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1. INTRODUCTION

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 hegin-
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
(3. 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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2 Georges Guiochon

growth of the instrument market and practical applications. Research on
retention mechanisms is still very active and will remain so for many
vours before the thermodynamics of most chronatographic 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-
nolagical work still remaing to he done, the 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 (3 -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 miputes,
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 and analysis time is often possible. In such cases we can find a com-
promise which yields an analysis time somewhat longer than 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.

Re that as it may, the first requirement is to achieve 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-
aulving power of the column he wishes 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 components against the troubles of
using excessive resolving power that means wasting time. For such quali-
tative optimization some useful estimates can be found th 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)

R = 2tg, ~ tn)/(W, + Wp) ~ (1)

where g, and W, 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): .
VN a-1 _k
4 o 1+ k

The plate number of the column, N, is evaluated [Eq. (3)]
N = 16(tg/W)* = (ta/0* ' (&)

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

R =

)

="l _ .‘.;h = !‘_2,. (4)
tRn =l tRI kl

where 1, is the retention time of an inert, nonsorbed solute, 1 is the ad-
justed retention time and k' is the capacity factor of the ¢olumn evaluated
from the chromatogram by Eq. (5):

k= tg~ to)/ty = th/1y ‘ (51
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1t is seen that k is the dimensionless retention time of a peak given by the

adjusted retention time divided by the elution time of an retained’ sol-
we The impomtance of & comes from the fuct that it is proportional to the

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
Lt 1o pactice this asaumption often daea not hold, and the prablem ic
discussed further in Section XI1. 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 1s 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 AGj, associated with the equilibrium distribution of the
solutes 1 and 2 between mobile and stationary phases [Eq. (6)):

AAG) = AG; - AG;, =RTIh (6)
As this quantity is small we can write that
"a - 1= A(AG)/RT 7

" where a is the relative tetention of the two cotttipounds.
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Fic. 1. Chromatogram of a complex mixture of polychlorabiphenyls.

1

A small change in the free energies, which are usually of the order of
several kilocalories per mole, can result in a marked rejative change in
A(AG). At ambient temperature (T = 300°K), a change in A(AG) of 18
cal/mol from 18 to 36 cal/mol would convert a dat’ﬁcult analysis
(N = 32,000; a = 1.03) into an easy separatlon prob]em (N = 8800;
a = 1.06) assuming that k' = 3and R =

The search for a **good’’ system is certamly worthwhxlg 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, hoWevcr, only an
improvement in column efficiency can effect a complete resolutlon 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
tml\c flow velocity, and pressure, and between resolvmg power and flow
velucity.
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Ill. ANALYSIS TIME, FLOWRATE, AND PRESSURL

From the definition of k. the retention time can be explained by Eq. (8
’R = to (l + k,) (8)

where k is proportional to the thermodynamic equilibrium constant for
distribution of the solute between the stationary and the mobile phases.
The proportionality constant is a function of the amount of solvent in the
column, Le., the total porosity of the packing, and the amount of sta-
tionary phase, i.e., the liquid loading of the support in liquid-liquid chro-
watugraphy (LLC) or the suiface area of the solid in liguid -s0lid chioma-
tography (LSC). Generally, k is defined once the chromatographic system
is chosen. .
The transit time, 1,, is given by Eq. (9)

to=L/u ()]

where L is the column length and u 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)

= kdp AP
7 L

where AP 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), 7 is the solvent viscosity and d,, is the particle
diameter; &, is a dimensionless coefficient having a value usually about
1 x 1073 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 k, can be evaluated from
the Kozeny-Carman equation given by Eq. (11):

ko = €/180(1 - €)? aamn

Equation (11) shows that k, increases rapidly with increasing porosity
(31). For columns used in HPLC, ¢ is usually about 0.40 and seems not to
depend on the material and the packing technique used for the preparauon
pfthe column (22). For ¢ = 0.40 the equation predicts that kg = 1 x 10-3
in agreement with experimental observations. In order to achieve the very
homogeneous packing necessary for a good column efficiency, the

(10)
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methods used tend to give a very dense packing (23). The importance of
the parameter k, has been stressed by Bristow and Knox (50), who prefer
touse ¢ = 1/kq. k

The product kod3 is the column permeability. It 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 particle dinmeter is usually quite large. Different techniques are used to
determine the particle size distribution (5/). We should be cautious be-
cause these different methods give different distributions. The meanings
of number average and mass average of the size distributions are quite dif-
ferent, just like the diameters derived from the experiméntal determina-
tion of the average diameter, the average mass, or the dverage surface.
The experimental determination of the permeability from 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). S

1V. 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 N g1ven by Eq. (12)

) _ : [ 1+ 4k )

Neeg = 16R (a_l) (5 . (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 occfyrring 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 magniwude of relative band spreading in the column is often mea-
sured by the height equivalent to a theoretical plate (HETP) which is
denoted by 24 and calvulated flom the eapieasion [Ly. (13))

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
by Lg o1

= (L/oy)? . (14)

where oy is the standard deviation of the Gaussian peak. Consequ'enuy,
the plate height can be expressed as [Eq. (15)]

H = co}/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, o}, determines the
overall band spreading measured by ot as [Eq. (16)]

ot =3 ot (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, f,, in the mo-
bile phase; accordingly the variance contribution of axial diffusion in the
mobile phase o), is given by Eq. (17)

obn = 2ymDmL/u a7
where v, the tortuosity coefficient, accounts for the perturbation to the
molecular diffusion which arises from the geometrical effect of the
packing structure (32). In fact, y 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
tortnosity factors should be used.

There Is axial diffusion also in the stationary phase (32). In gas chroma-
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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.
There is no reason to neglect it in 1.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 tortuosnty coefﬁglent is certainly
amaller, bocanse of the disconnected character of that phgse (32, 33). The
contribution of axial diffusion in the stationary phase a%. can thus be
written as [Eq. (18)]

obs = QvsDiL/u) - k ; (18)

}

since the time spent in the stationary phase is k'ty (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 arid 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 vanance od, can be
satisfactorily approximated by the relationship (19)

ob. = aLu'® (19)

where a is a function of the particle diameter and of the‘ diffusion coeffi-
cient as shown below.

The solute molecules can enter and leave the particles only by dlffu-
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. Only porous layer
beads which have been used in the past and may find soni€ 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 d,, is d3/2Dy,.

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

_ CLd3u m
ot —D'm ; (2






