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Chapter 1 

Fundamentals of Liquid Chromatography 

Abstract

In this chapter the fundamental aspects of Liquid Chromatography are described. The 

mechanism of separation is briefly reviewed. From the description, the importance of 

reducing the sample band spreading is highlighted. The solid material traditionally used to 

support the stationary phase and to speed up the mass transfer between the stationary and 

mobile phase, are randomly packed beads or sponge-like monolith material. In both case 

the poor homogeneity is source of band dispersion, and consequently of loss of resolving 

power. The solution to overcome this intrinsic drawback of standard chromatographic 

supports, has been proposed few years ago: the stationary phase support should be arrays of 

perfectly orderly arranged micro structures, which should replace the standard packing 

material. The first pioneering studies in this direction were only performed using electro-

driven flow. Experimental data which can validate this approach also for pressure driven 

flow are still missing. Aim of the thesis is to investigate the property of microstructured 

channels for pressure-driven Liquid Chromatography. In the final part of the chapter an 

overview of the content of the thesis is given. 
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1.1 Introduction 

Liquid Chromatography (LC) is one of the most important techniques in analytical 

chemistry. The aim of LC is to separate compounds dissolved in a sample solution. The two 

basic components of an LC system are the mobile phase and the stationary phase. These 

phases are confined inside a closed space which is normally referred to as the column; the 

column can for instance be a steel tube, a capillary or, a more recently developed format, a 

microfabricated channel. The mobile phase flows through the column in which the 

stationary phase is immobilized. The sample is injected as a narrow plug of liquid which is 

carried through the column by the mobile phase. When compounds dissolved in the sample 

solution are distributed between the mobile and stationary phase, these compounds will not 

be transported toward the end of the column at the same velocity as the mobile phase, but 

they will be delayed (retained). Components with different partitioning equilibrium 

constants will be delayed differently, which yields to the separation. The mobile phase flow 

is usually generated by applying a hydrostatic pressure at the inlet side of the column. The 

application of an electric voltage over the column is another way to generate 

(electroosmotic) flow. This specific format of LC is called electrochromatography (EC). 
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In a typical chromatographic analysis a narrow plug (band) of the mixture to be 

separated is injected and washed along the column by the mobile phase. The parent band 

will possibly separate in several bands which are the components of the original mixture. 

The bands are detected at the outlet of the column by some detector (a UV-adsorption 

detector, a mass spectrometer, etc.) coupled online to the column. The degree of separation 

or the resolution of the components of the mixture depends on three fundamental 

parameters: retention, selectivity, and band broadening. The retention of the components of 

the mixture is determined by their partition between mobile and stationary phase. A 

separation is only possible when the components show at least some affinity for the 

stationary phase, i.e., when the retention is not negligible. The selectivity represents the 

differences in partitioning equilibrium between the different components of the mixture, 

and with that their separation in time at the end of the column. The resolution of two 

component bands is determined on one hand by the difference in retention time (the 

selectivity) and on the other hand by the widths of the eluting bands. The sample band 

injected in the system will have some finite width, and some broadening of the bands of the 

components during their residence time in the column is usually unavoidable. It is clear that 

the more the bands spread the more they will tend to overlap and the more difficult it will 

be to separate them with a sufficient resolution. 

1.2 Stationary phases and stationary phase supports 

The stationary phase is immobilized in the column on a solid support. In most of the 

cases in practice the solid support is a tightly packed bed of porous silica microspheres. The 

majority of the stationary phases consist of a monolayer of chemical groups bound to the 

surface of the support, although in some cases the stationary phase is a solid or liquid film 

that simply coats the support and it is not chemically immobilized. The silica microspheres 

are not the only support conceivable in LC: microspheres can also be fabricated from other 

materials. Alternatively the support can be a sponge-like monolithic material created inside 

the column by polymerization (synthetic monoliths) or sol-gel processes (silica monoliths). 
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The task of the supports is not merely to provide a firm anchoring point for the stationary 

phase, but also to reduce as much as possible the distance between the mobile and 

stationary phase, to facilitate the mass transfer of analytes between the phases. As will be 

discussed below, slow mass transfer is one of the major contributions to band broadening. 

An ideal chromatographic column would be a capillary (with an inner diameter of 1 m or 

less) with the walls coated with the stationary phase; in such a microcapillary the distance 

between the phases would always be small. However this would allow the injection of only 

extremely small volumes of sample, and the detection would become extremely difficult, if 

not impossible. The packing or monolithic bed is in fact a shortcut which aims to create 

bundles of interconnected microcapillaries: the flow-through pores between the particles, or 

monolith back bone, play the role of narrow capillaries. In this way it becomes possible to 

inject sufficient amount of sample and at the same time to keep the mass transfer time 

between the phases short. In the case of a packed bed it is clear that the smaller the particles 

are, the narrower are the flow through pores and the faster is the mass transfer. 

In principle it would be beneficial to pack the column with beads as small as possible. 

However, there are limitations related to the pressure necessary to generate the flow. These 

limitations can be clearly understood from the Kozeny-Carman equation [1], which relates 

the back pressure ( P) with the flow velocity (u) in a column of length L packed with non-

porous spheres of diameter dp:

22

2)1(180

pd
LuP         (1)

where  is the voidance of the column (i.e., the ratio of the void volume over the total 

volume of the column) and  the viscosity of the liquid. In Equation (1) the pressure 

necessary to increase the flow velocity is proportional to the square of (1/dp); for instance a 

reduction of the particle size from 10 to 5 m will require a pressure 4 higher in order to 

maintain the same flow rate. The Kozeny-Carman equation for porous spheres has a 

slightly different form; however it yields the same relation between back pressure and 

particle size. 
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1.3 The mechanisms of band dispersion in LC 

As already mentioned above, band dispersion reduces the resolving power of a 

chromatographic separation system. Band dispersion is a rather complex process that 

involves several physical contributions. The most comprehensive model and description of 

the dynamics involved in band dispersion were given by Giddings [2]. According to 

Giddings the important effects which contribute to band dispersion are mass transfer 

processes and dispersion in the mobile phase. Mass transfer effects occur between the 

interfaces mobile-stationary phase, and mobile-stationary zone. The stationary zone 

includes the stagnant liquid within the pores of the beads or support. Mass transfer effects 

are due to the slow equilibration between the aforementioned phases, and they become 

more important at higher flow rate. 

Figure 1   Van Deemter curves for naphthalene of packed and monolith columns. Reprinted from 
Ref. 3 

The band dispersion in the mobile phase is first of all generated by longitudinal 

Brownian diffusion of the sample in the liquid phase. This effect plays an important role 

only at low flow velocity. The local differences of the flow in a packed column generated 

by the lack of homogeneity of the solid support are another important source of band 

dispersion occurring in the mobile phase. 
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Peak broadening is expressed by the variance ( 2 ) of the chromatographic band. The 

efficiency of a column can be quantified by the plate height H, which is a measure of the 

increase of 2  when the band flows along the column. It can be calculated as: 

L
H if

22

         (2)

In this equation 2
f  and 2

i are the variances at the end and at the beginning of the 

column, respectively, and L is the column length. H is not a constant parameter, but it 

depends on the flow velocity. Plots of H versus u (the flow velocity) are commonly referred 

to as Van Deemter curves. The particularity of Van Deemter curves is the presence of a 

minimum as is shown in Figure 1. There is an optimum velocity at which the column can 

be operated to give the smallest possible plate height (Hmin). Often the plate height H and 

the mobile phase velocity u are expressed as reduced numbers:  

pdHh / and
D
d

u p        (3)

where D is the diffusion coefficient of the sample components in the mobile phase. h and 

are defined respectively as reduced plate height number and reduced velocity. The 

advantage of this is that columns packed with spheres of different size and operated under 

different conditions can be compared in terms of efficiency. According to Giddings, Van 

Deemter plots of h versus  for columns packed with the same type of particles must 

overlap when the quality of the packing is the same. Several equations have been proposed 

to describe the relation between h and . Most of the equations have been deducted from 

empirical observations. However, for the sake of simplicity here only the so called Knox 

equation will be discussed. In spite of its empirical nature, Knox equation remains the most 

widely used in the interpretation of chromatographic measurements: 

CBAh 3/1         (4)
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In this equation A, B, and C are constant parameters. The band dispersion related to the 

mass transfer processes is contained in the last term on the right side of Equation (4), which 

is usually referred to as the C-term. The second term is related to the axial diffusion. The 

first term contains all effects of the dispersion occurring in the mobile phase with the 

exception of the axial diffusion. 

1.4 Band dispersion in the mobile phase 

The flow-through pores around the packing material in a column forms a disordered 

network, as it was explained previously. The network of pores can be seen as a bundle of 

interconnected capillaries. The flow of mobile phase in each of these capillaries is isolated 

from the rest of the flow until it merges at the cross point between two capillaries. The 

trajectories and the lengths of the individual capillaries vary since they are a result of a 

partly random packing structure. Besides, the flow velocity inside the pores varies from 

point to point depending on the local width of the flow path. The consequence is that the 

residence times of the sample components in the isolated flow through pores will vary. 

When the flow paths merge at a point further downstream in the column, as illustrated in 

Figure 2, one part of the sample plug reaches the merging point before the other; and 

consequently the combined band will be broader than the isolated ones. Besides the random 

geometry of each of the flow paths, other imperfections of the packed bed can lead to extra 

band dispersion. For instance, when less densely packed zones are present, they cause a 

local increase of the flow rate and consequently additional band dispersion. The opposite 

situation, when locally the flow is strongly reduced or even stagnant pools of mobile phase 

are present, is also detrimental for the column efficiency. When this type of band dispersion 

contributions are effectively reduced with an excellent packing procedure, differences 

between the flow paths will still exist. Therefore there will always be an intrinsic band 

dispersion which will be impossible to eliminate by simply improving the column quality. 

This limit was highlighted by Knox [4], who stated that the minimum plate height at 
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optimal flow velocity can not be lower than approximately pd2 . The statement made by 

Knox was based on numerous experimental Van Deemter curves. 

Figure 2   Simplified schematic description of the mechanism of eddy diffusion. At time t0 the 
sample plug (here represented as a black oval) splits and follow two separated flow streams which 
flow from the left to the right of the packed bed. At time t1 one of the smaller sample plugs has 
reached the point where the split flow streams merge again. The second plug is forced to follow a 
longer flow-path, and it will reach the merging point with some delay. 

1.5 Microfabricated supports 

In 1998 the group of Regnier [5] published a paper on experimental work in which 

electrochromatography was performed in channels structured with microfabricated pillars 

(Figure 3). The pillars had a size comparable to the particles commonly used for column 

packing. Also the flow-through channels had a width comparable to that of the flow-

through pores in a standard packed column. The structured channels were manufactured by 

using state of the art microfabrication techniques. This work indicated the way to create 

bundles of interconnecting microcapillaries similarly in packed beds, without the inherent 

band dispersion related to the structural inhomogeneity. However, in this and the following 

works [6,7,8,9,10,11,12], these systems were only used for EC, and they were never tested 

in the pressure driven mode. After this breakthrough, a group performed computer 

simulation of LC in systems similar to the ones experimented in Regnier works [13]. The 

simulations were carried out by using commercially available computational fluidic 

dynamic software, and they gave indications that band dispersion generated in the mobile 
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phase could be strongly reduced in pillar structured microchannels: for non-porous supports 

a 6-fold improvement of H  was predicted when the diameter of the pillars was equal to the 

diameter of the particles considered for comparison. From the simulations it also appeared 

that the back pressure can be reduced when the homogeneity of the support is improved. 

Figure 3 COMOSS microstructured channel (from Ref. 5)

1.6 Scope of the thesis 

The main target of the research project described in this thesis was to perform an 

experimental study to asses the fundamental chromatographic properties of channels 

structured with micropillars. The work was funded by the Nanoned project. The 

microfluidic systems tested were fabricated at MESA+ Institute of University of Twente. 

Chapter 2 gives an overview of the literature on the use of microfluidic channels for 

separations in the liquid phase. A distinction is made between studies in which channels are 

simply used with conventional stationary phase materials and conventional retention 

mechanisms, and research in which the geometry of the channel plays a crucial role in the 

separations obtained. In the work described in Chapter 3, the band dispersion of an 

unretained compound, carried through a microfabricated channel by a pressure driven flow, 

was measured for a range of flow velocities. The band dispersion is compared to the data 
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available for columns packed with non-porous spheres. Also the effect of the side-wall 

geometry on the generated band dispersion was studied. 

In the study described in Chapter 4 the permeability and the efficiency of several 

microstructured channels were measured. Cylindrical pillars were compared with diamond 

shaped pillars. Band dispersion and flow resistance in microchannels with different 

porosities are also compared. 

In Chapter 5 the normal phase separation of fluorescent molecules is performed in 

microchannels structured with pillars. Peak broadening was measured for retained and 

unretained compounds. The retention factors obtained with the microfluidic system are 

compared to the values measured for a packed column. The data provides information 

about the surface chemistry of the silicon-based pillars. 
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