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1. INTKODUCTION 

Column liquid chromatography has evolved through three active 
periods, separated by latent induction periods during which almost 
nothing new apparently happened. The "discovery time." at the hopin-
ning of this century (/), was followed by a "renaissance" period in the 
early 1930s (2), and finally the "modern times" which started in the 1960s 
(.?). The last period began with the "technological age" during which in 
strumental problems were recognized and solved while few analyses were 
actually made. The present time is characterized by an exponential 
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growth of the instrument market and practical applications. Research on 
retention mechanisms is still very active and will remain so for many 
bviis Ivliuo lho Ihomiodviuiniu s of movl ihmm;<lo|Ji :iphio systems will 
be well enough understood. On the other hand, problems concerning in­
strumentation, the selection of optimum analytical conditions, the prepa­
ration of columns, and their operations are now pretty well solved, so 
that, in a sense, this field of science is closing. Whereas much tech-
iL<lot>ii'al «щк «till romainv to ho dono. I ho conceptual framework of col 
umn chromatography is not likely to change appreciably in the time to 
come. 

In this chapter, we discuss the basic principles of modern liquid chro­
matography, which have been slowly and painfully recognized as valid 
over the past ten years. After presenting the main features of the optimi­
zation model together with the relevant equations, we shall point out the 
practical consequences of this approach and the way the analyst can use 
the optimization scheme in practice (5-26). 

II. RESOLUTION AND EFFICIENCY 

The goal of the analyst is to separate the components of a mixture under 
such convenient conditions that a satisfactory quantitative analysis can be 
obtained at a reasonable cost, or that the compounds can be easily identi­
fied. Although everyone would agree on such a broad definition, troubles 
begin when a more precise definition is sought. We usually do not strive 
for the fastest possible analysis. Analysis times less than a few minutes, 
with base peak width less than about 10 sec, raise very difficult tech­
nological problems (cf. Section XII). The specifications on sampling 
systems, detectors, and data acquisition systems become so stringent that 
full computerization of the chromatograph is necessary. This can be 
costly, and often that money can be saved by turning to systems having 
lower performance with respect to speed of analysis. 

Modern column liquid chromatography is usually called HPLC. This 
stands either for high-performance or high-pressure liquid chromatog­
raphy. It is curious that what is appealing in this newtechnique (the high 
performance), came much later to the forefront than the disagreeable 
price one must pay, in terms of high pressure. The pressure is needed to 
achieve a flow velocity of the mobile phase at which the column perform­
ances are satisfactory. As we shall show later, a trade-off between pres­
sure ami analysis time is often possible. In such cases we can find a com-
piomlse which yields an analysis time some what longer limn the minimum 
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possible with a given column, but at a much reduced pressure. The choice 
will of course depend on the analyst's needs and means. 

Иг !lint us it may, thr first requirement is to nchieve a minimum degree 
of resolution between all the compounds of a given mixture. Let us em­
phasize here that optimization can seriously be carried out only on known 
mixtures, where all components are identified. If the analyst has an 
unknown mixture to analyze, he can only make a crude estimate of the re-
oolvinB power of the column he wiehea to use. assuming!that compounds 
that are not resolved by this column are not worth separating, at least in a 
first trial. This decision is made, consciously or not, while weighing the 
advantages of separating most or all componettls against the. troubles df 
using excessive resolving power that means wasting time. For such quali­
tative optimization some useful estimates can be found iri Section XI. 

It is convenient to assume that all band profiles have a Gaussian shape. 
The study of the degree of resolution between non-Gaussian peaks is very 
difficult, if one wants to be rigorous, and the equations become very com­
plicated. Fortunately, Kirkland (27) has shown that if the peak asymmetry 
is moderate, conventional equations for Gaussian peaks can be used. It 
should be kept in mind, however, that the resolution necessary under 
such conditions to accomplish a certain degree of separation of asym­
metric peaks is higher than that calculated for Gaussian peaks. 

The resolution between two Gaussian peaks is given by Eq. (1) 
Л = 2(/н. - fRl)/(VV, + W1) ~ (1) 

where fR>( and VV, are the retention time and base width of peak i. Note 
that the baseline width for a Gaussian distribution is equal to four stan­
dard deviations, o\ If the two peaks are close, the resolution is given by 
Eq. (2): 

j - . ^ . S L Z J . ^ (2) 
4 a \ + кг 

The plate number of the column, Af, is evaluated [Eq. (3)] 
N = 16(/R/W)* = «J<T? (3) 

where <r, is the standard deviation of the peak in time units. The relative 
retention of the two compounds, a, is obtained from the relationship (4) 

_ f«i ~ Л _ IB» = M (4) 
t —t t' Ie' 
'Ri «0 «Ri K\ 

where t0 is the retention time of an inert, nonsorbed solute, fR>, is the ad­
justed retention time and k' is the capacity factor of the column evaluated 
from the chromatogram by Eq. (5): 
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It is seen that к is the dimensionless retention time qf a peak given by the 
adjusted retention time divided by the elution time of an retained" sol-
HIr- The i m p o i l a i n o of к r o m r s f m r n lho fn r l thsit it is p ropn i l i nn i i l In l h r 
equilibrium constant for the equilibrium phase distribution underlying the 
retention process. By these definitions of the chromatographic parame­
ters, it is assumed that no extracolumn effects from the equipment con­
tribute to the retention of the compounds and/or the broadening of their 
buti.ta In p i a . t i . о I h i * aooi lmpt inn o f l f n ilnoa not hnl<l. «nil «bo p inb lo in ie 
discussed further in Section XIl. The choice of the inert tracer is some­
times very difficult in liquid chromatography as discussed, among others, 
by Knox (28) and Horvath (55). 

Equation (2) shows that the resolution is a function of three different 
factors: (1) the resolving power of the column as measured by the plate 
number that expresses the relative width of bands; (2) the relative reten­
tion of the two compounds that measures how far apart the bands are 
from each other; and (3) the magnitude of retention, as separation is a re­
sult of retention. The relative influence of these factors has been dis­
cussed by Snyder (12,13) in a form very easy to use in practice. 

One of these three factors, the plate number, is largely controlled by the 
column parameters, construction, and operating conditions such as flow 
velocity. In some cases, however, the efficiency can fall sharply for some 
type of compounds having an unusually small diffusion coefficient or rela­
tively slow equilibrium kinetics. The magnitude of retention can be ad­
justed to some degree by changing the phase ratio by varying the amount 
of the liquid stationary phase or the specific surface area of the absorbent 
in a given column or the eluting strength of the mobile phase (12,13). In 
this last case, a will probably change. Thus, finding a suitable chromato­
graphic system, which provides large enough values of a for all the pairs 
of components of the mixture, is a prerequisite to any optimization. Sepa­
rations at small values of a require very large plate numbers and conse­
quently long columns. As a result, the time of analysis is long and the col­
umn inlet pressure is high. Considerable saving can be achieved, there­
fore, by finding a stationary-mobile phase system that has high selectiv­
ity. This is illustrated by the relationship (29) between molar free energy 
changes, AG, and LGt, associated with the equilibrium distribution of the 
solutes 1 and 2 between mobile and stationary phases [Eq. (6)]: 

Д(ДС) = LG1 - LG1 = RT In a (6) 
As this quantity is small we can write that 

a - 1 - L(LG)/RT (7) 

where a is the relative retention of the two compounds. 

*?•"#' 
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30 60 J(min) 

Fie. 1. Chromatogram of a complex mixture of polychlorabiphenyls. 
! 

A small change in the free energies, which are usually of the order of 
several kilocalories per mole, can result in a marked relative change in 
L(LG). At ambient temperature (Г =» 3000K), a changein Д(Дф of 18 
cal/mol from 18 to 36 cal/mol would convert a difficult analysis 
(N = 32,000; a = 1.03) into an easy separation problem (N = 8800; 
a « 1.06) assuming that k' = 3 and R = I. 

The search for a "good" system is certainly worthwhile for simple mix­
tures, such as those containing a few closely related isomers. For com­
plex mixtures, such as the one shown on Fig. 1, however, only an 
improvement in column efficiency can effect a complete resolution of the 
sample components. 

Once the chromatographic system has been selected, the problem re­
duces to the design of a column having the required resolution power 
while minimizing analysis time and possibly inlet pressure. Before dis­
cussing this problem we need to know the relationships between analysis 
time, flow velocity, and pressure, and between resolving,power and flow 
velocity. 
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111. ANALYSIS TIME, FLOWRATK, AND TKESSUKL: 

From the definition of k. the retention time can be explained by Fq. (8) 
tR = t0 (1 + *') (8) 

where к is proportional to the thermodynamic equilibrium constant for 
distribution of the solute between the stationary and the mobile phases. 
T\w proportionality constant is a function of the amount of solvent in the 
column, i.e., the (out porosity of the packing, and ihe amount or sta­
tionary phase, i.e., the liquid loading of the support in liquid-liquid chro­
matography (I.LC) or ihe surface area of the solid in liquid -solid chtoma 
tography (LSC). Generally, к is defined once the chromatographic system 
is chosen. 

The transit time, r0, is given by Eq. (9) 

to-L/u (9) 
where L is the column length and и the mobile phase velocity. As liquids 
have a very low compressibility, for all practical purposes, the velocity of 
the mobile phase is constant along the column in HPLC (30). It is related 
to the column parameters by Eq. (10) 

where ДР is the difference between inlet and outlet pressures—the latter 
is practically always atmospheric pressure. As gauges measure pressures 
by reference to the atmospheric pressure, AP is the reading on the inlet 
pressure gauge. In Eq. (10), т» is the solvent viscosity and d9 is the particle 
diameter; ко is a dimensionless coefficient having a value usually about 
1 x 10~s (23,31). It is a function of the external porosity, e, given by that 
fraction of the column volume which is not occupied by the particles, and 
is therefore available to the solvent flowing around the particles. It is 
noted that although the particles are porous, the solvent does not flow 
through them, only around them. The value of A0 can be evaluated from 
the Kozeny-Carman equation given by Eq. (11): 

ко = e8/180(l - «)* (11) 
Equation (11) shows that Ic0 increases rapidly with increasing porosity 
(31). For columns used in HPLC, с is usually about 0.40 and seems not to 
depend on the material and the packing technique used for the preparation 
of the column (22). Fore = 0.40 the equation predicts that J l 1 - I x I0~3 

in agreement with experimental observations. In order to achieve the very 
homogeneous packing necessary for n good column efficiency, the 
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methods used tend to give a very dense packing (23). The importance of 
the parameter Ic0 has been stressed by Bristow and Knox (50), who prefer 
to ияе ф - 1 /Zf0. ' 

The product kud% is the column permeability. Il is in practice entirely 
determined by the particle diameter. In reality, the packing material is 
made of particles of different sizes. Sieving, or various elutriation or sedi­
mentation techniques, have a rather small efficiency and the distribution 
of pmticlc «linmrtrr is usually quite large. Different techniques are used to 
determine the particle size distribution 01). We should be cautious be­
cause these different methods give different distributions. The meanings 
of iiumbei average a»d mass average of the size distributions are quite dif 
ferent, just like the diameters derived from the experimental determina­
tion of the average diameter, the average mass, or the average surface. 
The experimental determination of the permeability frojjn flow velocity 
gives the hydraulic radius of the particles which is quite different from the 
mean particle radius obtained from optical measurements if the size distri­
bution is wide or skewed. 

Be that as it may, Eq. (10) allows the calculation of the pressure neces­
sary to achieve a given flow velocity in a column of known permeability. 
As we shall see in the next section, the choice of the velocity of the sol­
vent is determined by the characteristics of the column as well as the de­
sired efficiency or speed of analysis (18-21, 26). . _. 

IV. FLOW VELOCITY AND COLUMN EFFICIENCY 

We have seen in Eq. (2) that, once the chromatographic system is 
chosen, the resolution of the components of the mixture is possible only if 
the plate number of the column exceeds the value Nn, given by Eq. (12) 

where R is the required resolution. To be able to make any prediction, we 
need to know how the plate number is affected by changing the column 
parameters, such as length, particle diameter, and flow velocity. 

It has long been recognized that the measured plate number of the col­
umn is proportional to its length in a large range, with certain exceptions. 
In the case of short columns, the peak profile is often perturbed by a con­
tribution of the equipment to bandwidth. The extracolumn effect is 
always difficult to separate from the band spreading occurring in the col­
umn quantitatively and the calculation does not do any good to the analyst 
whose separation is just ruined anyway. 
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The magnitude of relative band spreading in the column is often mea­
sured by the height equivalent to a theoretical plate (HETP) which is 
.1.IUi(CiI lij Il anil calculated ftoni (tic cxpicasion [Lq. (U)J 

H = L/N (13) 

If the bandwidth at the column outlet is expressed in length unit, we have 
an expression for the plate number, which is similar to Eq. (3), and given 

N = (LI(T1)
1 (14) 

where at is the standard deviation of the Gaussian peak. Consequently, 
the plate height can be expressed as [Eq. (15)] 

H = <rf/L (15) 
Equation (15) shows that H is proportional to the variance of the solute 

band at column outlet. If several independent phenomena contribute to 
band spreading, the sum of their respective variances, af, determines the 
overall band spreading measured by <r? as [Eq. (16)] 

o-f = £ <rf (16) 

Three main independent contributions to band spreading inside the col­
umn have been identified (32) as longitudinal molecular diffusion, the un-
evenness of flow through the nonhomogeneous packing, and the resis­
tances to mass transfer in the mobile and stationary phases. 

The contribution of molecular diffusion is due to the fact that during the 
chromatographic run, the solute molecules diffuse along the column axis 
in the opposite direction to the concentration gradient, that is, away from 
the mass-center of the zone. The variance contribution arising from this 
phenomenon is proportional to the time and to the diffusion coefficient. 
We must, however, distinguish between longitudinal diffusion in the mo­
bile and stationary phases. All solutes spend the same time, /0. in the mo­
bile phase; accordingly the variance contribution of axial diffusion in the 
mobile phase <rfl,m is given by Eq. (17) 

°-S.m = 2ymDmL/u (17) 
where y, the tortuosity coefficient, accounts for the perturbation to the 
molecular diffusion which arises from the geometrical effect of the 
packing structure (32). In fact, у is a complex factor which should also 
take into account the fact that axial diffusion in the mobile phase occurs 
both in the interstitial space of the column and inside the particles. Since 
the geometrical structures of the two media are different, two different 
tortuosity factors should be used. 

1 here Is axial diffusion also In the stationary phase (32). In gas clnoma-
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tography this effect is rightly neglected because the diffusion coefficient in 
the stationary phase is 10* times smaller than that in the mobile phase. 
Their is no rctiMin to nculcct it in I.C where the diffusion coefficients in 
the two phases are of the same order of magnitude. However, their 
respective contributions to zone broadening are by no means equal. 
Although the diffusion coefficient in the stationary phase is probably 
smaller than that in the mobile phase, the tortuosity coefficient is certainly 
Qinullrr. borniisr of the disconnected chnrnctcr of thnt phase (32, 33). The 
contribution of axial diffusion in the stationary phase oft., can thus be 
written as [Eq. (18)] 

0-¾., = (2ytDtLfu) • к (18) 
.( 

since the time spent in the stationary phase is k't0 (32). 
The contribution of the unevenness of the flow pattern is the result of 

the irregularities of the packing and of the nonuniform particle size distri­
bution. The streamlines have different length and the average velocity in 
the channels of the packing is different. The particles and the stagnant 
region between them can be reached only by diffusion. A molecule which 
travels in the axis of a wide stream has less chance to diffuse into a par­
ticle than a molecule traveling through a narrow channel. Since the 
average velocity is larger in wide channels than in narrow ones, the ef­
fects of the distributions of channel length and average velocity, as well as 
that of the rate of radial mass transfer across channels, are not indepen­
dent (32). 

It has been shown (34) that this contribution to the variance <r%,, can be 
satisfactorily approximated by the relationship (19) 

crl,t = aLulli (19) 
where a is a function of the particle diameter and of thei diffusion coeffi­
cient as shown below. 

The solute molecules can enter and leave the particles only by diffu­
sion. The particles are porous, like sponges, and most of the absorbent 
surface area is given by the surface of the inner pores. In LLC most of the 
stationary liquid phase is also inside the particles. OhIy porous layer 
beads which have been used in the past and may find some applications in 
the future represent an exception. The diffusion through the particles 
takes some time. The average time necessary for a molecule to diffuse 
across a distance dp is d\/2Dm. 

Accordingly it has been shown (32) that the contribution of the mass-
transfer resistance to the variance, a*,,,, is given by Eq. (20) 

C Ld* и (20) 
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where C is a function of solute retention. The kinetics of adsorption -
desorption can also contribute to band broadening. As this contribution is 
also (.uopoitioiial Io LJI u/l>m, it» piupuiliuimlily tuii&lulil nitty be in 
eluded in parameter C. Consequently a different dependence of C on k' is 
observed when mass-transfer or kinetic resistances predominate. Com­
bining Eqs. (15)-(20) gives Eq. (21): 

Experiments have shown lhal columns of different length prepared with 
the same batch of stationary phase and operated under the same condi­
tions yield the same H vs. и plot, and this finding validates this concept (7, 
26, 34). 

It was difficult, on the other hand, to measure accurate H values over a 
sufficiently wide velocity range with columns packed with relatively large 
diameter particles in the SO- to 100-pim range, which were first used in 
HPLC. In such a case, the velocity at which # , according to Eq. (21), is 
minimum is so low that experiments are unpractical (see Section VI). 
Therefore experiments were carried out at flow velocities 10 to 100 times 
higher than the optimum velocity and quasi-linear plots of Я vs. и were 
obtained. Snyder (75) has shown that the velocity range in which H is 
evaluated determines the choice of a two-parameter empirical equation. 
The results of Majors (55) show how excellent experimental data can lead 
to erroneous conclusions when fitted on empirical equations, even though 
the data are in good agreement with Eqs. (10) and (21). 

In order to compare data obtained with otherwise similar chromato­
graphic systems in which only the particle size of the column packing and 
solute diffusivity may vary, Eq. (21) should be written in dimensionless 
form. Using an approach taken from chemical engineering, Knox (7, 34) 
has shown that a corresponding reduced plate height equation is given by 
Eq. (22) 

A = {B/v) + Av113 + Cv (22) 
where h is the reduced plate height (Eq. 23) 

A = HId9 (23) 
and v is the reduced velocity given by Eq. (24): 

v = udJDm (24) 
Plots of reduced plute height against reduced velocity should give a single 
ctMVf for columns packed with different si7e fractions of adsm bents pie 
pared in an identical fashion. These curves vary with the solvent used, es-

Щ 
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Fie. 2. Plots of the reduced plate height against the reduced velocity. The parameters 
are as follows: (1) A - 1, C - 0.01; (2) A - 1, C - 0.03; (3) A « \ C - 0.1; (4) A - 2. 
C - 0.03; (5) A - 4, C - 0.03. In all cases, B - 1.5. 

pecially for retained compounds, as C is a function of A and other charac­
teristics of the solvent system. Typical plots are given in Eigs. 2-4. Figure 
2 shows how h vs. v plots change with the parameters of Eq. (22). Figures. 
3 and 4 show plots of log h vs. log v which are easier to use. Minima of the 
h vs. v curves for Figs. 3 and 4 are given in Tables I and H. 

The coefficient A in Eq. (22) characterizes the regularity of the packing. 
It is shown below that the value of A critically determines the'quality of a 
column. Values of A significantly larger than unity indicate that the col­
umn is poorly packed, because either the packing technique used is inap­
propriate or the particular batch of stationary phase contains nonuniform 
particles. The latter case occurs, for instance, when the particle size dis­
tribution is too broad or bimodal, or the particles have very irregular 
shapes. Values of A about unity have been reported for excellent col­
umns. In principle, A is independent of the nature of the solvent and sol­
ute and of the retention. In practice, experimental values-of A for a given 
column depend slightly on these factors. Combination of Eqs. (22), (23), 
and (24) yields Eq. (25): 

H = BIK Ad™ 
~D$ ft' 

CdIu 
« ' Я I • - — 

Dn 
(25) 


