(k'= 28f_ 
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with t&theoretical predictions, as discussed ber’jre. It can be seen that the fastest 
separations can ki a&&xxi on columns filled with very small particles, as was pointed 
out earlier _by some workers, but the price one has to pay for a reasonable number 
of theoretical plates is very high. This is especially the case for the 4-pm 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 pm) 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. 

inj7uence of the viscosity of the niobiie phase on Hfv 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 OQ the asymptote haDld;2 (v#&, 
is constant). According to eqn. 3, the theoretical plate height also depends on the 
diffusion coefficients, DID and DI,. Di, is an overall coefficient, built up from D,, 
(stagnant mobile phase) and DrS (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 H/v versLLT p plots due to a change in 

the viscosity of the eiuent can be seen from FI,. ‘d 3, where the dashed line shows the 
shift if the eluent is changed from 2,2,Mrimethylpentane (~7 = 0.50) to n-pentane 
(11 = 0.23) for 4-,~m 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 
iu the viscosity of the mobile phase. 

Eflect of the procedure on the number of theoretical plates measured 
Resent 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 to&l 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 results obtained. 

The linearity of the distribution isotherm was first checked by varying the 
sample size over two orders of magnitude. No effect 011 the capacity ratio was 
found. Nevertheless, all peaks showed a small degree of tailing. This effect could be 
due t@the injection profile and to the so-called wall effect, as discussed by Knox aad 
Parcheti*. 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 
last procedure, reproducible results could be obtained only with small column lengtt, 
because preblems with noise and drift rejection arose. with larger coIumn lengths. The 
resultsof 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 Table I: 
(i) For the retained compound (p-nitrotoluene), the situation is the simplest, 

because the extra-column effects pray a n&or role. It can be seen that on extrapolation 
froma i5-cm column iength to five times this length larger plate numbers are predicted 
than are actually ymeasured. This is the case for both measurements via the peak width 
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at ~~iert&pix&:h&ght and for-t& @ngent:m&.hod, 6&&e b&s ~$6~ experi&nts,S 
it is $ossible .f% -@m&de OnIy that the &tip‘ :&me& g&es’-& : ~t&$~ up .:to.- a 1: 
&Gbi&io~ of th* :cOluinnS. It ‘is r&On~~le ‘tii stippo%Cm Fvith &$min&SGl ’ 
peaks, with. a tail’ ins & -113 % iqaximal~ peak he&l& re&;vti,~ the. @T& &k .metho& .’ 
overestimate the sepa[rziti& power of long *lmns;.sgch tail& 64 not aSet the I&G. 
sutitient ou one c&rq but. Wheh. a ‘&timber -of columns are .co$plti~%& repeated ._ 
convohiti~n of el@ion &ryes will’biin~.the &St of the t&Is. itit-0 the h&her-parts of 
the eliition ‘curve, zig., the p&k Width at .a .ce&& peak height G&&&es. -: -. -1 . 

(ii) With the &retained cGpo&ent (t&e&), this effect is oGetihadciw@ by 
.the .extra~~lumn~ eff&ts. As a result; th& single-colutin (25 cm) ex&jme&s give 
systeti&i@ly low resu&. When a numb& of c&&s arecoupled,‘the effect decreases; 
As a- result, the actual plate numbers measured are greater thati th& extiaptil&d 
Glues. 

, 
Consttiction Of cohmns with -large plate -numbers 

Al+&ough in practice a large num@?r of sepa&tions can be cstrried out effec- 
tively on co&&s with 5OatrlO,t#so plates, in some instancesmoti plates are very 
useful; if not really necessary,- such as: 

(1) in those instances where, despite the fact thai the phase system is optimized 
as w&l as possible, for some components of the sample the. &ctivity factors are 
still -very small; . 

(2) for those separation prob!ems where the cap&y faciors of the solutes are 
ve;y small and cannot be increased; 

(3) for the sepatition of very complex nrixtuxes; optitiization of &phase 
system iti such diBicult separations is almost impossible because any improvement in 
@e selectivity factor of two solutes in the mixture usu~$ly worsen the selectiv&y f&t& 
of ‘another pair. .- 

~.. 

In order to -demon&ate that it is ppssible to create. tolumns~with &I9 large 
plate numbers (50,ooO) & a certain separation speed (H/Y = 7 - 1W3 set) atid a fix&d 
pressu~ d?op (350 atm), a number .of -2S-cm columns were-coupled. According to 
Fig. 3,6-pm silica gel par&&s were selected as being the best choice for this problem. 
The final column length required in order to fulfil the stat&d demands was 125 cm. 
This result proves the possibility of creating really large plate -nu&bers on narrow- 
bore coupled columns and shows the value.of H/V vemu.rdP/N ploti for selecting the 
best column mate&l. Fig. 4 shows some separations of test and nab1 mixtures on 
this 50,ooO-plate column &d confirms the larg& separation pokier that one can expect. 

CoNCLLJSIbNS . . 

The main conclusions Can be sun&arized as follQws:. .: .- --: 
(1). C%m-pa&on of colutis. with res@ec$ tasparatiop sp.4 Gnd @essure drop 

by cons+Jucting H/Y vtrms p-plots is very valuable for a Ikrge tinge of pweteti, 
because it is b&d e%clusiv&ly on experimenta! &sults.- .’ :- :. 

(2) -One hasto-be c&fur when extrapolating pl@ tiuii$ei;s @seci on rnb*ur& 
leQti on sh& Cofu&ns,y -- :-. .. ; ,’ .. .. :. --- (‘-;.... .-;. : 

I (3) Qrge--pIate ~nun$& ,caq e created: ~$&pli& ?$oft nari;~w-b&e tic& T 
um$l~ -. ..:. .I -. ._.-. 
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Fig. 4. Separations on a 50,000-plate &!umn. Support: irregular silica (dP = 6~). Column length, 
125 cm; I.D., 2.8 mm. EIuent: n-pentane f O-0.2% butanol. (a) Test mixture of zromatic hydro- 
carbons: dodecylbenzene, butylbenzene, toluene, napkthalene, antkracene, fluorantkene, chrysene 
(k’ = 0.31). (b) Test mixture of aikylbenzenes: C,, CL,,, Cs, C& C,, Cl, benzene. (c) Ext&act of the 
ask from a refuse incinerator. 

(4) Standardization or at least a description of theoretical plate height mea- 
surement methods is recommended. 
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