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ABSTRACT

FUNDAMENTAL STUDIES OF CAPILLARY COLUMNS IN

LIQUID CHROMATOGRAPHY

By

Christine Esther Evans

The correlation between theory and experiment is of fundamental

importance in modern separation science. Such correlations are frequently

hindered by the inability to measure solute zone profiles directly and accurately

during the separation process. With the advent of optically transparent columns

and laser-based detection methods, direct examination of high-efficiency

chromatographic columns is now feasible.

In this dissertation, an on-column detection scheme is developed which

makes possible the accurate measurement of solute retention and dispersion

directly on the column. This detection scheme employs two or more identical,

laser-induced fluorescence detectors to monitor the solute zone profile as it

traverses the chromatographic column. By measuring the difference in the zone

characteristics between detectors, local retention and dispersion processes can

be examined. Solute retention or capacity factor is determined directly from the

difference in the first statistical moment (retention time), which is measured as

the solute zone passes sequentially through each detector block. Likewise, the

solute dispersion or plate height between detectors is calculated from the

difference in the second statistical moment (variance). In this design, the mobile

detectors allow any specific region to be isolated from the remainder of the

column as well as from any extra-column effects.
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After initial fabrication and verification of system performance, this

detection scheme is applied to the direct examination of separation processes in

reversed-phase liquid chromatography. Initial measurements performed under

nearly ideal chromatographic conditions indicate a gradient in both retention and

dispersion with distance along the column. Further studies accomplished under

varying inlet pressure conditions, while maintaining a constant pressure gradient,

establish a clear dependence of retention on the local pressure which is

consistent with solubility parameter theory. Finally, zone dispersion is

systematically evaluated in the inlet and exit regions of the chromatographic

column. Although often assumed to be unimportant, substantial changes in zone

dispersion arise from the abrupt transition in retention encountered by the solute

zone. Thus, the detection scheme described herein offers the unique opportunity

to probe hydrodynamic and physicochemical interactions directly on the

chromatographic column. Although investigations in this dissertation are limited

to liquid chromatography, this experimental approach should also be compatible

with gas and supercritical fluid chromatography, as well as high-voltage capillary

electrophoresis.
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CHAPTER 1

HISTORICAL BACKGROUND:

THEORETICAL AND EXPERIMENTAL EVALUATION OF

CHROMATOGRAPHIC SEPARATIONS

1.1 Introduction

The separation of complex mixtures is an essential process in a wide

range of research and industrial applications. By taking advantage of the

different extent to which solute molecules interact with a stationary medium,

Martin and Synge (1) discovered the powerful separation technique known as

chromatography. In this technique, a flowing mobile phase is continuously

introduced onto a chromatographic column, and selective interaction of solutes

with the stationary phase causes their differing migration rates through the

column. The resulting solute zones are then monitored sequentially as they pass

a detector. This method allows samples of environmental and biochemical

significance to be analyzed in a remarkably short period of time. Since this

discovery in 1941, researchers in fields as diverse as oceanography and

medicine have benefited from the ability of this technique to separate the

constituents present in very complex sample matrices.

1

 





2

The effectiveness of a separation in chromatography is determined by the

differential migration rate of solutes as well as by the broadening or variance of

the solute zones. In the analysis of complex mixtures where the sample

components are distributed statistically (2), altering the migration rate merely

transposes the order of solute elution while not improving the separation to any

significant extent. However, minimizing the spreading of solute zones on the

chromatographic column allows a greater number of species to be separated

simultaneously. Thus, understanding the influence of the various separation

parameters on solute zone dispersion is central to the advancement of the field of

separation science. For this reason, the primary emphasis in this chapter will be

on the theoretical prediction and experimental measurement of zone dispersion,

with solute retention discussed in less detail.

1.2 Column Characteristics

It may be helpful to begin by describing the types of chromatographic

columns presently utilized in high-performance liquid chromatography (HPLC).

Column design has advanced considerably in the past ten years, and several

types of HPLC columns are commercially available or under active development.

The most common of these and their characteristics are shown in Table 1.1 (3).

The predominant trend in developing new columns has been to decrease inner

diameters (id) and increase column lengths (4,5, and references cited therein).

Although most theories predict chromatographic efficiency of packed columns to

be independent of column diameter (Section 1.4), clear advantages are realized

in miniaturization. As shown in Table 1.1, the low flowrates required with

decreased diameter allows an increase column length, leading to an increase in
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Table 1.1: Typical characteristics of liquid chromatographic columns.

 Ii

COLUMN TYPE I.D. LENGTH FLOWRATE N o’

 ;

conventional 4.6 mm 25 cm 1 mL/min 10,000 500-1000

packed

capillary 50-500 urn 1-10m 0.5-2 uL/min 100,000 500-1000

open-tubular

capillary 1-10um 1-10m <1 uL/min 1,000,000 32
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the chromatographic performance. Diminished flowrates also yield the practical

advantage of decreased solvent consumption and related disposal problems. In

addition, a variety of new detection options are possible with these smaller

columns (5), including mass spectrometric detection (6). Because many of the

smallest columns are fabricated from fused-silica capillaries, detection directly on

the chromatographic column is also feasible (7). In the research presented here,

this technological advancement is used to advantage by probing the

hydrodynamic and kinetic behavior of packed-capillary columns directly.

1.3 Solute Retention

The selective interaction of solutes with the stationary and mobile phases

forms the basis for separations in liquid chromatography. Differences in

interaction energies, often less than 100 cal/moi between similar solute

molecules, cause differential migration rates along the chromatographic column.

Although the subject of considerable investigation, the exact nature of this

phenomenon is not yet fully understood.

In the reversed-phase separations of interest in this study, the stationary

phase is composed of a porous silica substrate which has been chemically

modified with straight-chain alkyl moieties. The mobile phase is a polar organic

solvent (i.e., methanol, acetonitrile, tetrahydrofuran), and is often utilized in

aqueous mixtures. A variety of mechanisms have been proposed to describe the

retention of solutes under these conditions (8-17), although conclusive proof-

favoring any specific mechanism is presently lacking (17).

A number of factors contribute to the difficulty in assessing the precise

mechanism(s) involved in a separation. First, the chemical and physical nature
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of the stationary phase is quite complex. The environment at the surface of

these modified particles is not accurately modeled by bulk solution chemistry, as

individual alkyl chains are anchored to the silica substrate (18). It is also unclear

how to model the presence of surface-adsorbed mobile phase, which may act as

a chemically distinct stationary phase. Furthermore, the composition of the

mobile phase is known to alter the stationary phase environment and structure

(18-20). Finally, derivatization of the silica substrate inevitably leads to

incomplete surface coverage, often leaving an unknown number of silanol and

siloxane sites available on the surface for adsorption interactions with the

solutes. If this were not enough, the chemical composition of the mobile phase is

also quite complex. The organic solvents commonly utilized in reversed-phase

separations are quite polar, exhibiting an appreciable extent of self interaction

and hydrogen bonding. Moreover, aqueous mixtures of these organic solvents,

frequently utilized to optimize separation conditions, often behave anomalously

(21-24), displaying minima and maxima in physical properties (e.g., density,

viscosity, surface tension, etc.) as a function of composition.

Theoretical Prediction. The prediction of solute retention is central to the

control and optimization of separations, and, thus, has been studied extensively

(8-17). Among these theories, the solvophobic theory of Horvath (9,10) and the

solubility parameter approach (11-13) are the most commonly employed.

However, recent advances in the develooment of a unified theoretical approach

to separations by Martire (15,16) shows much promise. In this statistical

thermodynamic approach, a lattice model is utilized to describe both the

absorption (partition) phenomenon of interest here (15,16) and the adsorption

mechanisms (25) as well. In addition, numerous empirical correlations are

routinely employed (26), including the recent use of solvatochromic indicators as
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a measure of the polarity of the mobile (27,28) and stationary (29) phase

environments.

To begin the discussion of solute retention, it is important to understand

the general types of chemical interactions which are possible between molecules.

Dispersion or London forces arising from induced dipole-induced dipole forces

are the most common and are present to some extent in all interactions. The

interaction energy (End) between two identical molecules may be described by

2

End = 'EL “-11

rate

where a, is the polarizability of molecule 1, I1 is the ionization energy, and r11 is

the mean distance between molecules. Interactions between different molecules

may be described in an analogous manner,

E11d=- 3a1a2 l1l2 [1.2]

2 "12‘s ('1 + '2)

where the polarizability for each molecule and the reduced ionization potential

are incorporated. Dispersion forces between molecules are often estimated

based on group polarizabilities. If group interactions are considered

independent, dispersion forces in molecules of a homologous series are

expected to increase directly with carbon number. It is clear from Equation [1 .2]

that these forces are quite weak and decrease rapidly with distance.

Nonetheless, these nonspecific interactions are the primary forces acting

between solute molecules and the nonpolar stationary phase in reversed-phase

separations.

In addition, a permanent dipole in one molecule may induce a temporary

dipole in a second molecule. The energy of dipole-induced dipole or induction

interactions (E12,) is given by
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where So is the permitivity of free space and p, is the dipole moment of the

molecule. Alternatively, if both molecules contain permanent dipole moments,

orientation or electrostatic interactions are possible. The energy of orientation

interactions (E120) can be expressed as

I 2 [1121.122 C05 8 [14]

4Tt80 3 k T r126

 

where k is the Boltzmann constant, T is the absolute temperature, and 8 is the

angle formed by the vectors of the two dipoles. Based on Equation [1.4], the

interaction energy is the greatest when the two molecules are aligned. In

addition to these weak forces, molecules may also form hydrogen bonds. This

specific interaction is slightly more energetic and is often described as a

combination of donor-acceptor and electrostatic interactions. Interactions

, between ions and molecules, not considered here, may also be important in

separation schemes other than reversed phase. Although solute molecules may

encounter any or all of these interactions, because of the alkyl-based stationary

phase, dispersion forces are by far the most prevalent in reversed-phase

separations.

On traversing the chromatographic column, solute molecules will interact

with the mobile and stationary phases, residing for varying amounts of time in

each phase. This retention of solutes is given by the capacity factor (k)

k = ‘8'“ [1.5]
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where tR is the time required for the solute to traverse the column and to is the

column void time. In the simplest case, the distribution of the solute between

these phases can be described by the equilibrium constant, K. For an isothermal

process, the distribution constant is given by

k = [3K = [3 exp (-AG°/RT) = p exp [(-ETOT/RT) + (AS/R)] [1.6]

where B is the volume ratio of the mobile to stationary phase, and AG0 is the

change in Gibbs' free energy associated with the transfer between the mobile

and stationary phases resulting from a change in interaction energy of ETOT.

Theoretical approaches to the retention process often diverge at this point.

The solubility parameter approach is chosen for discussion here because the

fundamental basis provides a reasonably good physical understanding of the

separation process. Based on regular solution theory (30), the interaction

energies between molecules are directly additive and assumed to be

independent. In addition, this model assumes that the molecular volume is fixed

and molecules are randomly distributed, with no preferred orientation. Although

these assumptions seem to exclude most conditions present in chromatographic

separations, the model is quite good in describing the dispersion interactions

which predominate in reversed-phase separations (12-14).

In the solubility parameter approach, the sum of the interaction energies

(E), which were described above, per molar volume (V) are incorporated in a

cohesive energy density or solubility parameter (6 = -EN). This quantity, often a

direct indication of the solvent polarity, can be related to the capacity factor of

solute i (k,) via Equation [1.7] (14)-

In is 1);} [(SI-SMP-(fa-5s)2]+|n(1/l3l [1.71





 

9

In this expression, the retention of solutes is described by the difference between

the solute (8,) and mobile phase (8M) parameters and the solute (8.) and

stationary phase (53) parameters. For reversed-phase separations, the mobile

phase is always more polar than the stationary phase (8M > 85), with the solute

parameter usually at some intermediate value. If the solute parameter (8) is

exactly centered between the mobile- and stationary-phase parameters, the

solute will spend half of the time in each phase (k = 1). Selectivity between

solutes i and] (9'11) may, likewise, be written in terms of solubility parameters (14),

2vi
(5r - 5,) (5M - 53) [1-8]

RT

In co,- = In ki =

In k,

assuming equal molar volumes (Vi). Based on this expression, the separation of

similar compounds is dependent not only on the difference in their solubility

parameters (8 - 8,), but that of the mobile and stationary phases (6,, - 83) as well.

Thus, the successful separation of solutes which are quite similar (8, ~ 8) is

facilitated by a large difference in the mobile and stationary phase environments

(8M >> 63).

Solubility parameters have been applied to liquid chromatographic

separations under a wide variety of conditions, including variations in

temperature (31), mobile-phase composition (32), and pressure (33). Although

the assumptions necessary to derive these solubility parameter expressions are

quite limiting, the use of this approach in predicting trends in retention has been

surprisingly successful. Solubility parameters are presently tabulated for a

number of compounds of interest in reversed-phase liquid chromatographic

separations (34), including recent evaluations of a variety of commercially

available stationary phases (19.20)-
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Experimental Evaluation. Solute retention is determined experimentally by

measuring the time required for a solute to elute from the column (tn) relative to a

nonretained species (to). Although the peak maximum is often utilized for this

determination, the first statistical moment is the most accurate means of

evaluating the true solute retention time (vide infra). Based on Equation [1.5],

this determination of the solute capacity factor (k) appears to be a simple

proposition. However, the selection of a truly nonretained solute is quite difficult

(35,36). It has been proposed that each solute requires a different nonretained

marker, as the accessibility of solutes to the pore structure of the packing

material may differ (36). In addition, the precise control of experimental

conditions (temperature, flowrate, mobile-phase composition, etc.) is necessary

for exact measurements of solute retention (37-39).

1.4 SoluteDIsperslon

In addition to interactions which act to separate solutes, a variety of forces

act to increase the entropy of the system, often resulting in broadening or

dispersion of the solute zone as it traverses the chromatographic column (40).

These dispersion processes are detrimental to the separation performance,

causing the overlap of neighboring solute zones. Thus, the column peak

capacity is reduced and the maximum number of solutes that can be successfully

separated is decreased (2.41.42). Although the subject of considerable study,

the fundamental processes contributing to the total dispersion in chromatographic

separations are not yet fully understood. Nonetheless, as the samples of interest

become more complex, the need for truly optimal separation conditions requires

a clearer knowledge of dispersion processes. In this section, the present status
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of theoretical predictions and experimental measurements of solute zone

dispersion is addressed. The assumption of additivity of variance, implicit in most

theoretical and experimental approaches, is discussed in Appendix 1.

Theoretical Predictions. In the isolation of individual components from a mixed

sample, both separative and dissipative forces act on the solute zone.

Separative forces, by the various interactions discussed above, selectively

displace solutes to different spatial/temporal locations. Simultaneously, however,

dissipative forces are acting to increase disorder, diluting and remixing solute

zones. Thus, the success of any separation is based on the ability to design a

system which favors separative'forces (40). The understanding of solute zone

dispersion is central to this success, especially in the separation of mixtures

containing a large number of components.

In this section, an overview of the prevalent theories regarding the

chromatographic dispersion of solute zones will be presented. The discussion

will begin with open-tubular columns, which are well characterized and well

understood, and continue with the more complex, packed columns.

Open-tubular Columns. The dispersion arising in straight, smooth open tubes is

well understood for the laminar flow regimes of interest in chromatographic

separations. The pressure-driven flow of fluid in this simple system can be

modeled as sheaths or layers. Momentum is transfered between adjacent layers

resulting in a radial velocity profile, u,, across a tube of radius R, which may be

expressed in the following parabolic form (43).

u, = 2u [1 - (r/R)2] [1.9]
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where u represents the average linear velocity of the fluid. Under these laminar

flow conditions, the maximum linear velocity (2u) occurs at the tube center (r =

0).

The dispersion arising under these flow conditions was first derived by

Taylor and Arts (44,45) for open-tubular columns with no stationary phase. In

this equation, the dispersion of a solute zone is expressed as the plate height (H)

or length variance (0.?) per unit length (L) along the column.

H: 0r? =ZDM+ RZU [1.10]

L U 24 DM

  

This equation has been shown to predict accurately the dispersion arising when a

solute with diffusion coefficient DM is injected into a fluid with an average linear

velocity u (46). However, Equation [1.10] is only valid if the time spent on the

column is long compared with R2/DM (47-49). Although not directly applicable to

chromatographic columns, the Taylor-Aris equation is valid for predicting

dispersion in most connecting tubes utilized in chromatographic systems.

The dispersion arising from open-tubular columns which contain a thin

coating of stationary phase was first derived in the classic manuscript by Golay

(50). In this well-known equation, the dispersion of a solute zone of capacity

factor k is expressed as the plate height (H) for a stationary phase thickness d,

and solute diffusion coefficient in the stationary phase D5.

H: 68:20,,+ (1+6k+11k2)R2u +2 k d,2u
[1.11]

L u 24(1+k)2 0,, 3 (1+k)2 os

  

  

= BM/U + CM U ‘1" CS U

In Golay's original development, three factors contribute to the dispersion of

solute zones in open-tubular columns: longitudinal diffusion in the mobile phase
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(BM), and resistance to mass transfer in the mobile (CM) and stationary (Cs)

phases. All of these factors are presumed to be independent in this theoretical

development and, therefore, the length variances are considered to be additive

(Appendix 1). Longitudinal diffusion in the stationary phase (BS) was considered

negligible in Golay's original development, but will be included here for

completeness.

A physical description of each of these individual processes is illustrated in

Figure 1-1. The B term in the Golay equation represents longitudinal diffusion

resulting from the Brownian motion of molecules. The resulting flux, given by the

second law of thermodynamics, arises from entropic driving forces. This

diffusional process is given by Fick's laws (51), where the first law describes the

solute flux (J) or mass flow per unit area.

J=-oacox 0121

Assuming an initial concentration C at time t = 0, this broadening process is

driven by the solute concentration gradient (BC/8x) along the column axis (x).

The resulting change in concentration with time (BC/8t) is given by Fick's second

law,

acrar = o aczraxz [1.13]

where the diffusion coefficient (D) is considered constant. For a narrow injection

profile, the concentration as a function of time calculated from Equation [1.13]

yields a Gaussian form.

0(1) = 1 exp (-x2/4Dt) [1,14]

 

2(1: poi/2

 





 

Figure 1-1: Schematic illustration of longitudinal diffusion (B) and resistance to

mass transfer (C) processes on zone length variance.
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Comparison with the normalized Gaussian distribution results in the length

variance for one-dimensional mass transport derived by Einstein (52).

OL2=ZDl [1.15]

This mathematical description of the variance, equivalent to the 8 term variance

in Equation [1.11], yields the diffusional contribution to the zone dispersion.

Although this contribution is shown in Equation [1.11] to be present only in the

mobile phase (BM), longitudinal diffusion may occur in the stationary phase (83)

as well. Because the Golay equation was originally derived for gas

chromatographic applications, stationary phase effects are considered negligible

as mobile-phase diffusion coefficients (DM) are typically a factor of 104 greater

than those in the stationary phase (03). The stationary phase contribution cannot

be neglected in liquid chromatographic applications, however, where diffusion

coefficients in the mobile and stationary phases are approximately 105 and 106

cm2/s, respectively. In this case, the stationary-phase longitudinal diffusion is

 

given by

e33= 208" [1.16]

u

and must be included in Equation [1.11].

The resistance to mass transfer contribution to the zone dispersion is also

illustrated in Figure 1-1, for both the mobile (CM) and stationary (Cs) phases.

These sources of dispersion result from the finite time required for solute

molecules to transfer through the mobile or stationary phase. In the mobile

phase, the limited solute movement between flow streams results in different

rates of movement across the chromatographic column. Thus, solute molecules

within the same zone are displaced to differing extents along the column by the

parabolic flow profile. In the stationary phase, the resistance to mass transfer
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contribution arises because solute molecules reside in the stationary phase for

varying amounts of time. This distribution of interaction times within the same

zone yields a range of spatial displacement along the column. In contrast to the

longitudinal diffusion term, however, the plate height contribution from CM and Cs

actually decreases with diffusion coefficient. In this case, diffusion increases

mass transfer of solutes, providing more rapid movement of molecules between

the mobile and stationary phases. As seen in Equation [1.11], the plate height

dependence on capacity factor is quite complex. It mass transfer in the mobile

phase is predominant, plate height is predicted to increase with retention,

whereas a decreasing trend is expected for stationary-phase processes. The

rigorous mathematical derivation of these terms is not presented here, and the

reader is referred to the excellent development in the original manuscript (50).

Although dispersion in open-tubular columns has been quite well

characterized (50), recent theoretical developments provide an "exact proof" of

the Golay equation (53). The few terms that must be assumed to be negligible in

the original derivation are unnecessary with this new approach. In addition, this

recent derivation incorporates the finite equilibration time between the mobile and

stationary phases. Thus, an additional term is included in the Golay equation for

the contribution of equilibration rate to the zone dispersion.

Packed Columns. Similar to open-tubular columns, the dispersion in packed

columns arises from a combination of diffusion and hydrodynamic considerations.

Unfortunately, fluid flow within a packed bed is much more complex and, as a

result, much more difficult to derive from fundamental principles. Although the

effect of each force within the system may be rigorously evaluated utilizing the

Navier-Stokes equation (54), application of this expression to the complex
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geometry in packed beds is intractable. Thus, the empirical approach proposed

by Darcy (55) and based on resistance to flow is most often utilized.

u=-_Bg_Po'F’i [1.17]

an L

 

This description of fluid flow is directly analogous to the flow of electrical current

given by Ohm's law, where the average linear velocity (u a current) results from

an applied pressure drop (Po - P, a voltage) per unit length (L) along the column.

The resistance to fluid flow is, therefore, given by the fluid viscosity (n) and

specific permeability (K0) of the packed bed. Derivation of the specific

permeability, accomplished by Kozeny (56) and Carmen (57), is given below.

3, - dPZEua - W [1.18]

-180 \j12(1-eu)2 _ 4"

The column permeability is dependent on the particle diameter (dp) as well as the

total porosity of the packed bed (ST). and may be described in terms of the flow

resistance parameter (o'). In this expression, the total porosity is the fraction of

the column volume which is accessible to the solute and comprises both

Interparticle (eu) and intraparticle (8,) contributions (58).

ET=€U+€i [1.19]

The effect of the packing structure is given by the empirical constant 1412, which is

1.0 for spherical nonporous beads and 1.7 for irregular porous particles.

Although the dispersion arising under these flow conditions is difficult to

model, appreciable theoretical advances have been made in describing the

chromatographic technique. The first theory to describe zone dispersion is the

well-known plate theory proposed in the original work of Martin and Synge (1). In

this approach, the chromatographic column is divided into small vessels or
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plates. Within each plate, complete mixing and equilibrium are assumed to

occur. Although effectively applied to distillation processes (59), the plate theory

is inadequate in describing zone dispersion in chromatographic separations (60).

The shortcomings in this theoretical approach arise from the discrete nature of

the model and the assumption of equilibrium within each discrete section or plate.

These assumptions are in direct conflict with the fact that chromatographic

separations are dynamic and continuous in nature, comprising many processes

that are driven by nonequilibrium. Although these limitations are cited in the

original manuscript by Martin and Synge, this theory has been applied without

regard for these assumptions for many years. Although the numerous failures of

this theory have been detailed elsewhere (60), a few are included here for

completeness. The stipulation of discrete, individual plates results in the inability

of the plate model to account for the effect of longitudinal diffusion on zone

dispersion. Moreover, this model does not yield any information regarding the

effect of many primary variables present in any separation (e.g., particle size,

diffusion coefficient, temperature, etc.). Thus, although the height equivalent to a

theoretical plate (H) remains in common usage, as seen earlier in this section,

the meaning is quite different from the original term cited by Martin and Synge.

Since the plate model, many other approaches to the theoretical

description of dispersion have been proposed. These are quite varied in

approach and detail, and include the random walk model (62,63), the mass

balance method (63-67), general nonequilibrium theory (68,69), and the rate

theory (70). A clear discussion and comparison of these theories has been

presented by Weber and Carr (71 ). The most widely utilized of these theories, is

the rate approach proposed by van Deemter, Zuiderweg, and Klinkenberg (70).

In this theory, rate constants for the various dispersion processes are evaluated

individually and the total zone dispersion is calculated as the sum of the length

variance contributions.
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H = A + BM/u + Bs/u + CMU + Csu [1.20]

= {(6L2)A + (0L2)BM + (GL2)BS 1' (GL2)CM + (0L2)CS}/L

In this familiar expression, the A term represents the dispersion arising from the

multiple paths possible through the packed bed. This contribution does not affect

dispersion in open tubes which contain only one path, and, thus, the A term is

absent from Equation [1.11]. As illustrated in Figure 1-2, it may be necessary for

solute molecules within the same zone to travel different distances to traverse the

column length. The dispersion in length variance resulting from this process

((08),) may be expressed as

(0L2)A = 2 A. dp L [121]

where I» is a constant dependent on the homogeneity of the packed bed, typically

0.1 to 0.5 (72). In this model, the A term is assumed to be independent of the

mobile-phase velocity. This presumption, later disputed by Giddings (73,74),

does not account for the possibility of molecules changing flow streams. This

movement, whether by diffusion or by turbulence, would allow different possible

paths through the packed bed and result in the coupling of the A and C terms. In

this case, the processes are not independent and, therefore, the variances are

not strictly additive. Instead, the resulting coupled length variance ((cL2)Ac) has

the following form:

1

1/A+1/Cu

(GinAC = [122] 

At high linear velocities, this relationship predicts a lower plate height than

expected from the van Deemter form.

 

 





21

Figure 1-2: Schematic illustration of multiple pathways through a packed bed

(A) on zone length variance.
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The B terms in Equation [1.20] result from molecular diffusion along the

column length, as described earlier. These longitudinal diffusion terms are

directly proportional to the solute diffusion coefficient and inversely proportional

to the time spent in the phase of interest.

(GL2)8M = 2 TM DM 1 = 2 TM DM U“ [123]

(GL2)BS=ZYS Dskt=2YS DskL/U [1.24]

Unlike the analogous expressions for open tubes (Equations [1.11] and [1.16]),

longitudinal diffusion in packed beds may be hindered by the presence of

particles or by the uniformity of the stationary phase film. The obstruction-or

tortuosity factors represent the regularity of packing (7M) and the continuity of the

stationary phase film (73). Typical values of 7,, for packed bed systems are 0.73

for nonporous, spherical particles and 0.63 for porous, irregular particles (75,76).

Finally, the C terms in the van Deemter expression (Equation [1.20])

describe the resistance to mass transfer of solute molecules. As discussed

earlier, inertial forces resist the movement of molecules between flow streams or

between the mobile and stationary phases and, thus, cause an increase in zone

dispersion. The mobile-phase contribution is given by

2

(0L2)0M ' k2 dp U L.. [1.25]

100 (1 + k)2 oM

 

This relationship is analogous to that in an open tube (Equation [1.11]) with a

squared dependence on particle diameter (instead of column diameter) and an

inverse dependence on diffusion coefficient. However, the capacity factor

dependence is quite different from that derived for an open tube. The packing

structure may act to force mass transfer of the solute, thus decreasing the k

dependence in a packed bed system. In contrast, the dispersion arising from
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resistance to mass transfer in the stationary phase in packed columns is directly

analogous to that in open tubes, as shown below.

defZUL
[1.26]

(1 + k)2 03

(0L2)CS = 

The form of the expressions vary only in the value of the constant c, which is

equal to 2/3 for an open tube and 8/1r2 for a packed tube with uniform stationary

phase film. Derivations by Giddings (77) indicate that the magnitude of c is

dependent on the variation in film thickness, as well as the shape and distribution

of the stationary phase in the column. In addition, the shape and depth of the

pore structure is predicted to have a significant effect. Thus, determination of the

expected value for this constant is difficult, if not impossible, under practical

conditions.

Although the van Deemter equation provides a good qualitative description

of zone dispersion, the limited number of processes and the assumption of

independent contributions is quite simplistic. However, the number of unknown

parameters is less than for other more sophisticated theories. This overall

problem has been circumvented in a number of investigations by utilizing an

empirical approach (78-80). Although often helpful for diagnostic purposes (81),

these curve fitting methods are not appropriate for the evaluation of fundamental

dispersion processes. Thus, although many theoretical advances have been

made, the accurate prediction of zone dispersion from known experimental

parameters remains elusive.

Experimental Evaluation. The advancement of the theoretical basis for zone

dispersion has been limited, in part, by the lack of accurate, systematically
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acquired experimental measurements of zone variance. Verification and

development of the theoretical models discussed above require the accurate and

precise determination of dispersion arising solely from separation processes. A

variety of factors contribute to difficulties in this experimental measurement,

including calculational methods and extra-column effects.

Calculational Methods. Although often presumed unimportant in dispersion

determinations, the accuracy and precision of the measured variance are directly

affected by the method of calculation. The variety of calculational methods

employed for the evaluation of variance from a recorded profile have been

critically reviewed and compared in several excellent manuscripts (82-85). In the

simplest case, the measured profile is modeled as Gaussian distribution (86).

Ch) =_1_ exp [ , (t - 1:02 ] [1.27]

(51- (21r)1/2 2 012

As illustrated in Figure 1-3, the variance of the zone is commonly calculated from

the inflection points at 60.7% of the peak height (20), from the curve at 50.0%

peak height (2.350), or from the tangent lines (40). The plate height may then be

determined by substitution of the measured time variance (0T2) into the following

expression,

H = L (012/192) [1.28]

where the retention time (tR) is determined at the peak maximum for a column of

length, L. Although these methods are commonly utilized because of the ease of

calculation, the assumption of a Gaussian profile is not always valid for actual

experimental measurements. In fact, many measured profiles are asymmetric

and, therefore, arise from sources which are not entirely Gaussian in nature.
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Figure 1-3: Example variance measurements on a Gaussian zone profile.
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Figure 1-3
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Other models have been proposed for the determination of the zone

variance as well, among which the exponentially modified Gaussian (EMG) is the

most common (87-94). In this model, the chromatographic zone is assumed to

result from the convolution of Gaussian (with variance, 062) and exponential (with

variance, 12) contributions yielding the final measured variance (0?).

o2 = 062 + r? [1.29]

The EMG profile is modeled based on the following expression for the

concentration as a function of time, C(t).

C(t)=_1_exp[ “2 + (HR) )[erfE 1,, + ‘5 )+erf[ (HR) - ° fined]
21 212 ‘5 21/20 21/21 21/20’ 21/21:

The literature includes many errors in the presentation of this model which have

   

been reviewed and corrected by Hanggi and Carr (94). Using this model, the

Gaussian and exponential components (0c and 1, respectively) may be

determined iteratively. Because this determination is calculationally intensive,

several approaches have been proposed to simplify parameter evaluation.

Barber and Carr (90,94) have proposed a series of calibration curves for the

determination of Ge and r graphically. This technique yields an accuracy of i

2.4% with a corresponding precision of i 5.0% in the determination of plate

height on a synthetically generated peak. This corresponds to an accuracy of i

1.5% and a precision of i 3.1% in the evaluation of the second moment. An

alternate approach based on least squares fitting has been examined by Foley

and Dorsey (91 ). This method yields the following expression:

H: L(A/B+1.25) [1.31]
 

41.7 (tR/WOJ)
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where N8 is the commonly measured asymmetry and Wm is the peak width at

0.1 of peak height, as shown in Figure 1-4. This technique offers the advantage

of improved accuracy (i 1.5%) and precision (i 2.5%) in the determination of

plate height (with an accuracy and precision in the second moment of i 1.5% and

i 2.4%, respectively), and also utilizes easily measureable parameters.

However, as with any fitting method, the EMG model restricts the determination

of fundamental parameters to those implicit in the chosen model. Thus, although

widely accepted, use of the EMG approach assumes the zone profile includes

only one symmetric and one asymmetric parameter. Moreover, it may not be

reasonable to presume that both these parameters arise exclusively from column

processes.

Many other fitting approaches have been investigated as well (95-99).

The most common of these are the Chesler-Cram equation (97,98) and the

Edgeworth-Cramer series (99). Although relatively successful at fitting

chromatographic profiles, both techniques require a number of adjustable

parameters and provide little physical insight into the separation process.

The final, commonly utilized calculational method is that of statistical

moments. Unlike the preceding techniques, the evaluation of statistical moments

requires no a priori assumptions regarding the shape of the chromatographic

peak (92,100-105). Mathematically, statistical moments are defined as:

M0 = l l(t) dt zeroth moment

M1 = I t 1(1) dt / Mo first moment [1.32]

M2 = l (t - 101,)2 I(t) dt/ Mo second moment

Mn =1 (t - M1)n 1(1) dt/ Mo higher moments

n = 3,4,5”

  





Figure 1-4:

30

Example variance measurements on an exponentially modified

Gaussian zone profile.
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Figure 1-4
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where the zone profile is described as a distribution of the detector response, l(t),

as a function of time, t. Although deceptively simple, this method allows

mathematical treatment which gives a complete and exact characterization of the

profile.

Statistical moments are related to the physical and chemical behavior of

the zone profile (Figure 1-5). The zeroth moment expresses the area under the

chromatographic peak. The retention time or centroid of the peak can be

obtained directly from the first moment. The second moment is the variance or

dispersion of the zone profile. Information about the peak asymmetry is derived

from the third moment, where the skewness (S) is defined as

S = M3/M23/2 [1.33]

It is interesting to note that the even statistical moments describe symmetric

aspects of the profile, whereas the odd moments characterize asymmetric

aspects. The integration variable need not be restricted to time (t) as shown in

Equation [1.32], but might alternately represent a distance or volumetric

displacement.

Although the method of statistical moments is rigorously correct,

calculations are not without difficulties (84,92,103-105). In practice,

mathematical calculation is most often performed by finite summation of the

detector response across the peak profile. The primary errors in this evaluation

arise from the determination of the beginning/ending of the peak and the A/D

conversion rate (92,103,104). In addition, as seen from the statistical moments

expression (Equation [1.32]), intensity measurements that are farther from the

mean are weighted to a greater extent. This increases the imprecision in

statistical moment determinations by increasing the influence of data with an

inherently lower signal-to-noise ratio. Nonetheless, statistical moments are the
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Figure 1-5: Schematic diagram of statistical moments on a zone profile.
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Figure 1-5
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most accurate means to evaluate the fundamental processes influencing the

separation.

The choice of calculational method will ultimately depend on the

application of interest. If a simple and quick method for determining plate height

is necessary, then a Gaussian assumption (Equation [123]) or the Foley-Dorsey

equation (Equation [1.31]) may be appropriate. However, in the evaluation of

fundamental chromatographic parameters, it is of primary importance not to

introduce bias by imposing a specific model. Statistical moments appear to be

the most accurate method for these fundamental determinations as no a priori

assumptions are necessary.

Extra-column Variance. A further complication in the determination of

fundamental separation parameters is that the measured zone variance may not

arise solely from column processes. In practice, a number of processes external

to the column may cause dispersion of the solute zone as well. Since the

variance developed within the column is of interest in these measurements,

extra-column effects can lead to erroneous interpretation of chromatographic

processes. Moreover, extra-column sources of variance do not contribute to the

separation of solutes, but may cause the overlap of neighboring solute zones.

Although these detrimental contributions can be minimized, they cannot be

entirely eliminated. Because of the clear importance in the design of

instmmentation as well as in the determination of fundamental parameters, the

sources and evaluation of extra-column variance have been the subject of

numerous investigations (100,106,107).

In evaluating fundamental separation processes, the column variance is

often determined directly from the measured zone profile after carefully

minimizing all known extra-column sources of variance. In practice, however, it is
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difficult to determine if extra-column contributions are truly negligible (108).

Alternately, the extra-column variance is estimated (109-111) or measured (112-

117) and then subtracted from the total measured variance. This latter method

requires that all individual variance contributions are independent, so the total

variance may be represented by a simple summation. Unfortunately, the present

methods for evaluating the extra-column variance are prone to substantial

systematic and random errors (108).

Extra-column dispersion may arise from laminar flow or mixing

phenomena in the injection, detection, or connection devices. The finite rate of

response of electronic circuitry in detectors, amplifiers, chart recorders, etc. may

also contribute to the zone variance. The influence of these detrimental

processes on chromatographic performance has been examined

comprehensively by Sternberg (100) and by Guiochon and coworkers (109).

If the individual sources of variance are independent (100), the total

system variance may be described as a sum of the individual contributions

(Appendix 1). In a chromatographic system, the major sources of variance are

due to the injection ((02),,U), detection ((02)DET), and connection ((02)CONN)

systems in addition to that due to the column itself ((02)co._). Therefore,

(02)TOTAL = (62)INJ 1' (Gainer 1' (Ozicorwrw + (Czlcm = (Gziex + (Ozlcor. [1-34]

This additivity results in a total measured variance that is always greater than the

true column variance. Thus, if the extra-column variance is a significant fraction

of the column variance, the total system variance will not accurately reflect the

dispersion due to column processes.

One method of expressing the extra-column contribution is as the

fractional increase (62) in the volumetric variance expected based on the column

variance, (0V2)Co._, and known sources of extra-column variance, (oflEx (109).
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92 = (0V2)EX ._. (0V2)EX U2 [1 .35]

(szlcoe. Hcor. (1 +102 L F2

 

In this expression, the column plate height (HCOL), solute capacity factor (k), and

linear velocity (u) are assumed to be constant along the column. At a constant

volumetric flowrate (F), the fractional increase in the variance (82) may be related

to the measured plate height (HMEAS) by the following expression.

HMEAS = Hcor. (1 + 92) [1 35]

Thus, the accuracy of plate height determinations are directly affected by the

presence of extra-column sources of variance. In addition, the measured plate

height dependence on linear velocity and capacity factor are influenced by the

presence of extra-column sources of variance. Whether arising from the actual

dependence of (0V2)Ex on u and k or from Equation [1.35], extra-column effects

may lead to misinterpretation of the fundamental processes contributing to

dispersion on the chromatographic column (108,118).

As seen above, extra-column effects can play an important role in the

accurate determination of the fundamental parameters influencing

chromatographic separations. For this reason, it is often informative to estimate

individual sources of extra-column dispersion based on ideal conditions (109-

111).

The variance contributed by the injection process may arise from the

volume of sample injected as well as from the shape of the injected profile

(100,109). While the profile shape is primarily dependent on instrumentation

design, the choice of injection volume must be a compromise between

minimizing extra-column dispersion and maximizing the detection of all sample

components. The maximum permissible injection volume (VINJ). Which will
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produce a fractional (82) increase in the volumetric variance of a nonretained

peak, is given by the following equation (109):

(6V2)INJ = VZINJ/KZ = (9 it r2 8r)2 Hcor. L [1.37]

The constant K2 is characteristic of the shape injection profile, and is equal to 12

for an ideal plug or delta function, 1 for an exponential function, and intermediate

values for a combination of these injection profiles (100).

The variance arising from the detection process is primarily the result of

the finite volume inherent in any detection system. Because the detector

responds to an average solute composition in the sensing volume, the detector

acts to integrate the actual zone profile. The extra-column variance contributed

by the commonly utilized cylindrical flowcell is given by (111):

(ovzloer = VZDET/12 = (”5 flFC LFC)2/12 [138]

where Veer is the detection volume in a flowcell of radius ch and illuminated

length ch- In this expression, dispersion due to flow processes within the

detection volume are assumed to be negligible, and only the detector volume

itself is considered.

In addition to the detection volume, extra-column dispersion may also

arise from the finite rate of response of electronic circuitry (87,100,119).

Because any resistor-capacitor network responds in an exponential manner, the

amplifiers, and converters necessary for solute detection may contribute to the

measured dispersion of a zone profile. The volumetric variance arising from

temporal extra-column sources, (szinc. may be described by the following

expression:

(cvzlnc = (7t r2 87 u)2 The2 [1'39]
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where one is the RC time constant of the detection system, or the time required

for the output signal to reach 63% of the input value. The maximum permissible

time constant resulting in a fractional (82) increase in the volumetric variance of a

nonretained peak is given by (109,111)

Ino2 = 92 H001. L / u2

[1.40]

If each of these sources of extra-column variance is independent, the total extra-

column contribution may be determined by a simple summation as described in

Equation [1.34].

Through careful experimental design, these detrimental extra-column

effects can be minimized but never entirely eliminated. The maximum

permissible injection and detection volumes together with the maximum time

constants for conventional and microcolumn applications are summarized in

Table 1.2. These values, calculated from Equations [1 .37], [1.38], and [1.40],

represent a fractional increase (82) of 0.05 which is often considered acceptable

in the design of instrumentation. As can be seen in Table 1.2, the design

requirements for microcolumn applications are quite stringent. Even if these

requirements are successfully met (9?- = 0.05), the variance measured is at least

15% greater than the variance of the column itself. While many techniques have

been developed to minimize these extra-column sources of dispersion (120,121),

none has been able to eliminate the errors inherent in the measurement of true

column variance.

Several methods of measurement are commonly utilized as an alternative

to the estimation of extra-column variance. In the first method, the variance of

the system is measured with all instrumental components in place except the

column. Because of complications in obtaining identical flow conditions without

the column present, a minimum of 5% deviation from the actual extra-column
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Table 1.2: Maximum variance, volume, and time constant for injection and

detection systems.

 

 

COLUMN TYPE (Ozlcoc (02)INJIDET° VINJ/DETb The”

conventional

(4.6 mm x 0.25 m) 570 uL2 29 uL2 19 [LL 0.14 s

microbore

(1.0 mm x 0.50 m) 2.6 uL2 0.13 uL2 1.2 pL 0.19 s

packed capillary

(0.20 mm x 1.0 m) 0.0082 pL2 410 nL2 70 nL 0.27 s

open-tubular capillary

0.040 mm x 3.0 m 55 nL2 2.7 nL2 5.7 nL 3.8 8

0.010 mm x 5.0 m 0.089 nL2 0.0045 nL2 0.23 nL 0.61 s

 

. Minimum plate height and no retention (k = 0) assumed. Packed columns:

dp = 5 um, 81- = 0.85. Open-tubular columns: 27 = 1.

b Optimum velocity with DM = 10-5 cm2/s assumed. Plug injection assumed (K2

= 12) and 5% increase in variance (82 = 0.05) allowed.
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variance is expected (108,112,115). In the second approach, linear regression of

the measured peak variance with the square of the retention volume is

calculated. The variance at zero retention volume is then used as an estimate of

the extra-column variance (108,116,117). Because the column variance is

dependent on solute capacity factor, this approach will underestimate the extra-

column variance by ~15-20% (108). In the final method, the zone variance is

measured as a function of the column length. The extra-column variance is then

determined by extrapolating the measured variance to zero distance. This

method requires that the variance is constant along the column and any change

in connections does not influence the measured variance. Unfortunately, the

accuracy and precision of this method is presently unknown. None of these

techniques, however, is sufficiently well-characterized or provides the accuracy

and precision necessary for the determination of the fundamental column

processes (108).

Thus, the accurate measurement of column dispersion remains a major

difficulty in fundamental studies of chromatographic separations. This

experimental shortcoming seriously limits the verification of theoretical models of

the chromatographic process.

1.5 Direct On-Column Detection Scheme

In this dissertation, a novel approach to the accurate experimental

measurement of solute retention and dispersion is proposed, verified, and

applied to separation problems of fundamental interest. The accurate

measurement of separation processes, exclusive of extra-column effects, is

accomplished by detecting solute zones as they traverse the chromatographic
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column. By positioning two detectors directly on the column, the local retention

and dispersion arising between detectors may be measured. This concept is

illustrated graphically in Figure 1-6. If all contributions to the dispersion are

independent, the zone'variance measured at the first detector is simply the sum

of all processes up to and including detector 1. The solute zone then migrates

along the column and is detected by the second detector. The variance

measured at this detector, likewise, includes all processes up to the point of

detection. By calculation of the simple arithmetic difference between the

variances measured at the two identical detectors, extra-column sources of

dispersion can be effectively canceled. Therefore, any difference in zone

characteristics between the two detectors will be primarily the result A of

hydrodynamic and kinetic processes within the column proper.

This detection scheme makes possible fundamental studies of column

performance and separation mechanisms previously deemed impossible.

Detailed investigations of the hydrodynamics and chemical interactions present

during the separation will yield the understanding necessary to minimize zone

dispersion, thus increasing the separation performance. With access to any point

along the column, local environment effects often assumed to be uniform may be

directly probed. Therefore, true optimization of factors affecting both zone

dispersion and differential migration rate, necessary for difficult separations in

complex matrices, can be realized.

In this dissertation, the validity of this approach is verified utilizing open-

tubular capillaries. The technique is then applied to the measurement of

retention and dispersion as a function of distance along packed capillary

columns. Nearly ideal chromatographic and spectrosc0pic conditions are utilized

throughout these preliminary investigations. The understanding gained in this

endeavor may then be applied to the less ideal conditions commonly
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Figure 1-6: Illustration of the on-column measurement of variance for a single

solute zone.



  

44

Figure 1-6
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encountered in practical applications. It is hoped that by this increased

understanding, column technology as well as chromatographic system design

may be significantly advanced and the separation of complex mixtures

systematically improved.
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APPENDIX 1: ADDITIVITY OF VARIANCES

In chromatographic separations a variety of processes contribute to the

overall dispersion, making the characterization of individual processes very

difficult. In an effort to simplify theoretical treatment and experimental evaluation,

it is often assumed that each process is independent of all others. Under these

circumstances, the dispersion or variance (<52) contributed by each process may

be considered to be additive (1 ). Thus, the total variance of the chromatographic

system may be described by the variance arising from each process, (02),,

summed over all processes.

(02)TOTAL = 2 (Cali [A1]

In this equation, the variance may be expressed in either time (01-2), length (0L2),

or volume (ovz) units. It is often assumed that these domains represent the

variance of the solute zone equivalently and, as such, may be used

interchangeably without introducing error. This is not true, however, when

nonuniformities within the separation system alter the rate of effluent movement

(2).

Unfortunately, nonuniformities are an integral part of any separation

system. Changes in linear velocity, for example, arise from variations in the

tubing diameter or from the transition from the injector to the packed

chromatographic column. Changes in the volumetric flowrate result directly from

compressibility of the effluent with pressure, as well as from the addition or

subtraction of effluent, as may occur in a post-column reaction system or a 3th

injection system, respectively. In each of these nonuniform regions, the solute

zone variance in the time domain increases solely as a result of normal band

broadening processes, whereas that in the length and volume domain may
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exhibit a further increase or decrease due to variations in flowrate. Although this

latter broadening process does not alter the separation resolution, it does yield

individual variance contributions in the length and volume domains that are no

longer independent.

A mass-balance argument may be employed to understand the nature of

this broadening process more clearly. It will be assumed that no material is

gained or lost due to irreversible adsorption in the system. Thus, under steady-

state conditions, the mass flowrate (dm/dt) of the column effluent is uniform

throughout the separation system. That is,

dm/dt = constant [A2]

The time necessary to move a given mass, in this case, is also constant. Under

these constant mass flowrate conditions, the rate of effluent movement and thus,

the time distribution of the solute, will be altered only by normal broadening

processes.

This is not true, however, for the length distribution of the same solute

zone. Because the mass flowrate with time must remain constant under steady-

state conditions, the change in the mass per unit length (dm/dx) must vary

inversely with the zone velocity (U).

dm/dt = constant = (dm/dx) (U) = (dm/dx) (dx/dt) [A.3]

Thus, variations in the linear velocity will result in a change in the mass of effluent

per unit length. This variation in effluent movement yields a concomitant change

in the solute zone profile and variance as a function of length, irrespective of any

normal band broadening processes. This effect is illustrated schematically in

Figure A-1 for a simple change in tubing diameter. In this case, the linear

velocity (dx/dt) in the smaller outlet tube is greater than that in the inlet, while the
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Figure A-1: Effect of change in linear velocity (dx/dt) on solute zone variance in

the time, length, and volume domains.
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Figure A—t

(0) (b) (C)
 

 

  
 

    
 

dm/dt ___________________________

 

dx/dl: ___________
__ r___________

__

 

dV/dt ___________________________

  
 

 

 

 

  
 

 



mass

consta

tubes

while

lrom l

lhal :

incre

will r

SYSl

Thl

shr

dla

(d)



 

 

56

mass flowrate with time (dm/dt) and volumetric flowrate (F = dV/dt) remain

constant. Thus, when the solute zone encounters the interface between the

tubes (Figure A-1b), the front of the zone proceeds at the higher linear velocity,

while the rear of the zone maintains the slower initial velocity. It becomes clear

from the relationship between time and length variance,

(:3 = 0L2 / U2 = cvz / F2 [A.4]

that an increase in the length variance of the zone is expected solely due to the

increase in linear velocity, while the time and volume variances of the same zone

will remain constant.

Likewise, variations in the volumetric flowrate (F) of the effluent along the

system will affect the mass of effluent and, thus, solute per unit volume (dm/dV).

dm/dt = constant = (dm/dV) (F) = (dm/dV) (dV/dt) [A.5]

This nonuniformity in the volumetric flowrate resulting from an additional flow is

shown schematically in Figure A-2. To simplify this illustration, the tubing

diameters are chosen such that the mass flowrate (dm/dt) and the linear velocity

(dx/dt) are constant throughout, while the volumetric flowrate (dV/dt) is greater in

the outlet tube. Thus, the increased cross—section and volumetric flowrate in the

outlet tube yield an increase in the volume variance (Equation [A.4]), with the

time and length variances remaining constant.

It becomes clear from these examples, that any solute zone distribution

and the associated van’ance expressed in length or volume units are influenced

by nonuniformities in linear velocity and volumetric flowrate within the separation

system. In contrast, the same solute distribution represented in the time domain

will be unaffected by these nonuniformities, provided that the mass flowrate

remains constant. As a consequence, sources of variance that are considered
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Effect of change in volumetric flowrate (dV/dt) on solute zone

variance in the time, length, and volume domains.
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Figure A-2
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independent in the time domain, become dependent in the length and volume

domains by virtue of these variations in velocity and volumetric flowrate.

Because separation systems by their very nature are nonuniform, caution must

be exercised in the determination of individual variance values from the total

measured variance. Ultimately, variance values or expressions must be

considered rigorously independent and additive only in the time domain.
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CHAPTER 2

FABRICATION OF ON-COLUMN FLUORESCENCE

DETECTION SYSTEM

2.1 Introduction

Implementation of the dual on-column detection concept requires that both

the column body and the packing material or stationary phase do not interfere

with the desired detection technique. Likewise, the detection technique must not

interfere with the packing structure or hydrodynamics of the chromatographic

column. Unfortunately, these criteria are satisfied only by a limited number of

analytical techniques. Electrochemical (1), absorption (2), and fluorescence (3-8)

detection methods have met with some success for probing the column in either

the axial or radial direction. Electrochemical detection may cause disruption in

the packing structure, however, even when microelectrodes are employed. The

utility of absorbance detection is somewhat limited by the diminished sensitivity in

a packed bed system. Fluorescence detection appears to be the most promising

technique, allowing sensitive as well as selective detection of solute zones

directly on the packed bed. The feasibility of fluorescence detection has been

recently demonstrated with both packed and open-tubular microcolumns
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fabricated from optically transparent fused-silica capillaries (3-8). In addition,

laser-induced fluorescence provides a very sensitive means of detection (9-11),

with recent reports of subattomole detection limits (12). Thus, laser-induced

fluorescence detection seems particularly well suited for the implementation of

the dual on-column detection scheme.

2.2 Instrumentation

In designing and fabricating the dual on-column detection system, it is

necessary for the dispersion characteristics of the two, mobile detectors to, be

well matched. To this end, all mechanical, optical, and electronic components

used to fabricate the two detection systems are chosen to be identical. This

includes carefully matched components for the individual detector blocks,

emission collection systems, and current-to-voltage converters. In addition, the

chromatographic system is designed for near theoretical performance, and

therefore, every precaution is taken to minimize all known sources of extra-

column variance.

Chromatographic System. A diagram of the chromatographic system used in

this research is illustrated in Figure 2-1. Solvent delivery is accomplished

through the use of a dual-syringe micropump (Applied Biosystems, MPLC Model

MG) operated in the constant flow mode. The effluent is split between the

microcolumn and a restricting capillary (1 :20 to 12000). Samples are introduced

by the split injection method by using a 1.0-uL valve injector (Valco, Model

ECI4W1.) with the aforementioned split ratios. The microcolumn is either an

open-tubular capillary, used for verification studies, or a packed capillary

described below.

 

 

 





Figure 2-1:

63

Schematic diagram of microcolumn liquid chromatography system

with dual on-column laser fluorescence detection system: I.

injection valve; T, splitting tee; Ft, restricting capillary; L, lens; F.

filter; FO, fiber optics; FOP, fiber-optic positioner; M,

monochromator; PMT, photomultiplier tube; AMP, amplifier; REC,

chart recorder or computer.
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Figure 2-1
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Microcolumn Preparation. The open-tubular capillary column of 40 um id. is

obtained from Polymicro Technologies and is used without further surface

modification. Packed capillary columns are prepared from fused-silica capillary

tubing of 0.220 mm id. and approximately 1 m in length (Hewlett-Packard). Prior

to packing, the polyimide coating is removedfrom the capillary at the detection

positions of interest, and the column is terminated with either a quartz wool or a

porous teflon flit (13). An acetone slurry of 3 pm spherical octadecylsilica

packing material (Varian, MicroPak SP) is then forced into this tube under

moderate pressure (14). Microcolumns prepared in this manner approach the

theoretical limits of efficiency and can readily achieve plate numbers in excess of

100,000 (14).

On-Column Laser-Induced Fluorescence Detector. The on-column detection

system uses two or more parallel detectors with carefully matched components to

all0w directcorrelation of the zone profiles calculated at each detector. As shown

in Figure 2-1, a continuous-wave helium-cadmium laser (Omnichrome, Model

3112-108), with 10 mW output power at 325 nm, is utilized as the excitation

source for each fluorescence detector. Laser radiation is transmitted to the

microcolumn via small diameter (100 um), UV-grade optical fibers (Polymicro

Technologies), which are positioned in two, mobile detector blocks. Fluorescent

emission is collected in a right-angle geometry with an Optical fiber of larger

diameter (500 pm). A long-pass filter (Corion; it > 400 nm) is utilized to reduce

the scattered and second-order radiation, and the fluorescent emission is

focussed on the entrance slit of a monochromator (Instruments SA, Model

H1061). The resultant emission is transmitted to a photomultiplier tube

(Hamamatsu, R1463), subsequently amplified and converted to the voltage

domain with matching current-to-voltage converter circuits. Analog-to-digital
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conversion (Data Translation, Model 3405/5716) of the resultant voltage is

accomplished with a resolution of 16 bits over a 100 nA range. Chromatograms

from each detector block may be acquired simultaneously, and stored on a

microcomputer (IBM PC-XT) as well as displayed in real time. Algorithms for

data acquisition and calculations are written using the Forth-based Asyst

software (Macmillan).

Calculations. Statistical moments are chosen as the most accurate means to

determine the retention time and dispersion of each solute zone (15). As

discussed in Chapter 1, the use of statistical moments in chromatography has

been well established (15-20). In contrast with many other techniques, this

method requires no a priori assumptions about the peak profile, thus allowing the

most accurate characterization possible (15). Although rigorously defined as

integrals (Equation 1.19), statistical moments are often calculated based on finite

summation of the fluorescence intensity as a function of time, l(t).

Mo = Z l(t) At zeroth moment

M1 = 2t l(t) At/Mo first moment [2.1]

M2 = Z (t-M1)2 l(t) At/Mo second moment

Mn = z (t-M1)n l(t) At/Mo nTH moment

The time interval, At, is chosen to be sufficiently small, so the use of the

summation may be justified. To this end, all calculations use a minimum of 40

data points that are uniformly distributed across the zone profile.

For single-mode detection, the solute retention time is equal to the first

statistical moment (M1) calculated at each detector block. Thus, as described in

Equation [1.5], the capacity factor (k) may be evaluated directly from the first

moment of the solute zone and that of a nonretained zone, corresponding with
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the elution of acetone . Likewise, the plate height (H), or length variance (0L2)

per unit length (L), may be determined directly from the time variance (03) or

second moment (M2) and the zone velocity (U),

H: 6L2 = (5'1-2U2 = M2(L/M1)2 [22]

L L L

  

where L is the distance between injection and the point of detection. In dual-

mode detection, the retention time in the region between detectors is calculated

as the difference in the first statistical moments (M1) evaluated at each detector.

Likewise, the time variance is determined based on the difference in the second

moment (M2) between detectors. Therefore, the plate height in this isolated

region may be determined for each solute zone using Equation [2.2]. Both

capacity factor and plate height may be evaluated either as a composite of

column and extra-column effects using a single detector, or in an isolated region

of the column between the two detectors.

2.3 Summary of Detector Fabrication

A dual on-column detection system is designed and assembled, which

allows the measurement of solute zones as they traverse the chromatographic

column. Although all components in the two detection systems are carefully

matched, the validity of the assumption of equal dispersion characteristics

between detectors must be affirmed. Furthermore, the ability of the

chromatographic system to achieve near theoretical separation efficiencies

requires detailed evaluation. The following chapter will discuss the verification of

this detection system under a variety of experimental conditions.
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CHAPTER 3

VERIFICATION OF ON-COLUMN FLUORESCENCE

DETECTION SYSTEM PERFORMANCE

3.1 Introduction

Initial characterization and verification of the performance of the dual on-

column detection system is accomplished utilizing open-tubular capillaries.

Because the hydrodynamic behavior of these columns is well understood and

well documented (1), they are ideal in determining the accuracy of the dual on-

column technique. As shown in Chapter 1, the dispersion of the solute zone in

an open tube can be readily determined from known parameters (Equation

[1.11]).

The goal of these preliminary studies is to determine the accuracy of the

dual on-column detection system for the measurement of zone variance. This

evaluation is accomplished by injecting a fluorescent dye onto an open-tubular

capillary column and measuring the zone profile first near the column inlet and

then again near the exit. Determination of the zone variance at each detector

individually and as the difference between detectors allows the direct comparison

of the measured variance values with those predicted based on the Golay
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equation (Equation [1.11]). To make this direct comparison possible, all

theoretical predictions utilize known experimental parameters. The linear velocity

of the mobile phase (u), column radius (R) and length (L) are measured directly,

while the diffusion coefficient in the mobile phase (DM) is determined utilizing the

Wilke-Chang equation (2). For preliminary investigations, no stationary phase is

employed to decrease the uncertainty in the known parameters; therefore, the

capacity factor (k), stationary phase diffusion coefficient (D5), and film thickness

(d,) are all zero. Thus, for an open-tubular capillary with no stationary phase, the

Golay equation reduces to Equation [1 .10], the form developed by Taylor (3). In

this way, the plate height measured for the open-tubular capillary using the dual

on-column system can be directly compared to that predicted by Equation [1 .10].

In preliminary measurements of plate height as a function of linear

velocity, extra-column sources of variance have been carefully minimized for

optimal chromatographic performance. In subsequent studies, extra-column

contributions to variance are systematically increased to examine the ability of

the dual on-column technique to eliminate these detrimental sources of

dispersion.

3.2 Experimental Methods

Reagents. The fluorescent dye 7-(diethylamino)-4-methylcoumarin is obtained

from Aldrich Chemical Co. and used without further purification. High-purity,

distilled-in-glass grade methanol is obtained from Baxter Healthcare Products

(Burdick and Jackson). The coumarin solute is dissolved in the pure methanol at

a concentration of 3 x 10*1 M.
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Chromatographic System. A diagram of the chromatographic system is

illustrated in Figure 2-1. In this study, the coumarin solute is introduced onto a

400-cm length of 40—um i.d. open-tubular capillary at volumes ranging from 1 to

15 nL (split ratios of 121000 to 1:65, respectively). This fused-silica capillary

column is obtained from Polymicro Technologies and utilized without further

surface modification.

Detection and Calculations. When this column is coupled with the 500 um

emission fiber, the viewed volume at each detector is no greater than 1.1 nL.

Computer data acquisition is not employed for these studies, and the detector

response is displayed directly onto a chart recorder. Statistical moments are

calculated manually for each detector by finite summation of 30-50 points equally

distributed across a peak. The arithmetic difference in the first and second

moments are then determined and the linear velocity and length variance are

evaluated as described in Chapter 2.

Extra-column contributions to the variance are calculated as described in

Chapter 1 (Equations [1.37], [1.38], and [1.391). The fractional increase in the

variance (62) that is expected for these studies (Equation [135]) is shown in

Table 3.1.

3.3 Results and Discussion

Verification of the accuracy of the dual on-column measurement technique

is accomplished by systematically varying the parameters of interest. Initially, the

linear velocity of the mobile phase is varied under optimal detection conditions.

All known sources of extra-column variance are kept well below 1% for this study

(Table 3.1), and the dependence of the measured variance on the mobile-phase
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Table 3.1: Fractional increase in column variance (62) expected from extra-

column sources.

 

 

SIUdY UICm/SI VINJInL) 13(3) (92)INJ (921%

H VS. U 0.010 1.0 0.10 0.080% 0.00015‘%

0.050 1.0 0.10 0.080% 0.0038°/o

0.10 1.0 0.10 0.080% 0.015%

0.20 1.0 0.10 0.080% 0.080%

(<52)INJ 0.12 1.0 0.10 0.080% 0.022%

0.12 5.0 0.10 2.0°/o 0.022%

0.12 10 0.10 8.0% 0.022°/o

0.12 15 0.10 18°/o 0.02270

(62)Rc 0.12 1.0 0.01 0.080% 0.0022°/o

0.12 1.0 0.10 0.080% 0.022%

0.12 1.0 1.0 0.080°/o 2.2°/o

0.12 1.0 10 0.080% 220%

 

H = 16.5 um; L = 400 cm; Floor. = 0.0020 cm; V051 = 1.1 nL, (evzloer = 0.096%.
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linear velocity is determined for single- as well as dual-mode detection. In

subsequent studies, extra-column sources of variance are reintroduced to

determine if the column variance can be measured accurately utilizing the dual-

detection method. For this purpose, two different sources of extra-column

variance are chosen to determine the utility of dual-mode detection under a

variety of chromatographic conditions. First, the injection volume is

systematically increased (Table 3.1), contributing a symmetrical source of

dispersion. Second, the detector time constant is varied (Table 3.1), contributing

an exponential and, thus, asymmetrical source of dispersion. Finally, under

optimal detection conditions, the distance between the detector blocks is

successively decreased to determine the minimum volumetric variance that may

be accurately determined using the dual on-column detection system.

Plate Height versus Linear Velocity. By varying the linear velocity (u) and

measuring the length variance (0L2) or corresponding plate height (H) of a solute

zone, agreement of experimental results with Golay theory can be examined. To

accomplish this goal, a single solute is injected onto the open-tubular column and

the variance is measured at a single detector and as the difference of two

detectors. The results of varying linear velocity in the region near the optimum

are shown in Figure 3—1 for the 40 um i.d. capillary. Although great care was

taken to minimize extra-column effects in the chromatographic system design,

the single-detector measurements show substantial divergence from theory at

higher zone velocities. In contrast, the dual-detector mode exhibits excellent

agreement with Golay theory over the entire linear velocity region examined.

Thus, the dual on-column detection scheme successfully measures the variance

due only to the column proper as predicted by the Golay equation.
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Figure 3-1: Plate height versus linear velocity: single mode (:1), dual mode (A).

Golay theory (-—); column, RCOL = 20 um, L = 397 cm (srngle mode),

L = 337 cm (dual mode); chromatographic conditions as descnbed

in text.
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Figure 3-1 is also a good illustration of the difficulty in evaluating the

influence of experimental variables on the column variance in the presence of

extra-column sources of variance. Because both the column and extra-column

variance are functions of the linear velocity, the linear velocity dependence

determined from a single~detector measurement is a composite of both these

influences. Therefore, evaluation of the mass transfer contribution from the slope

at high linear velocity results in a significantly greater C term for the single-

detector measurementthan is accurate for this capillary. In contrast, the mass

transfer contribution measured utilizing the dual-mode approach is quite

accurate. It is important to note that most commonly a single detector is

employed. In this case, erroneous estimation of the mass transfer component

would arise without our knowledge, even though all known sources of extra-

column variance have been minimized. Thus, the dual-detection mode appears

promising in the accurate determination of the various flow contributions to

dispersion in chromatographic separations.

Further validation of the dual on-column detection technique is

accomplished by systematically varying extra-column sources of dispersion.

Both volumetric and temporal sources of extra-column variance are adjusted to

examine the ability of the dual-detector mode to eliminate these variances

unrelated to the actual column variance.

Injection Variance. Volumetric extra-column variance is systematically

increased by varying the injection volume (Table 3.1). Sample volumes from 1 to

15 nL are injected onto the open-tubular column utilizing the split injection

technique. Values for the plate height measured at a single detector and as the

difference between detectors are illustrated in Figure 3-2. Substantial deviation

of measured from theoretical variance values can be seen for the single-detector

 

 





Figure 3-2:

77

Effect of injection volume on plate height: single mode (El). dual

mode (A), Golay theory (—-); u = 0.12 cm/s. Conditions same as

given in Figure 3-1.
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Figure 3-2
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mode. The single-detector response shows a notable dependence on volume

injected for volumes greater than approximately 4 nL. Dual-mode detection,

however, corresponds very closely to theory, even up to 15 nL injected volume, a

fractional increase (82) over the column variance of 18%. Thus, dual-mode

detection successfully eliminates this volumetric form of extra-column dispersion,

allowing accurate measurement of column variance.

Temporal Variance. Temporal extra—column variance is adjusted with the aid of

an active lowpass filter. By varying the resistance and the capacitance of this

circuit, the time constant (c) of the amplifier for both detectors ranged from 0.01

to 10 5. These data, shown in Figure 33, clearly illustrate the inability of a single

detector to accurately measure the column variance as predicted by Golay theory

In the presence of an exponential time constant. Even for very low time constant,

other extra-column sources of dispersion prevent the single-detector response

from approaching the theoretically predicted value. As the time constant is

increased, the disparity between the variance measured by the single detector

and that predicted by theory increases drastically as expected from Table 3.1.

However, when the variance is measured in the dual-detection mode,

experimental variance accurately reflects theoretical predictions over three orders

of magnitude in time constant. These results clearly demonstrate the ability of

the dual on-column detection system to eliminate temporal sources of extra-

column variance.

Small Variance. Thus far, dispersion has been discussed only in terms of the

plate height or length variance per unit length. Yet, one of the advantages of this

detection scheme lies in the ability to measure accurately very small variances

per unit volume. Preliminary studies have been conducted to determine the
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Figure 3-3: Effect of detector time constant on plate height: single mode ([1).

dual mode (A). Golay theory (—); u = 0.12 cm/s. Condrtrons same

as given in Figure 3-1.
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Figure 3-3
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smallest volumetric variance it is possible to measure accurately using the dual

on-column fluorescence detection system. This feature is illustrated in Figure 3-

4, where the direct correlation of measured volumetric variance with that

predicted by Golay theory can be seen. The column variance is adjusted by

changing the column length between the two detectors, with all other system

parameters kept constant. Substantial discrepancy is seen for single-detector

measurements while the dual-detection mode shows excellent agreement with

theory for variances as low as 10 nL2. Variation in the data is thought to be due

to inequality of detector characteristics as well as to difficulty in calculating

statistical moments by manual methods. Thus, the values reported here by no

means represent the minimum variance accurately measurable by this detection

scheme. Although small variance measurements have been previously reported

(4-7), none, to our knowledge, are this accurate.

Although this measurement scheme has many advantages for the in situ

determination of separation processes, the limitations inherent in any difference

method still prevail. Thus, the precision of dual-mode determinations is limited by

the reproducibility of single-mode measurements. These fluctuations may arise

from variations in the mobile-phase flowrate, temperature, and pressure, as well

as errors in the evaluation of statistical moments. In addition, difference

measurements performed in the presence of a large extra-column or column

variance will inevitably lead to a decrease in precision due to the necessity for

evaluating a small difference in large values. Therefore, although this technique

allows the accurate determination of local retention and dispersion processes,

the resulting precision in such measurements is limited by the reproducibility of

the single-mode measurements.

 





Figure 3-4:
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Measured versus theoretical volumetric variance for small variance

values: single mode (:1), dual mode (A), Golay theory (—); u = 0.12

cm/s. Conditions same as given in Figure 3-1.
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Figure 3-4
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3.4 Summary of Performance Verification

As demonstrated here, the dual on-column fluorescence detection system

is capable of accurately determining the variance of solute zones directly on the

chromatographic column. Even in the presence of symmetrical and asymmetrical

sources of extra-column variance, dual-mode detection provides a reliable means

for determining the true column variance. Thus, fundamental studies of

hydrodynamic as well as chemical processes in both open-tubular and packed

columns are feasible utilizing this technique. In particular, the examination and

optimization of solute retention, band broadening, and nonequilibrium, which

were hindered in previous investigations by extra-column dispersion, are now

possible.
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CHAPTER 4

RETENTION AND DISPERSION ALONG THE

CHROMATOGRAPHIC COLUMN

4.1 Introduction

Although verification of the dual on-column detection system utilized open-

tubular columns, most applications in liquid chromatography rely on the use of

packed columns. The remainder of the studies, therefore, focus on the

elucidation and characterization of the fundamental factors affecting separations

in packed beds. In an effort to correlate experimental measurements with

theoretical expectations, these preliminary studies address separations under

nearly ideal conditions. Only reversed-phase separations, where the mobile

phase is more polar than the stationary phase, are utilized because of the relative

simplicity of their theoretical treatment. In the first of these studies, a single

chromatographic column is examined in detail under constant mobile-phase

composition and velocity conditions. Solute zone retention and dispersion are

measured as a function of distance along the high-efficiency packed column.
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Preliminary investigations of these fundamental parameters necessitates

the choice of solutes which are chromatographically as well as spectroscopically

well behaved. To facilitate direct comparison with theoretical predictions, a

homologous series of fatty acids, labeled with 4-bromomethyl-7-

methoxycoumarin, have been chosen as suitable model solutes. The separation

and concomitant detection of these solutes along the packed microcolumn are

shown in Figure 4-1. 'When separated on a reversed-phase octadecylsilica

packing material, the straight-chain, saturated fatty acids exhibit a wide range of

capacity factors under isocratic conditions (approximately 0.5 to 5 in pure

methanol). In addition, these solutes behave ideally, displaying symmetrical

peak shapes and the logarithmic dependence of capacity factor on carbon

number expected from Equation [1.6] for a homologous series (Figure 4-2).

Finally, the fluorescence characteristics of these derivatives indicate favorable

fluorescence in the methanol mobile phase, while no fluorescence is detected

when n-decane is used to mimic the stationary phase (Figure 4-3). This appears

to be due to lack of solubility of the polar coumarin molecule in the nonpolar

media. It is hypothesized that on a chromatographic column, the alkyl portion of

these molecules resides in the stationary phase, whereas the coumarin moiety

remains in the more polar mobile phase. This condition results in fluorescence

characteristics that are not a function of solute retention. Thus, both

chromatographically and spectroscopically, these model solutes seem ideally

suited as systematic probes of retention and dispersion along the

chromatographic column.

 

 





Figure 4-1:

89

On-column chromatogram of derivatized fatty acid standards

detected at 50 cm along the column. Solutes: n-Cmfl, n-Cmo, n-

C14:o, ”C1620, n'C1830, n'CZOD fatty aCids derivatized With 4'

bromomethyl-7-methoxycoumarin (100 nA full scale).

Chromatographic and detection conditions described in the text.
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Figure 4-1
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Figure 4-2: Capacity factor versus carbon number for fatty acid derivative n-

. 20:0, as measured dIrectly on-column at a distance 50 cm from the

inlet. Chromatographic and detection conditions described in the

ex .
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Figure 4-2
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Figure 4-3: Fluorescence excitation and emission spectra Of 4-bromomethyI-7-

methoxycoumarin in methanol (—) and n-decane (--).
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Figure 4-3
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4.2 Experimental Methods

Analytical Methodology. Saturated fatty acid standards (Sigma) ranging from

n-Cm, to n-Czofl are derivatized with 4-bromomethyI-7-methoxycoumarin

(Sigma), as described previously (1). An anhydrous mixture of 0.144 g sodium

sulfate (J.T. Baker) and 0.100 g potassium bicarbonate (MCB Reagents) are

powdered together to form a homogenous mixture. A 0.005 9 portion Of this base

mixture is combined with 0.0036 g dibenzo-18-crown-6 (Aldrich) in a slurry

formed using 0.2 mL dry acetone (Baxter Healthcare, Burdick and Jackson).

After stirring this solution for 10 minutes, a 0.500 mL aliquot of 103 M stock

solution containing the fatty acid standards is added along with 0.0027 g of the

coumarin reagent. The mixture is quickly stirred and the reaction is allowed to

proceed in the dark at 50 °C for 2.5 hours with intermittent stirring. Aliquots of

the derivatized standards are then diluted in acetone to a final concentration of 3

x 10*4 M.

Fluorescence excitation and emission spectra of the coumarin reagent are

obtained with a grating fluorimeter (Perkin-Elmer, Model L85). As shown in

Figure 4-3, these derivatives exhibit an excitation maximum at 330 nm with an

emission maximum at 400 nm in the methanol mobile phase. The methanol

(Baxter Healthcare) and n-decane (J.T. Baker) solvents utilized for the spectra

showed no discernible background fluorescence.

Chromatographic System. The chromatographic system is described in detail

in Chapter 2 and illustrated in Figure 2-1. For this study, a pure methanol mobile

phase is delivered to the column under constant flow conditions. The split ratio

for these studies remains constant at 1:40, yielding an injection volume of 25 nL.
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All chromatographic studies are performed on a single, packed

microcolumn. The microcolumn is prepared utilizing a 0.200 mm id fused-silica

capillary (Hewlett-Packard), terminated with a quartz wool frit at a length of

approximately 100 cm. Prior to packing, the polyimide coating is removed from

the capillary at four positions, creating detection windows at approximately 30,

50, 70, and 90 cm from the inlet. An acetone slurry of 3 pm spherical

octadecylsilica packing material (Varian, MicroPak SP) is then introduced onto

the capillary under moderate pressure (5000 psi). The resulting microcolumn

contains more than 140,000 theoretical plates (H = 7 pm) under standard test

conditions (2), with a flow resistance parameter (o') of 530 and a total porosity

(27) of 0.43. All measurements of retention and dispersion are performed utilizing

a methanol mobile phase Operated at slightly greater than the optimum velocity

(u = 0.056 cm/s), resulting in an inlet pressure of approximately 2500 psi (170

bar).

Even though the chromatographic system is carefully designed to

minimize extra-column sources of variance, it is nearly impossible to eliminate

these detrimental contributions entirely. As described in Chapter 1, the influence

of the injection volume, as well as the detector volume and time constant, can be

calculated under ideal conditions to give an indication of the magnitude of these

effects (3). The fractional increase in the measured variance (02) arising from

extra-column sources, shown in Table 4.1, indicates the injection volume is the

primary contribution, followed by the detection volume. As expected, extra-

column effects decrease with increasing column variance, or distance along the

column.

Detection System. The detection conditions utilized in this study are identical to

those given in Chapter 3, with excitation at 325 nm and fluorescent emission
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Table 4.1: Calculated fractional increase in variance (02) arising from extra-

column sources.

 

 

DISTANCE (92)INJ (92)DET (92)RC

30 cm 13.5% 3.0% 0.15%

50 cm 8.10/0 1 .8°/o 0.0900/0

70 cm 5.8% 1.3% 0.064%

90 cm 4.5°/o 0.98°/o 0.05070
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collected at 420 nm. The resulting photocurrent is amplified at 100 nAN with a

detector time constant of 0.1 3. Data acquisition proceeds at a rate of 1 Hz under

computer control. The maximum viewed detection volume for this study, based

on the total porosity and tube diameter, is approximately 13 nL.

4.3 Results and Discussion

Solute Retention. Evaluation of solute retention is accomplished by measuring

the first statistical moment (centroid) of each solute zone as a function of

distance travelled. If the mobile-phase linear velocity (u) and the solute capacity

factor (k) are constant along the column, the retention time (tR) Of each solute

should be a simple linear function of the distance travelled (L).

ta= L = L(1+k) [4.1]

U . u

Previously, this measurement has been accomplished by using columns of

varying length or by successively decreasing the length of a. single column.

Unfortunately, the packing structure and hydrodynamics may differ between

columns or may be altered in the process of performing the experiment (4).

Utilizing the present detection scheme. this measurement is accomplished by

simply moving the two detector blocks along the length of a single microcolumn.

As shown in Figure 4-4, the retention time is the expected linear function of the

distance travelled in the region from approximately 30 to 90 cm. Moreover, the

slope of each line increases with carbon number and, thus, with capacity factor

as predicted in Equation [4.1]. However, the intercept of each line predicts a

finite retention time at zero column length, which is obviously not a meaningful
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Figure 4-4: Retention time versus distance along the microcolumn for

nonretained solute (O), n-szo (O). n-Cm) (C) ), n-Cwo (A).

n-szo (o ), n-C18;0 (v), and n-Czo.0 (+) derivatized fatty acrds.

Chromatographic and detection conditions described in the text.
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Figure 4-4
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conclusion. This result clearly indicates that a gradient in zone velocity must be

present in the initial portion of the column. According to Equation [4.1], this

nonuniformity of movement may arise from either a decrease in the mobile-phase

velocity or an increase in the capacity factor in this region. This anomaly cannot

be attributed to simple perturbations in the pump flow, however, as the overall

linear velocity would be affected, not just that in the initial portion of the column.

Nevertheless, a decrease in linear velocity has been predicted in high-pressure

regions of the column based on theoretical calculations of the variation in mobile-

phase density and viscosity with pressure (5-7). Although liquids are often

considered incompressible, the decrease in linear velocity expected for pure

methanol under moderate pressure conditions is approximately 1-2% (5).

In an effort to distinguish this physical effect from the chemical influences

on retention, the decrease in the mobilevphase linear velocity expected under

pressure conditions may be evaluated. This is accomplished for the pure‘

methanol mobile phase employed in this study using the general formalism

introduced by Martire (6). Utilizing the Tait equation of state and a linear

dependence of viscosity on pressure (5), the local linear velocity expected on the

column (u,,) may be expressed as a function of the local pressure (P,) and the

outlet velocity (uo).

u, = “o [4.2]

(7.527 x 10-6 P, + 1.001)

where the linear velocity is given in cm/s and pressure in psi. This expression,

determined for the pure methanol mobile phase by numerical integration, has a

regression coefficient of r2 = 0.9993 and is valid for inlet pressures commonly

encountered in liquid chromatography (500 to 5000 psi). Assuming a constant

column temperature of 25 °C, the linear velocity of methanol measured on the
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column may be corrected for mobile-phase compression by using Equation [4.2].

Details of this derivation are given in Chapter 5.

The data presented in Figure 4-4 have already been corrected for the

expected change in linear velocity with pressure described in Equation [4.2].

Therefore, the decrease in solute zone movement in the initial region of the

column does not arise solely from mobile~phase velocity considerations. It

appears that the retention of solutes may be greater in this portion of the column

as a function Of changing chemical interactions. Evaluation of the capacity factor

as a function of distance, shown in Figure 4-5, illustrates this alteration in

retention clearly. Figure 4-5A shows the variation in capacity factor with distance

travelled using single—mode detection, where the average retention between

injection and detection appears to decrease for all solutes. When the capacity

factor is evaluated in specific regions of the column by dual-mode detection

(Figure 4-58), it becomes apparent that the retention is decreasing continuously

along the length of the column, not merely in the initial portion. Thus, contrary to

i the assumptions in many theoretical derivations, chemical interactions may not,

‘ in fact, be uniform along the chromatographic column even for well-behaved

solutes. Several sources of this retention gradient are under investigation,

including the influence of the injection process (Chapter 8) as well as local

pressure effects (Chapters 5 and 6). Although solute retention is often assumed

to be independent of the injection process, the modification Of the stationary

phase induced by the introduction of solvent or by the abrupt nonequilibrium in

this region (8) may directly affect solute retention. Alternately, the local pressure

.may thermodynamically influence the chemical interactions controlling the

partitioning process (9-12) or the surface activity of the silica substrate. Further

investigations of this apparent retention gradient have been extended to include

the initial region of the chromatographic column (13) and the results of these

studies are discussed in Chapters 6 and 8.







Figure 4-5:
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Capacity factor evaluated using single (A) and dual (B) detection as

a function of distance travelled along microcolumn. Solutes are as

shown in Figure 4-4.
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Figure 4-5
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Solute Dispersion. In addition to retention information, the same

chromatograms may be utilized to examine the dispersion Of solute zones along

the chromatographic column. The plate height on the column is calculated by

substitution of the first and second statistical moments into Equation [2.2]. It is

important to note that the dual-detector measurement is calculated as the

difference in the time-based second moment, not the length-based second

moment, which may not be additive (14,15) as discussed in Appendix 1.

The measured plate height as a function Of distance along the column is

shown in Figure 4-6, for both the single and dual detection modes. In the single

mode (Figure 4-6A), the plate height changes markedly as the solutes traverse

the column. This variation is most pronounced for the less retained solutes, with

n-szO (k = 0.5) exhibiting a decrease in plate height from approximately 20 to 12

um. In contrast, the plate height for the most retained solute (n—Czon; k = 4.8)

remains nearly constant along the column. Since single-mode detection does not

eliminate extra-column sources of variance, it is possible that the Observed trend

jis not due to column processes at all. If the extra~column variance is an

1 important contribution, it is expected that this fraction will decrease as the zone is

broadened by the column, thereby decreasing the measured plate height.

Moreover, the influence Of extra-column effects is expected to be greater for less

retained solutes, which is in agreement with the single-mode response shown in

Figure 4-6A. Therefore, plate height measurements at a single detector appear

to be seriously affected by extra-column sources of variance.

When the local plate height is evaluated between detectors using dual-

mode detection, extra-column sources of variance are effectively eliminated and

an entirely different plate height trend is Observed (Figure 4-6B). Furthermore,

the magnitude of the local plate height values are less than those measured at a

 

 







Figure 4-6:

106

Plate height evaluated using single (A) and dual (B) detection as a

function of distance travelled along microcolumn. Solutes are as

shown in Figure 4-4.
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single detector, again reinforcing extra-column variance as the probable cause Of

the trends seen in Figure 4-6A. Although the local plate height values are more

constant with distance than those evaluated at a single detector, the slight

increase shown in Figure 4-6B appears to be statistically significant based on

evaluation of the slope. Because many of the factors affecting dispersion are

pressure dependent (Equations [1.23] to [126]), this increase in plate height may

be a direct outcome of the pressure gradient along the column (16). In addition

to the changes in local linear velocity and capacity factor described earlier, the

diffusion coefficient (11,17) also varies with pressure and, thus, with position

along the column. Because the influence of pressure is expected to reach an

extreme in the region near the injector, studies are being extended to include this

initial portion of the column. Recent results reported by Novotny eta]. (18) do not

exhibit this change in plate height with position, perhaps due to the low inlet

pressure and nearly nonretained solute utilized in their study. Although the

influence Of the local pressure on plate height has been discussed theoretically

(17), it has been previously inaccessible to direct experimental measurement.

I In addition to the differing trends of plate height with column length for the

single- and dual-mode detection, it is interesting to note a difference in the

variation in plate height with capacity factor. In the single mode, the plate height

decreases with increasing capacity factor. In contrast, the dual mode exhibits an

increase in plate height with increasing capacity factor. Since the measurements

are performed at linear velocities slightly greater than the optimum, the mobile-

and stationary-phase mass transfer terms (CM and Cs, respectively) are expected

to have the predominant influence on plate height. If a van Deemter form of the

plate height dependence on capacity factor is assumed (Equations [1.25] and

[1.261), the effect of the mobile-phase term would be an increase in plate height

with capacity factor {f(k) = k2/(1+k)2}, while except for k < 1, the opposite trend is
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expected for the stationary phase {f(k) = k/(1+k)2). Thus, the single-mode

measurements would indicate that the stationary phase effects predominate, but

the dual-detector measurements suggest that mass transfer in the mobile phase

is the primary contribution. Again, this discrepancy may be caused by the extra-

column influence on the single-mode measurements. That is, extra-column

contributions are expected to have a larger effect on less retained solutes and

could reverse the actual on-column trend of plate height with capacity factor

(Equations [1.35] and [1.361).

It is apparent from these studies that the retention and dispersion of even

ideal solute zones along a chromatographic column is not yet clearly understood.

Although it will be necessary in the future to extend investigations to include

adsorption mechanisms and nonideal solutes, it is necessary to understand

simple systems before proceeding to separations which are physically and

chemically more complex. In addition, the influence Of extra-column sources of

variance on the accurate characterization of on-column dispersion cannot be

. overemphasized. The variation in the fraction of extra-column variance

contributed at each detector position and to each solute profoundly affects the

accurate measurement of dispersion using the single-mode technique. The dual-

detection mode, which can eliminate these detrimental effects, clearly Offers

several distinct advantages for the more accurate measurement of solute zone

characteristics.

4.4 Conclusions

Although presumed in many theoretical developments, it appears that

retention and dispersion may not be truly constant along the column length. This
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anomaly has clear implications for optimization and evaluation of the separation

process and merits further investigation to determined whether the origin is

physical or chemical in nature. In the following chapters, the gradient in mobile-

phase velocity will be examined in more detail. In addition, the systematic

variation in retention behavior with distance and, apparently, with local pressure

will be measured directly.
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CHAPTER 5

THE INFLUENCE OF PRESSURE ON MOBILE-PHASE

VELOCITY

5.1 Introduction

A spatial pressure gradient is inherent in any system where pressure is the

driving force for fluid flow. This gradient has long been recognized as important

‘in gas chromatographic applications due to the high compressibility of the mobile

phase (1-3). As the pressure decreases along the column length, the gas

expands to occupy an increased volume, resulting in a concomitant increase in

the volumetric flowrate. Under constant mass flow conditions, this

decompression of the mobile phase also yields an increase in the mobile-phase

linear velocity with distance. Fortunately, while gases are quite compressible, the

viscosity of gases is low and, thus, the pressure drop necessary for

chromatographic flowrates is minimal (1-2 bar). Nonetheless, for typical gas

chromatographic conditions, mobile-phase compression may result in increases

of 50% in linear velocity over the length Of a packed column (3). By contrast,

liquids are generally considered incompressible and the variation in linear velocity

along the column is consistently ignored in liquid chromatographic applications.
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However, the mobile-phase liquids commonly utilized are significantly more

viscous than their gaseous counterparts and, thus, the applied pressures

necessary for fluid flow are considerably higher, typically 50 to 350 bar (700-5000

psi). Because liquids are slightly compressible, the resulting increase in linear

velocity along the column under typical conditions may be 1—5% (4). Although

markedly less than for gas chromatographic applications, the systematic error

introduced by ignoring this pressure gradient effect may give rise to significant

errors in fundamental studies of the separation process.

The on-column detection technique provides a unique opportunity to

examine this effect experimentally. By measuring the mobile-phase linear

velocity as a function of distance along the column, the in situ measurement may

be directly compared with theoretical predictions. In addition, the effect of this

velocity gradient on the accurate determination Of column porosity may be

examined. While the investigations discussed in this chapter focus on the

physical effects of the pressure gradient, the next chapter will explore the

‘influences of the local pressure on the chemical aspects of the separation

‘ process as well.

5.2 Theoretical Considerations

Because pressure influences so many physical and chemical processes,

evaluation Of pressure effects in chromatographic separations requires careful

attention to detail. Even the seemingly obvious choice of pressure as the

variable of interest has been recently questioned (5). While pressure may be

applicable as a variable when the fluid is an ideal gas, density is a more directly

useful state variable when nonideal fluids are of interest. Thus, because

reversed-phase chromatographic conditions are investigated here, the general
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formalism based on density that was recently introduced by Martire (5) is

employed. This derivation is quite general and may be applied to any fluid where

the density as a function of pressure (i.e., compressibility), and the viscosity as a

function of density are known. Although portions of the theoretical development

are given here for clarity, the reader is referred to the excellent paper by Martire

(5) forthe full derivation and validation.

Theoretical evaluation of the local mobile-phase density (px) along a

packed column is accomplished based on Darcy‘s law (6).

Bo

5T TI

u = - (dP/dx) [5.1]

This general expression, which is valid when fluid flow is in the laminar flow

regime and at constant temperature, is directly applicable to chromatographic

separations. The column permeability (Bo) and total porosity (8r) are commonly

assumed to be constant, while the viscosity (1]) and pressure gradient (dP/dx)

may vary with distance along the column. Equation [5.1] may be rearranged in

j terms of the density (p) to yield,

t B
jdx = -_°_ (cIP/dp)T dp [52]

81- n u

where (dP/dp)T is equal to the reciprocal of the compressibility coefficient (8“) at

constant temperature divided by the density p.

The spatial average density (<p>x) in the region extending from distance x,

to x,- may be described as the first statistical moment with distance.

x-I

<P>x = ;_ [5.3]
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This expression conveniently allows the determination Of the local density by

assuming a small interval from x, to X], or the average density over the column

length when the integration interval is 0 to L. If it is assumed that the mass

flowrate is constant throughout the system, the product of the mobile-phase

linear velocity and density remains constant within the column regardless of local

density/pressure.

u, Px = uo p0 = constant [5.4]

Combining Equations [5.2], [5.3], and [5.4], and changing integration variables to

density, the necessary expression for the spatial average density (<p>,,) may be

determined.

p.

I ’92 n" (dP/dph dp
I

<p>x = 9 [5'5]

PI‘

p.l p n" th/dP)T do

I where p, and pi are the local density values corresponding to distance positions x,-

and xi, respectively.

Evaluation Of Equation [5.5] requires knowledge of both the density and

the viscosity as a function of pressure for the fluid of interest. For liquids, the

density behavior with pressure may be evaluated using a modified form of the

Tait equation of state (4,7).

Po+b = p _ 5.

tm ) expts: 1) ‘6]

In this empirical expression, a constant mass is assumed to be present at

 

pressure P and atmospheric pressure P0. In the pressure region Of interest in
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liquid chromatography (30 to 350 bars), Equation [5.6] may be approximated by

the first term in a series expansion,

[ELL )°= (IL) [5.71
P + b [30

where b and c are constants for a given fluid at constant temperature, and the

pressure is expressed in bars. Although this expression is valid for many liquids,

the accuracy of this approximation must be determined for each mobile phase of

interest.

In addition to the variation of density with pressure, viscosity is also a

function of the local pressure on the column. The influence of pressure on the

mobile-phase viscosity (n) is often evaluated assuming a linear dependence of

the form,

n = T10 ( 1 + (11°)
[58}

where on and no are constant for a given isothermal fluid (4). As for the density

‘ expression, the validity of Equation [5.8] must also be assessed for each specific

t set Of experimental conditions.

Evaluation of Equations [5.7] and [5.8] for the mobile-phase fluid Of

interest, combined with Equation [5.5] yields the average density in specific

regions of the column. From this expression, the variation in linear velocity along

the column may be predicted based on Equation [5.4].

5.3 Application to Experimental Conditions

For the pure methanol mobile phase utilized in this study, the behavior of 
the density with pressure Is accurately described by Equation [5.7], resulting in
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errors of less than 0.4 ppt for pressures up to 350 bar. In evaluating Equation

[5.7], the density of methanol at atmospheric pressure (p0) is 0.787 g/mL, while b

and c are equal to 1210 and 0.148 when the pressure is expressed in bars (4).

As shown in Figure 5-1, the reduced density (PR = p/pc), determined from

Equation [5.7] and the critical density for methanol (p0 = 0.321 g/cm3), exhibits a

nearly linear dependence on pressure in the range of interest in liquid

chromatography. Experimental measurements of methanol viscosity (8,9) can

likewise be utilized to verify the accuracy Of Equation [5.8], resulting in an error of

only 0.3 ppt in the same pressure range (with a = 4.70 x 10'4 bar '1 and Tie =

0.531 cP at 25 °C).

Substitution of Equations [5.7] and [5.8] for methanol into Equation [5.5]

results in the following expression for the average mobile-phase density (<p>x) in

the specific region extending from local densities p, to PI-

p.

I 19776 dP / (0.4313 + 2.8728 p575)

<p>x = p,

[5.9]

p.

pl Jp676 'dp / (0.4313 + 2.8728 p676)

Alternatively, this expression may be written in terms of the fractional distance

along the column (x/L) upon integration of Equation [5.2].

 

" p

t d" 1 x96-76 dp / (0.4313 + 2.8728 p676)

m = 0 = pi

(5.10]

L p

t d" t 095-76 do / (0.4313 + 2.8728 p676)

° 91

Unfortunately, this expression is cannot be solved analytically and the local

density (px) used as an integration variable must be calculated as a function of

the fractional distance along the column by successive approximation. As shown

in Figure 5-2, the relationship between the local density 1th and fractional

 







Figure 5-1:
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Calculated reduced density as a function of pressure for methanol

(Equation [5.71).
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Figure 5-1
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Figure 5-2: Local density (th versus fractional distance along the column-(x/L)

calculated from Equation [5.101 ( [:1 ) compared wrth lrnear

interpolation (—).
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Figure 5-2

 

 
1
5
p
s
r

y
 0
.
0

(
1
2

(
L
4

(
L
6

(
A
S

1
.
0

x
/
L

 



column 1

pressure

170 and

h=h'

Thus. tl

points 2

evaluat

(<p>,) t

gradier

5.4 E)

IS per

and L

methe

yieldir

from

monit

cm a

linea

ttOWl

s,
I



122

column distance (x/L) is linear for methanol within 0.5 ppt error for the Inlet

pressures commonly encountered in liquid chromatography (2500 and 5000 psi;

170 and 340 bar).

I). = p. - (pr - ()0) (XM l5-11l

Thus, the spatial average density <p>,, can be determined between any two

points along the column as a function of fractional distance. If the density ls

evaluated between two points in close proximity, the spatial average density

(<p>x) and the local density (p,) become equal. Finally, the effect of this density

gradient on the linear velocity gradient may be predicted based on Equation [5.4].

5.4 Experimental Evaluation

Experimental measurement of the linear velocity as a function of distance

is performed on the identical chromatographic column described in Chapter 4

and under similar chromatographic and spectroscopic conditions. The pure

methanol mobile phase is Operated in the constant flow mode (F = 0.72 uL/min),

yielding an inlet pressure (P,) of 4000 psi (270 bar). A decomposition product

from the coumarin label is, again, utilized as the void marker. The void time is

monitored as a function of distance using two detectors positioned at 30 and 50

cm and, subsequently, at 70 and 90 cm along the column ( = 100 cm). The

linear velocity at atmospheric pressure (uo) is calculated from the volumetric

flowrate (F) measured at the column exit,

F = 71: RCOLZ U0 8T [5.12]
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where the column radius (RCOL = 0.0100 cm) and the total porosity (ET = 0.43) Of

the column have been determined previously.

Prediction of the linear velocity behavior is accomplished utilizing Equation

[5.4] and the linear approximation of density with distance verified above. Local

linear velocity ratios (ux/uo) expected for inlet pressures of 2500 and 5000 psi

(170 and 340 bar, respectively) are shown in Figure 5-3 as a function of fractional

column distance (x/L). Although the expected change in linear velocity along the

column is less than for gas and supercritical fluid phases, which are highly

compressible, the variation in the local velocity of 2 to 4% may be important in

evaluating local retention and dispersion processes. In addition to calculating the

local velocity ratio (uxluo), the ratio predicted as an average from the column inlet

may also be evaluated. This cumulative velocity ratio (<u>,,/uo) is that measured

experimentally utilizing a single detector to determine the column void time from

injection. It is clear from Figure 5-3 that the linear velocity measured using a

single detector is an average of the velocity up to the point Of detection and, thus,

always underestimates the local linear velocity at that position. Because the local

density is linear with distance, the spatial and temporal average velocities are

equivalent and may be used interchangeably (5).

Experimental measurements of the cumulative velocity ratio with distance

along the column are illustrated together with the theoretical predictions in Figure

54. Although measurements are in general agreement with theoretical

predictions, the precision in replicate determinations appears to be rather poor.

However, the relative standard deviation in replicate measurements of

approximately 2% is quite good, considering that both the deviation in measuring

the volumetric flowrate and in calculating the first moment of the nonretained

zone contribute to the determination. The difficulty appears to lie in the necessity

for measuring changes in the zone velocity of only a few percent. Further
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Figure 5-3: Theoretically predicted ratio of the local mobile-phase linear velocity

(u,,) to the linear velocity at atmospheric pressure (uo) versus the

fractional column distance (x/L) (—), together with the cumulatrve

velocity ratio (<u>,,/u0) (--).
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Figure 5-3
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Figure 5-4:
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Comparison of theoretically predicted local (—) and cumulative (--)

velocity ratio to experimental measurement of the cumulative

velocity ratio (<u>/u0) using single-mode detection ( O

Chromatographic conditions. Methanol F: 0.72 uL/min, P = 4000

psi (270 bar).
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Figure 5-4
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examination of this mobile~phase compression is accomplished by varying the

inlet pressure and, thus, the linear velocity gradient along the column. The

theoretical prediction of this effect as a function of the pressure difference (P,, -

P0) is shown in Figure 55 together with the measured velocity ratios. Although

the measured data show considerable variation, the trend with pressure is in

good agreement with that expected based on the preceding theoretical

development. Thus, even though methanol is usually considered an

incompressible fluid, a systematic increase in linear velocity along the length of

the column is theoretically predicted and is experimentally Observed.

This density/velocity gradient has important implications in the

measurement of fundamental column parameters. For example, the total

porosity of the column, indicative of column packing structure (10-14), is

determined experimentally based on Equation [5.121 (11). However, when the

fluid is compressible, the linear velocity determined from the void time is the

average velocity <u>,,, not the velocity at atmospheric pressure uo. In this case,

the 87 value determined using Equation [5.121 assuming an incompressible

mobile phase is in error by the factor u0/<u>,, as shown in Equation [5.13].

F = 7: RCOL2 <U>x 8T (U0/<U>x) [5.13]

Although this error has been addressed in the literature for gas chromatographic

applications (13), it has been assumed to be unimportant in studies Of liquid

chromatographic columns. As shown in Figure 5-6, total porosity values

calculated based on Equation [5.121 exhibit a clear increase with pressure drop.

Moreover, this variation is in good agreement with the expectation that this error

arises from the change in uol<u>x with pressure. Thus, the often unstated

assumption of incompressibility leads to a systematic overestimation of the total

column porosity. From Figure 5-6, the total porosity may be determined by linear







Figure 5-5:
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Experimental measurement of the mobile-phase linear velocity who

as a function of the pressure difference (P, - Po) on the column at

30 cm (0), 52 cm ([1), and as the dual (A) measurement (u = 0.014

to 0.11 cm/s). Theoretical prediction (—) calculated based on

Equations [5.7] and [5.91.
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Figure 5-5

 

 







Figure 5-6:
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Apparent increase in the total porosity with pressure difference (P,- -

Po) resulting from the compression Of the mobrle phase shown In

Figure 5-5. Experimental conditions as descrIbed FIgure 5-5.
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extrapolation to zero pressure, resulting in an 8T value of 0.427. Off-column

measurements based on Equation [5.121 yield a total porosity Of 0.446, a

systematic error of +45% for an inlet pressure of 270 bar. Because

measurements performed after the column exit yield an average of the velocity

over the length of the column, total porosity determinations will always be

systematically greater than the true value. Although this error is not as extreme

as for gas or supercritical fluid conditions, the determination of fundamental

column parameters is significantly and systematically affected. This deviation Is

expected to be even more pronounced in normal-phase separations, where

commonly utilized mobile-phase solvents exhibit greater compressibility.

5.5 Conclusions

The pressure/density gradient along the chromatographic column has

been shown to induce a linear velocity gradient under reversed-phase conditions.

Thus, the linear velocity measured at the column exit is an average Of that

occurring over the length of the column. Under commonly encountered

experimental conditions, the compressibility of even polar solvents results in an

increase in mobile-phase velocity of ~3%. This result is consistent with recent

reports by Foley er al. of errors in delivering accurate flowrates to

chromatographic columns (15). This velocity gradient also has interesting

implications for the dispersion of solute zones along the column (Equations [1.231

to [1.261). In addition, the total column porosity measured at the exit will appear

to be a function of the pressure drop and may be systematically overestimated by

more than 4%. Thus, contrary to common misconceptions, the experimental

conditions commonly encountered in liquid chromatographic separations are

sufficient to induce a significant velocity gradient along the column.
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CHAPTER 6

THE INFLUENCE OF LOCAL PRESSURE ON

SOLUTE RETENTION

6.1 Introduction

In this chapter, studies of pressure effects on separation processes are

extended to include the chromatographic retention of solute zones. To

understand the effect of pressure in chromatographic systems, it is important to

distinguish the effect of the pressure/density gradient from the influence of the

local pressure/density. As discussed in the previous chapter, the pressure

gradient along the column causes decompression of the mobile phase as a

function of distance, resulting in an expansion of the fluid along the column. In

addition to the pressure gradient, the absolute local pressure on the column may

also affect separation processes.

The influence of pressure on fundamental physical properties such as

density, viscosity, diffusion coefficient, etc. is well documented (1-6). Pressure

effects on equilibrium processes have been investigated as well (7,8). This

fundamental understanding has made possible a number of theoretical

predictions of the influence on mobile-phase velocity (9), solute retention (10),

135

 



and

mm

Gid

chrI



136

and zone dispersion (11). The possible control and exploitation of pressure-

induced equilbrium shifts for chromatographic separations was first introduced by

Giddings (12,13), leading to the development of supercritical fluid

chromatography. Although variations in equilibrium constants in the liquid phase

may not be expected to be large when compared to those in supercritical fluids,

the greater pressures commonly applied In liquid chromatographic separations

may be sufficient to induce significant changes. Under high-speed conditions or

with recycle systems, the increase in retention with pressure may be significant

enough to limit applicability (14). Unfortunately, only a limited number of

experimental investigations have been reported in the literature. Under extreme

pressure conditions (20,000 psi), Rogers etal. (1517) measure up to a three-fold

Increase in capacity factor and a significant change in selectivity with separations

utilizing an adsorption/exchange mechanism. Likewise, Tanaka et al. (18)

measure a 12% variation in capacity factor for reversed-phase separations

performed under ionization control with much more modest pressure variations

(3000 psi). Measurements by Katz et al. (19) under normal-phase conditions

indicate a decrease in retention, which the authors attribute to an increase in

temperature in the column interior. In all cases, variations in the absolute

pressure, not the pressure gradient, lead to significant variations in solute

retention.

These findings have interesting implications for the variation in retention

with distance along a chromatographic column. It is clear that if a retention

gradient is present, the capacity factor measured at the column exit is only an

indication of the average behavior of the solute. The determination of

fundamental retention parameters becomes even more complicated if the

selectivity is also a function of the local pressure/distance.

The on-column detection scheme may be used to advantage in evaluating
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the influence of these pressure-dependent retention processes. The direct

measurement of local solute retention on the chromatographic column allows the

systematic evaluation of the influence of local pressure. By varying the inlet

pressure while maintaining constant pressure gradient conditions, the local

retention may be directly correlated to the local pressure on the column. In

addition, the use of small diameter, packed-capillary columns minimizes

variations in temperature within the column that may arise from viscous flow.

Finally, the model solutes chosen for these studies probe the most universal type

of interactions, induced-dipole induced-dipole. Thus, systematic measurements

of the dependence of local pressure on solute retention should find general

applicability for liquid chromatographic separations.

6.2 Theoretical Considerations

As discussed in Chapter 1, solubility parameter theory can be utilized to

predict retention behavior in liquid chromatography. Thus, insight into the

possible relationship between pressure and solute retention can be gained from

this theoretical approach. The cohesive energy density of interaction or solubility

parameter (5), which is utilized to estimate the species polarity, is given by (20)

82 = -EN = (aE/aV)T [64}

where E is the interaction energy and V is the molar volume. More generally, the

solubility parameter is described as the partial derivative of energy with molar

volume under constant temperature conditions (21). If the interaction energy is

approximated from van der Waal's theory (21), 5 can be expressed in terms of

the van der Waal's coefficient a and the species molecular weight m.
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6 = (aI’ZN) = (am/m) (3 [62]

Density (p), not pressure, is chosen as the state variable in this expression to

allow more general applicability, as discussed in Chapter 5. Implicit in this

relationship is the assumption that increased density/pressure acts solely to

decrease the volume, without altering the nature or energy of interaction. While

this assumption may be questionable for species with multiple modes of

interaction, it appears to be reasonable if only dispersion interactions are present.

The weak variation in the interaction energy with distance for dispersion forces

(the) makes the presumption of little change with pressure a viable one

(Equation [1.21).

For subsequent comparison with other theories, it is convenient to write

Equation [6.2] as a function of the reduced density (pH = p/pc).

5i = (PC allZ/m) PR [6'3]

In this expression, the density is expressed as a fraction of the critical density

(pc). Based on Equation [6.3], the solubility parameter and, therefore, the

species polarity is expected to increase linearly with the reduced density.

This relationship has interesting implications for the expected behavior of

solute retention with pressure/density. As discussed in Chapter 1 (Equation

[1.71), the capacity factor of solute i (k,) may be described by the following

expression (22):

lnk,-= V
i [(51 ' 5M12 ' (8r ' 5312] ' In I3

RT

 

Unfortunately, theoretical advances are presently insufficient to allow the

prediction of the influence of pressure/density on all of these parameters.

However, the low concentration of solute species i allows the approximation that
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the solute molar volume (V,) and solubility parameter (8) are independent of the

pressure/density. In addition, the stationary phase solubility parameter (53) and

phase ratio (13) are assumed to be less affected by the pressure/density than the

mobile phase. Although not rigorously correct, this supposition is reasonable

considering the stationary phase is attached to a solid support, limiting the

compressibility compared to a bulk phase (10). Thus, consistent with the few

experimental measurements in the literature (15-19), the primary effect of

pressure/density is assumed to arise from the mobile phase. Based on this

assumption, Equation [6.3] for the mobile phase may be combined with Equation

[1 .71 to give the solute capacity factor as a function of the mobile-phase reduced

denSity (pRM)'

1” k1 = CI PRM2 1’ C2 PRM 1' Ca [6-41

where

01 = Vi POM 8M"2 2

RT mM

c2 = ' 2VI POM 3M”2 5'

RT mM

c.= [L] Isa-re-ssIZI-rno
RT

 

 

In this expression, 01 represents mobile-phase/mobile-phase interactions, where

pm is the reduced density of the mobile phase, aM is the van der Waal's

interaction coefficient, and mM is the molecular weight. As expected, interaction

of mobile-phase molecules increases with reduced density/pressure, leading to

an increase in solute capacity factor. In the second constant (Cg), the

solute/mobile-phase interaction is expressed in terms of the mobile-phase
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interaction coefficient (aM) and the solute solubility parameter (8). As the

reduced density of the mobile phase increases this parameter becomes more

negative, resulting in an overall decrease in retention. Finally, solute/stationary-

phase interactions are described in the third constant (c_,). As assumed in the

derivation, this term is independent of the mobile-phase reduced density. An

increase in these interactions results in the intuitively predicted increase in

retention. This expression (Equation [6.41) is similar to predictions based on

statisitical thermodynamics developed by Martire (10). However, Martire's lattice

model approach is more rigorous in describing interactions between species

assumed to be independent in solubility parameter theory. Unfortunately, the

estimation of these interaction parameters is quite difficult in the liquid phase.

The expected variation in the selectivity (01) or differential movement of

solutes can likewise be predicted as a function of pressure/density. Combining

the definition of selectivity with Equation [1.7] results in an expression for 01 as a

function of solubility parameter values (22):

 rnoe.=rni=y Vi ](5.-3j)(5~1'53) [6.51
ki RT

As derived above, substitution of Equation [6.3] results in an expression for the

solute selectivity as a function of the mobile-phase reduced density.

04 = [ 2V1 J [ POM 3M1”) (5' _ 5])

RT mM

Cs= [___2Vt )(Pi' 51158

RT

 

From this expression, a simple linear variation in In 01,-,- with the mobile-phase
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reduced density is predicted. The slope (O4) in Equation [6.6] corresponds to

interactions between the mobile phase and the solutes, while the intercept is

indicative of solute/stationary-phase interactions.

From the above expressions, both solute retention and selectivity are

predicted to be affected by the reduced density of the mobile phase and, thus,

the local pressure on the column. Unfortunately, the absolute magnitude of this

influence is difficult to predict a priori. The requirement for accurately estimating

five unknown variables (8M, 85, [3, 8,, and Vi), combined with the quadratic

dependence on a logarithmic term (Equation [6.41) lead to large errors in the

prediction of solute retention. However, direct comparison of theoretically

predicted trends with experimental measurements should provide a good

qualitative understanding of the parameters affecting retention.

6.3 Experimental Methods

Analytical Methodology. Saturated fatty acid standards from n-Cmo to n-Cmo

are derivatized with 4-bromomethyI-7-methoxycoumarin as described in Chapter

4. Standards are dissolved in methanol and injected individually at a

concentration of 5 x 104 M.

Chromatographic System. The chromatographic system is similar to that

described in Chapter 2 and illustrated in Figure 2-1. In this study, however, a

25.7 cm length Of Open-tubular capillary (0.0050 cm i.d.) connects the injector to

the column. This arrangement makes possible the placement of detectors in the

high-pressure region near the column inlet.

The microcolumn utilized for these pressure studies is fabricated as

 

 





142

described in Chapter 4. Before packing, the polyimide coating is removed from a

43.9 cm length of fused-silica tubing at 5 cm intervals to facilitate on-column

detection. The resulting column has a plate height of 9.5 pm, a total porosity of

0.43, and a flow resistance parameter Of 550 under standard test conditions (23).

For all measurements, a pure methanol mobile phase is delivered to the column

with a single-piston, reciprocating pump (Beckman, Model 114M) under constant

pressure conditions. The inlet pressure is systematically varied from 100 to 350

bar (1500 - 5000 psi) using a 20 pm i.d. restrictor at the column exit. The length

of the restrictor and splitter are altered in the course of this study to allow the

volumetric flowrate (F = 0.70 uL/min) and injection volume (VjNJ = 11 nL) to

remain constant under all pressure conditions.

Detection System. The optical detection conditions are identical to those

described in Chapter 2. As shown in Figure 6-1, however, six matched detector

blocks are positioned along the column with optical fibers from alternate blocks

connected to each detection system. Since all detectors are active continuously,

solutes are injected individually, thus allowing multiple detection points for a

single injection with only two monochromator/photomultiplier detection systems.

The first detection block is positioned on the open tube 0.4 cm before the packed

bed, while the remaining five detectors are placed on the packed bed at 4.9,

10.4, 15.5, 20.9, and 26.2 cm from the column head. Themaximum viewed

volumes under these conditions are 1.8 nL off-column and 12 nL on-column.

Data acquisition is accomplished under computer control at 5 Hz with a 0.06 s

time constant.







Figure 6-1:
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Schematic diagram of detection system allowing Simultaneous

measurement at six points along the chromatographIc column wrth

only two monochromator/photomultiplier systems. I: Injectron valve,

T: splitting tee;'R: restricting capillary; MONO: monochromator.

PMT: photomultiplier; AMP: current-to-voltage converter/amplrfrer.
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Figure 6-1
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6.4 Results and DIscussIon

Experimental evaluation Of the pressure/density dependence of solute

capacity factor is accomplished by systematically increasing the inlet pressure

from 102 to 337 bar (pmm = 0.796 to 0.816 g/cm3, respectively. for methanol),

while maintaining a constant pressure differential of 102 bar along the column.

By measuring the capacity factor using single- and dual-mode detection, the

average between the injector and the point of detection as well as the local

capacity factor between detectors may be determined directly on the column. In

addition, measurements are performed simultaneously at five positions in the

high-pressure region of the column, allowing the evaluation of the local capacity

factor at several positions for a single injection. Experimental measurements

performed in this manner allow the direct, in situ determination of solute retention

as a function of local pressure under nearly ideal chromatographic conditions.

Experimental measurements of capacity factor for both single- and dual-

mode detection (L = 26.2 and 23.5 cm, respectively) are shown in Figure 6-2. A

significant increase in the retention of n-Cm, is observed as a function Of

pressure for both single and dual modes, with n-szo exhibiting an increase

greater than 16% with a precision in duplicate determinations of 0.5%. This

increase is not limited to n-Cjezo, and a notable increase in k is measured for all

solutes under practical inlet pressure conditions. The magnitude of this increase

is somewhat surprising, however, based on the common belief that reversed-

phase solvents are quite incompressible. It is even more unexpected for these

model solutes, where only dispersion interactions are controlling retention.

However, an increase in k is theoretically predicted based on the variation in the

mobile—phase solubility parameter or polarity with pressure or reduced density

(Equation [6.31). As shown in Chapter 5, the reduced density of the methanol
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Figure 6-2: Single- (top) and dual- (bottom) mode measurements of solute

capacity factor (L = 26.2 and 23.5 cm, respectively) for n-Cmo as a

function of the average pressure encountered by the solute.

Experimental conditions as given in the text.

 



 

C
A
P
A
C
I
T
Y

F
A
C
T
O
R

 

 

 

  

147

Figure 6-2
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mobile phase is approximately linearly dependent on the applied pressure

(Figure 5-1). If only mobile-phase effects are considered, an increase in reduced

density is predicted to yield a concomitant increase in solute retention (Equation

[6.41). As will be discussed later, determining the theoretically expected

magnitude of this increase is nontrivial.

Although all solutes exhibit this increase in retention with pressure (Table

6.1), the experimentally measured percent increase (Ak/k) is systematically

greater for longer chain solutes. This apparent dependence on chain length is

theoretically predicted (Equation [6.41) based on the direct dependence of In k,- on

solute molar volume (V,) and, consequently, on carbon number. Thus, while the

energy of interaction between the solute and mobile phase is assumed to remain

constant, it is expected that the increase in the energy density with pressure will

be greater when the solute occupies a larger volume. For this reason, the

absolute pressure is expected to affect not only retention, but selectivity as well.

Experimental evaluation of the solute selectivity with pressure clearly

demonstrates this enhancement (Table 6.2). All adjacent solute pairs show a

systematic rise in selectivity with average pressure, regardless of detection

mode. Although the solutes chosen for this study are clearly separated, it is not

difficult to imagine the analysis of a complex mixture where a 2% increase in

selectivity would determine the success of the separation.

Thus far, solute retention and selectivity have been discussed only in

terms of the predicted and Observed direction of change, not the magnitude.

However, as illustrated for n-szo (Figure 6-2), this increase is not a simple linear

function of the average pressure for all solutes. This Observed nonlinear

increase is consistent with theoretical predictions based on the variation in

capacity factor with reduced density. Although the reduced density varies nearly

linearly with applied pressure (Figure 5-1), the quadratic dependence of In k on
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Table 6.1: Effect of pressure on single- and dual-mode measurements of

solute capacity factor.

 

CAPACITY FACTOR (k)

 

 

SINGLE MODEa DUAL Loos:

SOLUTE PAVG=72 bar 236 bar Ak/k 48 bar 158 bar Ak/k

n-Cm, 0.501 0.547 +92% 0.520 0.571 +9.8%

no,” 0.784 0.874 +11.5% 0.818 0.921 +12.6%

no,” 1.208 1.383 +14.5% 1.281 1.441 +14.3%

n-C,,,,o 1.829 2.141 +17.1% 1.923 2.245 +16.8%

n-Cm, 2.712 3.284 +21.1% 2.827 3.419 +20.9%

n-sz 3.997 4.970 +24.3% 4.197 5.205 +24.1%

 

a L: 26.2 cm

b L = 23.5 cm
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Table 6.2: Effect of pressure on single- and dual-mode measurements of

solute selectivity.

 

SELECTIVITY (a)

 

 

SINGLE MODEa DUAL M_C)DEb

SOLUTE PAVG=72 bar 236 bar Aer/OI 48 bar 158 bar Act/OI

new”, 1.585 1.598 +21% 1.574 1.613 +25%

”0,20,...o 1.541 1.583 +27% 1.541 1.564 +1 .5%

”0,49,,” 1.514 1.548 +22% 1.525 1.558 +22%

mam“, 1.483 1 .534 +34% 1.470 1 .523 +38%

momma 1.474 1.513 +27% 1.485 1.523 +28%

 

a L=26.2 cm

b L=23.5 cm
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the reduced density (Equation [6.31) leads to a predicted nonlinear increase in

capacity factor with pressure. From Figure 62, this rise appears to be

independent of detection mode, indicating that the pressure/density variation

between the injector and detector induces only a small change in k. In this case,

the average pressure provides a reasonable indication of the pressure

experienced by the solute, regardless of the interval. Based on this hypothesis,

however, the absolute magnitude of the capacity factor is expected to be greater

for single-mode measurements than for the lower pressure dual-mode

determinations, and the opposite trend Is observed (Figure 6-2; Table 6.1).

These results indicate the possibility of another source of variation in k along the

column.

Based solely on the increase in solute retention and selectivity with

pressure/density, it is expected that these fundamental separation parameters

will not be constant along the column length, as is often assumed. In fact,

capacity factor is expected to vary nonlinearly from the column inlet to exit,

becoming successively less retained with distance. Thus, the capacity factor

determined at the column exit is expected to be a measure of the average

retention behavior of the solute along the column, and is not equal to the local

retention as is Often assumed. This deduction is consistent with previous

measurements along the column shown in Chapter 4. As seen in Figure 6-3,

however, single-mode measurements of capacity factor on this column show a

clear increase with distance under different local pressure conditions. In

contrast, dual-mode measurements, which are expected based on the average

pressure to exhibit a capacity factor decrease of ~5%, are relatively constant with

distance. These results are further evidence that the pressure/density

encountered by the solute is not the only factor determining retention with

distance in this system. In addition, because the average pressure encountered







Figure 6-3:

152

Single- (top) and dual- (bottom) mode measurements of solute

capacity factor as a function of distance along the column (LTOT =

43.9 cm) under high and low inlet pressure conditions. Solutes: n-

CIO:O (0); "'01220 (El); ”014:9 1A); ”£180 (,0); "'018zo (V); and ’7'

C201, (+). Expenmental condItIons as grven In the text.
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by the solute is always higher for single-mode determinations, it is expected that

capacity factor measurements at a single detector will be greater than those

evaluated in the dual mode. As seen in Table 6.1, experimental measurements

show the opposite trend for all solutes. These anomalies in retention are not

presently understood and may be due to nonuniformity in the stationary phase

along the column caused by long-term usage, and further investigations of the

column inlet region should elucidate this more clearly (Chapter 8). As shown in

Figure 6-4, however, solutes continue to behave nearly ideally, exhibiting the

theoretically expected logarithmic dependence of capacity factor on carbon

number for both single- and dual-mode determinations.

Finally, quantitative prediction of retention is attempted for all solutes

based on Equation [6.4]. As stated previously, the theoretical evaluation of

capacity factor requires the accurate estimation of a number Of unknown

variables. Solubility parameters cited in the literature for octadecylsilica

stationary phases (25,26) and methanol (20) are shown in Table 6.3. Mobile-

phase solubility parameters are chosen for both bulk alkane estimates (22) as

well as recent thermodynamic measurements on actual packing materials (25).

Data on the coumarin-labeled fatty acids are lacking in the literature, however,

requiring the approximation of molar volume based on group contributions to the

van der Waal's volume (27) and the arbitrary placement of the solute solubility

parameters between those of the mobile and stationary phases. Finally, the

phase ratio for this column is estimated based on a 12% carbon loading on

spherical particles. The resulting numerical prediction of the coefficients in

Equation [6.4] is shown in Table 6.4. Comparison with experimental coefficients

is accomplished by regression analysis of all dual-mode measurements. As

shown in Figure 6-5, the retention behavior of all solutes is adequately described

by the nonlinear regression of Equation [6.4]. White the theoretically predicted
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Figure 6-4: Single- (top) and dual- (bottom) mode measurements Of logarithmic

dependence of capacity factor on carbon number under varying

inlet pressure conditions. Experimental conditions as grven In the

text
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Figure 6-4
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Table 6.3: Estimates of parameters for the prediction of solute capacity factor.

 

SOLUTE PARAMETERS (FATTY ACID DERIVATIVES)

81 Vi a

(cal 1’2/cm3’2) (cm3/mol)

n-szo 14.2 207

n-Cjzzo 13.9 228

”014:0 13.6 248

”016:0 13.3 288

”018:0 13.0 289

n-Cmo 12.7 31 0

MOBILE-PHASE PARAMETERS (METHANOL)

6M = 14.5 call/Z/cm3/2 b

pa = 0.271 g/cm3 c

p = 0.787 g/cm3 at atmospheric pressure 0

STATIONARY-PHASE PARAMETERS (OCTADECYL SILICA)

83: 7 d and 12.5 call/i’lcm3/2 9

(3:20

SYSTEM PARAMETERS

T = 301 K

R = 1.987 cal/K mol

 

*1 Bondi, A. J. Phys. Chem. 1964, 68, 441.

b Barton, A.F.M. Chem. Rev. 1975, 75,731. 5

° Reid, R.G.; Prausnitz, J.M.; Shenvvood, T.K. The Properties of Gases and

Liquids; McGraw-Hill: New York, 1977. .

d Schoenmakers, P.J.; Billet, H.A.H.; de Galan, L. Chromatographra1982,

15. 205.

° Yamamoto, F.M.; Rokushika, S. J. Chromatogr. 1990, 515, 3.
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Table 6.4: Comparison of theoretically estimated and experimentally

measured constants for Equation [6.4].

 

 

c1 c2 03

SOLUTE EST. MEAS. EST. MEAS. EST. MEAS.

n-Cm, 8.83 10.6 -49.1 -81.9 49.0a(85.8)b 89.7

n-Cm, 9.50 10.6 -52.9 -61.7 53.1 (69.9) 89.4

n+0“,o 10.3 14.2 -58.3 -82.5 56.3 (73.2) 120

n-Cm, 11.2 14.3 -59.5 -82.8 59.2 (76.0) 121

no,” 12.0 14.2 -82.7 -81.7 61.7(78.5) 118

0020,, 12.9 14.2 -65.7 1-81.9 63.8 (80.6) 119

 

8 Calculated based on 53 = 7 call/«°-/cm3/2

b Calculated based on as = 12.5 cal1’2/cm3/2
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Figure 6-5: Measurements of logarithmic dependence of capacity factor on the

mobile-phase reduced density for all solutes, together wrth

nonlinear regression analysis of Equation [6.4] (—). Expenmental

conditions as given in the text.
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coefficients shown in Table 6.4 are systematically lower than those determined

from experimental measurement, the overall agreement appears to be quite

reasonable. The choice of stationary-phase solubility parameter value appears

to influence c3 markedly, with the more commonly used bulk alkane value of 7

call/Zlcm3/2 resulting in a greater underestimation based on measured values. In

both cases, however, actual predictions of the solute capacity factor are

approximately a factor of 1000 lower than experimental measurements. This

disheartening result arises from the inability to estimate the variables in Table 6.4

with sufficient accuracy, coupled with the small range of reduced density values.

These difficulties have been noted in the literature and are even more

pronounced for reversed-phase separations (27). Nonetheless, experimental

measurements are well correlated with qualitative predictions based on Equation

[6.4], providing corroborating evidence for this theoretical approach.

In like manner, the relationship between selectivity and reduced density

can be explored in more detail. Unfortunately, a priori prediction is even more

difficult for selectivity, because very accurate knowledge of the differences in

solute solubility parameters is required (Equation [6.51). However, experimental

measurements can be utilized to predict differences in solubility parameters for

adjacent solutes. As illustrated in Figure 6-6, although the measured change in

selectivity is not large, all solutes exhibit the predicted linear dependence of In or

on the mobile-phase reduced density. Coefficients c4 and c5 determined from

linear regression analysis are listed in Table 6.5, together with the correlation

coefficient (r). Due to difficulty in measuring such small changes in 01, the error in

the coefficients is approximately 10%. Nonetheless, differences in the solubility

parameters for these solutes are quite small, as expected for dispersion

interactions within a homologous series. In addition, calculated difference in

solute solubility parameters (8, - 8,) exhibit a small, but systematic decrease







Figure 6-6:
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Measurements of logarithmic dependence of selectivity on the

mobile-phase reduced density for adjacent solute parrs, together

with regression analysis of Equation [6.5] (—). Experrmental

conditions as given in the text.
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Table 6.5: Difference in the solubility parameters of adjacent solutes (8-65

calculated from Equation [6.5]. Slope (c4) and intercept (c5

determined by linear regression analysis of dual-mode

measurements.

SOLUTE c4 (Si-8]) cs (23,-6,) r

PAIR

1020/1210 0.188 0.052 -0.0997 0.011 0.73

12:0/14:0 0.388 0.098 -0.708 0.071 0.86

14:0/16:0 0.387 0.089 -0.706 0.066 0.92

1620/1820 0.311 0.067 -0.514 0.044 0.75

18:0/20:0 0.338 0.068 -0.602 0.048 0.84
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in magnitude with carbon number in all except the least retained pair. This result

is consistent with that expected from Equation [6.1] for a homologous series. As

the solute chain lengthens, the increase in volume arising from additional

methylene groups becomes greater than the interaction energy added. In this

case, solutes are separated based on change in molar volume more than any

small change in interaction energy. As seen here, however, this is sufficient to

produce an appreciable dependence of selectivity on the pressure/density.

6.5 Conclusions

Although not often considered a separation variable, the local

pressure/density is shown to contribute substantially to solute retention and

selectivity. Even though the separation studied here is based solely on

dispersion interactions and utilizes a mobile phase which is only slightly

compressible, significant increases in both retention and selectivity are measured

under modest pressure conditions. Because dispersion interactions are universal

in nature, the variation in retention with reduced density has important

implications for all partition-based separations in liquid chromatography. These

variations may become especially important for separations utilizing very small

particles or high speeds, where changes In pressure and, hence, in retention and

selectivity along the column length are expected to be significant. In addition,

whether theoretical or experimental in approach, fundamental studies of solute

retention must consider the influence of pressure under all separation conditions.

Finally, with further study, these alterations may clearly be used to advantage in

the design and Optimization of difficult separations.
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CHAPTER 7

THE INFLUENCE OF SOLVENT COMPOSITION ON

SOLUTE RETENTION

7.1 Introduction

Studies up to now have been limited to the use of a pure methanol mobile

phase. The availability of known physical constants made this choice the most

viable for reversed-phase separations. In addition, more ideal experimental

conditions were maintained by eliminating the possible selective partitioning of

mobile-phase components into the stationary phase. However, the influence of

the mobile-phase composition on solute retention is of central importance to the

practical application of liquid chromatography. Because solvent composition is

the primary variable utilized to control separations, a detailed understanding of

the influence on solute retention is essential for the design of universally

successful optimization schemes. Due the complexity of the chemical and

physical environments present on a liquid chromatographic column, however,

most theoretical descriptions of solute retention are empirical or semiempirical in

nature (1-13). As discussed in Chapter 1, these include the solvophobic

approach proposed by Horvath and coworkers (1,2), the statistical

168  





169

thermodynamically model developed by Martire (7,8), and the solubility

parameter theory adapted for liquid chromatography by Tijssen and coworkers

(3-5). Of the models available and in use, these are the most rigorously correct

and the least empirical in nature. Verification of these models requires the

accurate measurement of solute retention under carefully controlled experimental

conditions. Moreover, because more than one of these theories predicts a

variation in retention along the column length for isocratic conditions (Chapter 6),

detection after the column exit is inadequate in assessing the validity of these

models. The on-column detection scheme, thus, provides a unique opportunity

to measure solute retention directly on the chromatographic column. in this

preliminary study of solvent composition effects, solute retention is measured at

two points on the column under both constant and varying solvent composition

conditions. By determining the capacity factor in this manner, solute retention

can be characterized as a function of solvent composition and the resulting

variation in local pressure arising from differences in viscosity with composition.

7.2 Theoretical Considerations

Similar to Chapter 6, the theoretical development based on solubility

parameter theory is chosen to predict retention behavior. In the development

presented here, however, the influence of solvent composition on solute retention

is explored. As discussed previously, the solute capacity factor (k) may be

described in terms of the solubility parameters for the solute, mobile phase, and

stationary phase (8,, 8M, and 83, respectively) (4):

In N =___‘F"iT [(5r - am (a. - 53V] - MB [1.71
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where V, and [5 represent the solute molar volume and phase ratio, respectively.

For mixed solvent systems, the mobile-phase parameter (5M) can be calculated

from solubility parameters for the individual components (5), weighted by their

respective volume fractions (oi).

8M=2¢jsl [7.1]

in this expression, the chemical interactions of the individual components are

presumed to be independent and volumes must be additive. Although these

conditions are rarely true for the polar solvents commonly encountered in

reversed-phase separations, Equation [7.1] is often utilized as a first

approximation. For a simple binary system, the solubility parameter of the mixed

mobile phase is given by

5M = (DA 5A + ¢B 5B =(1 ' ¢BI 5A + ¢B 59 [72]

where ¢A and 5A are the volume fraction and solubility parameter of the weak

component (A), and (>3 and 63 represent the strong component (B). Substitution

of Equation [7.2] into Equation [1.7] results in an expression for solute retention

as a function of the volume fraction of the strong mobile-phase component (its)

(4)1

 

ln ki = 01%") + 02 ¢e 1' 03 [7'3]

where

q= [ W Ira-er
RT

<

 

%= [ i )ro-ax-m-arxa-am
RT  
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c3: [1%.] [is-sxrz-iar-ssrr-Inrs

where c1 represents the interaction of mobile-phase components, oz describes

the solute/mobile-phase interaction, and ca predicts the retention of the solute in

the weak mobile phase. Because the solubility parameter for the solute is always

intermediate in value between that of the mobile and stationary phases (85, < a <

5M), the 02 coefficient must be negative while c, is expected to be slightly positive.

Thus, as seen in practice, the solute capacity factor (k,) is predicted to exhibit a

marked decrease with the volume fraction of the strong solvent (cps).

In addition to the change in chemical environment with composition,

mobile-phase physical properties may be altered as well. Variations in solvent

composition may yield physical effects on solute retention in addition to the

chemical influences described above. Prediction of this physical effect is

accomplished by substitution of the relationship between the solvent solubility

parameter and reduced density (Equation [63]) into Equation [7.2].

5M = (1 ' (be) _.____(p°AaA1/2) PRA + ¢a(_—p°B881/2) PR8 I7-4I

mA m8

This expression indicates that if the interactions between individual solvents is

independent, the solubility parameter of the mixed mobile phase is expected to

increase with the reduced density of components A (pm) and B (pRB). The effect

of the density on retention is compounded by the influence of solvent composition

on the mobile-phase viscosity and, thus, the reduced density. Unfortunately, the

viscosity of mixed solvent systems often cannot be theoretically predicted (14)

and must be measured experimentally. The effect of this change in viscosity on

the pressure and reduced density can then be calculated based on Darcy's law

(Equation 5.1) and the Tait equation of state (Equation 5.7) as described in

Chapter 5. Thus, the solubility parameter of the binary mobile phase is expected
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to vary with the volume fraction of B (cps) due to changes in the pressure/density

with composition as well as the change in chemical environment.

7.3 Experimental Methods

Analytical Methodology. Saturated fatty acid standards from n-Cm, to n-C15,0

are derivatized with 4-bromomethyl-7-methoxycoumarin as described in Chapter

4. Mixed standards are dissolved in acetone and injected at concentrations of 5

x 10*i M. lsocratic mobile-phase solvents of 90.0%, 92.5%, 95.0%, 97.5% and

100% v/v methanol/water are prepared from stock mixtures of 90.0%

methanol/water and pure methanol.

Chromatographic System. The chromatographic system is identical to that

described in Chapter 4 and illustrated in Figure 2-1. The column utilized for this

study is also identical to that specified in Chapter 4. The mobile-phase

composition is systematically varied from 90.0 to 100% methanol/water under

isocratic conditions. A dual-syringe pump (Applied Biosystems, MPLC) operated

in the constant-flow mode is utilized to deliver the mobile phase at slightly greater

than the optimum flowrate (F = 0.70 pL/min; 0.080 cm/s). Under isocratic

conditions, this flowrate resulted in an inlet pressures of 256 bar for 100%, 272

bar for 97.5%, 340 bar for 95.0%, 360 bar for 92.5%, and 375 bar for 90.0%

methanol/water mobile phases.

Detection System. The optical detection conditions are identical to those

described in Chapter 2. Two detectors are positioned at approximately 30 and

90 cm along the 100 cm length of column. Data acquisition is accomplished

under computer control at 1 Hz with a 0.1 s time constant.
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7.4 Results and Discussion

in preliminary investigations examining the influence of solvent

composition on solute retention, coumarin-derivatized fatty acids from n-Cm, to

n-C152° are evaluated under isocratic conditions. With detectors positioned at

approximately 30 and 90 cm along a 100-cm packed-capillary column, capacity

factors are measured for mobile-phase compositions ranging from 90.0% to

100% methanol/water. As shown in Figure 7-1, solutes appear to be well

behaved under all mobile-phase conditions, exhibiting the expected logarithmic

relationship between capacity factor and carbon number at both detector

positions and as the local capacity factor between detectors. In addition,

experimental measurements also show the decrease in k predicted with

increasing methanol composition (Equation 7.3). However, the magnitude of

solute capacity factors measured at 30 cm from the column inlet (Figure 7-1; top)

appear to be greater than those measured at 90 cm (Figure 7-1; middle), with the

dual detector measurements being the lowest (Figure 7-1; bottom). The slope of

log k versus carbon number also exhibits a small but systematic decrease with

distance along the column. This apparent decrease in k with distance is

illustrated more clearly in Table 7.1 where retention in 90.0 and 100%

methanol/water solvents are compared. A systematic decrease in solute

capacity factor is seen from 30 to 90 cm along the column for both solvent

systems. This appears to be a direct result of the difference in the average

pressure/density encountered by the solutes, as described in detail in Chapter 6.

As seen in Table 7.1, the difference in average pressure between detectors is

substantial for 90.0% methanol/water and is appreciably less when a pure

methanol mobile phase is employed. This difference in pressure between

detectors results in a larger decrease in k with distance for the mobile phase with







Figure 7—1:
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Solute retention with carbon number measured in the single mode

at 30 cm (top) and 90 cm (middle) along the_ column, togetherwrth

the dual-mode measurement bottom . Mobile-phase composrtion.

90.0% v/v (v), 92.5% (9 ), 95.0% (A), 97.5% (I), and 100 °/o (O)

methanol/water
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Figure 7-1
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Table 7.1: Single-mode measurements of capacity factor for 90.0%

methanol/water and pure methanol mobile phases with distance.

 

CAPACITY FACTOR (k)

 

 

90%,METHANOL/WATER METHANOL .

L =30 cm 90 cm 30 cm 90cm

SOLUTE PAW-5:313 bar 201 bar Ak/k 210 bar 137 bar Ak/k

n-Cw.0 2.60 2.31 -11.2% 0.520 0.507 -2.5%

n—C":0 3.64 3.22 -1 1 .5% 0.659 0.642 -2.6%

n-Cm0 5.06 4.49 -11.3% 0.832 0.809 -2.8%

n-Cmo 7.05 6.24 -11.5% 1.05 1.02 -3.1%

n-CM;0 9.80 8.66 -11.6% 1.31 1.27 -3.0%

no,” 13.6 12.1 -1 1.0% 1.65 1.58 -4.2%
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higher water content. In addition to the pressure difference, however, the

absolute magnitude of the pressure/density is greater for mixtures containing

water, leading to a larger change in k for an equivalent pressure difference.

Thus, under identical flowrate conditions, the capacity factor gradient along the

column is expected to be greater for mobile-phase compositions containing

water.

Measurements of capacity factor with mobile-phase composition are

shown in Figure 7-2. Retention for all solutes follows the general trend in In k

versus volume fraction methanol (¢METHANOL) predicted using Equation 7.3, with

the quadratic regression line shown for each solute. The coefficients determined

as a function of position are shown in Table 7.2. Although the regression

analysis appears successful based on Figure 72 standard errors in the

measured coefficients range from approximately 400% for c1 to 100% for ca. In

addition, negative values are determined for 01 (Table 7.2), which are not

possible based on strict solubility parameter theory (Equation 7.3). This latter

result indicates that the interaction of methanol with water in the mixed mobile

phase is sufficient to yield erroneous predictions of retention behavior.

Unfortunately, the combination of these two factors does not allow meaningful

comparison of theoretical predictions to experimental measurements. Thus,

although qualitative evaluation of both theory and experiment clearly indicate that

changes in solvent composition produce an additional dependence of capacity

factor on the variation in local pressure/density, quantititative comparison is not

possible.

 





 



 

Figure 7-2:
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Experimental measurement of the logarithm of the capacity factor

(k) versus the volume fraction of methanol ((METHANOL) evaluated at

30 cm (top) and 90 cm (middle) in the single mode, and as the dual

mode (bottom). Average pressure determined from the

experimental inlet pressure is listed for each mobile-phase

composition at the top of each plot. Solutes: n-Cm, (O I. n'C11:0

(DI: "'C1zzo (A). ”013.0 (0), ”C1420 (VI: and "'Crsn (+)-
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Table 7.2: [gosnlstants determined by nonlinear regression analysis of Equation

 

 

c1 02 C3

SOLUTE L(cm) MEAS. MEAS. MEAS.

I'l-Cum 30 -3.0 :1: 13.9 -10.4 :I: 26.4 12.7 i 12.6

90 2.4:1: 12.3 -19.9i23.4 16.8:1: 11.1

dual 5.5 :I: 11.5 -25.3 :1: 21.9 19.2 21:10.4

mom, 30 -3.5 1: 14.8 -1o.4 :i: 28.1 13.5 1: 13.4

90 3.1 i12.7 -22.3 :I: 24.1 18.7 :I: 11.4

dual 7.2 i 11.6 -29.7 :1: 22.1 22.0 :I: 10.5

no,” 30 -4.5 :t 16.0 -9.7 i 30.4 13.9 i 14.4

90 2.7 i135 -22.6 i 25.6 19.6 i 12.1

dual 7.1 i121 -30.4 :I: 23.1 23.1 i' 10.9

n-Cm, 30 -5.3 :t 17.3 -9.2 :l: 32.9 14.5 i- 15.6

90 1.9 :I: 15.0 -22.0 :I: 28.4 20.1 21:13.5

dual 6.1 i 13.8 -29.5 :1: 26.2 23.4 :I: 12.4

no,“ 30 -5.9 :t 18.3 -9.2 1: 34.8 15.4 i 16.5

90 -0.69 $17.6 -18.2 i" 33.4 19.1 i 15.8

dual 2.2 i 17.5 -23.1 :1: 33.3 21.1 i' 15.8

n-C15;o 30 -7.2 i 19.5 -7.9 i 37.1 15.6 i 17.6

90 -2.4 i 20.7 -16.1 i 39.4 18.9 i 18.7

dual 0.40 :1: 22.3 -20.8 i 42.5 20.8 i 20.2
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7.5 Conclusions

Experimental measurements of solute retention as a function of solvent

composition are in qualitative agreement with theoretical predictions. In addition

to the chemical effect of altering the mobile-phase composition, variations in the

local pressure arising from differences in viscosity result in a physical influence

on solute retention as well. This local pressure effect yields a capacity factor

gradient along the column that is dependent on the composition of the mobile

phase, even under isocratic conditions. Thus, the behavior of solute capacity

factor under gradient conditions is expected to be even more complex, withTthe

composition and local pressure varying simultaneously on the column. These

preliminary results indicate that the variation in local solute retention along the

chromatographic column may be more complicated than previously considered,

and further investigations are clearly warranted.
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CHAPTER 8

THE INFLUENCE OF TRANSITIONS AT THE COLUMN INLET

AND EXIT ON RETENTION AND DISPERSION

8.1 Introduction

Thus far, retention and dispersion have been discussed exclusively in

terms of processes occuring on the chromatographic column. In practice,

however, the solute is introduced onto the column from a nonretentive injection

valve and is most commonly eluted from the column before detection. These

aanpt transitions may affect the measured chromatographic performance,

leading to misinterpretation of the fundamental mechanisms of separation

occurring on the column itself.

In simplified chromatographic theory, separations are generally modeled

as an equilibrium process. In reality, however, the transfer of solute molecules

between the mobile and stationary phases is rarely instantaneous. Due to the

finite rate of exchange, solute molecules in the mobile phase will travel some

distance along the column before transfer occurs, while molecules in the

stationary phase are fixed. Consequently, the solute zone profile in the mobile
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phase is slightly in advance of that in the stationary phase. This discrepancy

results in broadening of the solute zone, due only to nonequilibrium processes

(1).

Although this phenomenon occurs throughout the column, it is expected to

reach an extreme at the entrance and exit of the chromatographic column, due to

the abrupt changes in solute retention in these transition regions. In the inlet

, region, the effective rate of solute transfer from mobile to stationary phase, which

is zero prior to the column, becomes a finite value upon entering the region

containing the stationary phase. Likewise, upon elution from the column, the

solute zone passes from a retentive region (on-column) into an open tube where

no stationary phase is present (off-column). In these transition regions.

substantial changes in solute velocity occur across the solute zone profile.

As the solute enters the column, the rate of movement of the front portion

decreases due to solute interaction with the stationary phase, while the rear

portion continues at the faster mobile-phase velocity. Thus, the solute zone

passes from a region where it Is nonretained (off-column) to a retentive region

(on-column) at a rate dictated not only by the mobile-phase linear velocity but

also by the solute capacity factor. This injection nonequilibrium is expected to

result in a decrease in the zone length variance and a concomitant increase in

solute concentration. In like manner, upon elution from the column, the front

portion of the solute zone increases to the mobile-phase velocity, while the rear

of the zone remains at the slower mean zone velocity. This elution

nonequilibrium is predicted to result in an increase in length variance and a

concomitant decrease in maximum concentration of the solute zone detected off-

column.

The extent to which these discontinuities in the physical and chemical

environment affect chromatographic performance has been much debated for
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both gas and liquid chromatography (2-11). Although methods of theoretical

treatment vary widely, it is generally agreed that the influence of these retention

discontinuities is dependent on the initial peak profile and the equilibration of

solutes between the mobile and stationary phases. Theoretical predictions of

solute behavior in the inlet region are further complicated because the solute

zone itself may affect the local environment, thus altering the local equilibrium

conditions (7). This condition may arise, for example, if the increase in the solute

concentration upon entering the column is sufficient to exceed the linear range of

the equilibrium isotherm (12). In this case, the shape of the zone profile could be

substantially altered, and the measured column efficiency adversely affected.

In this chapter, on-column detection is utilized to measure retention and

dispersion in the inlet and exit regions of the column. Although the theoretical

treatment of these two regions is directly analogous, experimental measurements

utilizing the on-column detection approach are somewhat different. At the

column inlet, five detectors are positioned along the packed bed with one

detector placed immediately prior to the head of the column. With this

experimental design, the solute retention and dispersion may be measured» as a

function of distance in the inlet region and the initial injection profile may be

monitored as well (13). For the inlet region studies, a pure methanol mobile

phase Is chosen to eliminate the selective partitioning of individual solvents into

the stationary phase which may occur with mixed solvent systems. This design

also allows the influence of the injection solvent composition to be systematically

evaluated. Mixtures of methanol/acetone and methanol/water are Chosen as

injection solvents for this study because of the wide range of solute retention

possible. In the elution study, two detectors are utilized with one positioned

before the frit and the other immediately after the column exit. By isolating this

exit region, the broadening of solute zones upon elution from the column may be
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measured directly (14). In addition, the influence of the mobile-phase linear

velocity, the mobile-phase composition, and a spatial temperature gradient at the

column exit are explored as well. For ease in discussion, studies of the inlet and

exit regions of the column are addressed separately in this chapter.

8.2 Theoretical Considerations: Inlet Region

Some insight into the possible magnitude of these abrupt transitions can

be gained by applying the nonequilibrium approach of Giddings (1 ). Although the

theoretical development is discussed here for injection onto the column, it will be

shown later that this approach is equally applicable to elution from the column.

For a solute zone migrating from an open tube to a point an infinitesimal distance

on-column, the time variance (072) off- and on-column may be assumed to be

equaL

(GTZIOFF = (GTZION [8111

Conversion to the length domain (01.2) is accomplished utilizing Equation [8.2],

of = 6T2 U2 = GT? [u/(1 + k)]2 [8.2]

where k is the solute capacity factor, and U and u are the mean zone velocity and

mobile-phase velocity, respectively. The off- and on-column length variance can

then be expressed by substituting this relationship into Equation [8.1].

(0L210N= (GLZIOFF (UON/UOFF)2 _—1..__ I8-3I

(1 + k)2
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Because the volumetric flowrate (F) is constant off- and on-column, the mobile-

phase velocities are related by

F = Ti ROFFZ UOFF = 7‘ RON2 UON ET [841

where R is the tube radius, and ET is the total porosity of the packed bed (on-

column), which is unity for an open tube (off-column). Thus, the corresponding

length variance on-column is given by the following expression:

1 1
8.5

8?“ + kINJI2 [ ]

(GLZION = (GLZIOFF (ROFF4/RON4)

According to this relationship, two distinct factors determine the Change in length

variance upon solute injection. Length dispersion arising from the increase or

decrease in solute zone volume is reflected in the radial and porosity terms.

More importantly, a substantial decrease in length variance on—column is

predicted as a function of the solute capacity factor in the injection solvent (kw)

due solely to this transition in zone velocity.

8.3 Experimental Methods: Inlet Region

Analytical Methodology. Saturated fatty acid standards are derivatized with 4-

bromomethyl-7-methoxycoumarin as described in Chapter 4. Standards are

injected individually at a concentration of 5 x 104i M in a variety of injection

solvents. The diffusion coefficient, estimated based on the Wilke-Chang

equation (15), is 3 x 10-5 cmZ/s for the n-Cm, fatty acid derivative in methanol.
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Chromatographic System. The chromatographic system is described in detail

in Chapter 2 and illustrated in Figure 2-1. As in Chapter 6, this study utilizes an

open-tubular capillary (0.0050 cm I.d., 25.7 cm length) extending from the injector

to 0.1 cm before the packing material to transfer the injected plug to the head of

the column. Connection in this manner provides the minimum band broadening,

while simultaneously allowing a detector to be placed on the open tube

immediately prior to the packed bed.

The microcolumn utilized for the inlet studies is fabricated using a fused-

silica capillary (0.020 cm i.d., 43.9 cm length), from which the polyimide coating

has been carefully removed to facilitate on-column detection. The resulting

column, prepared as described in Chapter 2, has a plate height of 9.5 pm, a total

porosity of 0.43, and a flow resistance parameter of 550 under standard test

conditions (16,17). In all inlet region measurements, the methanol mobile phase

is operated at slightly greater than the optimum velocity (F = 0.57 uL/min; u =

0.070 cm/s) resulting in an inlet pressure of approximately 1600 psi. The split

ratio is 1:100 for this study resulting in an injection volume (V,NJ) of 9.8 nL.

Under the experimental conditions utilized in this study, most of the extra-

column variance is expected to arise from the injection process, with 14% from

the injection volume and 62% from the connecting tube. Only 24% of the total

extra-column contribution is predicted from detector sources, with 23% from the

viewed volume and less than 1% from the time constant (vide infra).

Detection System. The optical detection conditions are identical to those

described in Chapter 2. As shown in Figure 6-1, however, six matched detector

blocks are positioned along the column with optical fibers from alternate blocks

connected to each detection system. If solutes are injected individually, this

arrangement allows multiple detection points with only two
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monochromator/photomultiplier detection systems. The first detector block is

positioned on the open tube 0.4 cm before the packed bed, while the remaining

five detectors are placed on the packed bed at 4.9, 10.4, 15.5, 20.9, and 26.2 cm

from the column head. The maximum viewed volumes in this case are 1.8 nL off-

column and 12 nL on-column. Data acquisition is accomplished under computer

control at 5 Hz with a 0.06 s time constant.

8.4 Results and Discussion: Inlet Region

Retention of Solute Zones. In most theoretical approaches to chromatographic

separations, equilibration of the solute zone with the stationary phase is assumed

to occur instantaneously. Under chromatographic conditions when this is true,

and if solute-solvent and solute-stationary phase interactions are not affected by

the local pressure, retention in the inlet region of a liquid chromatographic column

is predicted to be constant with distance along the column (18). With the present

experimental design, it is possible to examine this theoretical prediction by

measuring the retention of solutes as they traverse the chromatographic column.

Methanol Injection Solvent. Experimental measurements of capacity

factor (k) with distance along the column using methanol as the injection solvent

are shown in Figure 8-1 for both single- and dual-mode determinations. The

solute capacity factor increases logarithmically with solute chain length, ranging

from 0.54 for n—Cm, to 4.95 for n-Czo:0 (Table 8.1). Contrary to theoretical

predictions, however, capacity factor values measured in the single mode (Figure

8-1, top) exhibit a small but systematic increase with distance travelled. This

increase in k of approximately 3% in the region from 4.9 to 26.2 cm along the

column appears to be independent of solute and is statistically significant at the

 







Figure 8-1 :
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Capacity factor versus distance along the column measured In

single- (top) and dual- (bottom) mode for derivatized fatty acrd

standards n-Cm, (O). n-C1220 (CI), n-Cmo (A), n-Qisn (0)3.”01820

(v), and n-Cm, (+). Chromatographic and detection condItIons as

described in Experimental Methods.
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Table 8.1: Capacity factors (ijJ) for derivatized fatty acid standards as a

function of solvent composition.

 

SOLUTES

SOLVENT "'C1o:o ”’C1zzo ”614:0 "”0160 ”'Crezo ”‘Czozo

 

 

90% methanol/acetone 0.44 0.68 1.06 1.62 2.48 3.66

95% methanol/acetone 0.47 0.74 1.16 1.80 2.77 4.19

methanol 0.54 0.85 1.34 2.09 3.23 4.95

95% methanol/water 1.20 2.20 3.80 6.80 12.5 21.0

90% methanol/water 2.60 5.10 9.90 19.0 37.0 72.0
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95% confidence level for an average precision in replicate measurements of

i0.5% relative standard deviation (rsd). Errors in the determination of to caused

by slight retention of the void marker could lead to this positive trend. If so, the

local capacity factor measured in the dual mode would also be expected to

exhibit the same trend. However, as seen in Figure 8-1 (bottom), the local

capacity factor remains constant with distance for all solutes within the average

precision of i0.6% rsd (with n-Cm, and n-Cm, exhibiting anomalously poor

precision at :4.4% and :1.5%, respectively). Based on these measurements, it

is possible that initial equilibration upon injection is not instantaneous, but does

occur well before the first detector (L = 4.9 cm). Because of this decreased

retention at the column inlet, all solutes exhibit single-mode capacity factor

values at the last detector (L = 26.2 cm) that are systematically 0.7% less than

local capacity factor values. Thus, a small systematic error may result if the

capacity factor measured at the column exit is assumed to represent the local

capacity factor on the column.

Variation in Injection Solvent. In this investigation, the composition of the

injection solvent is systematically varied and the retention behavior is, again,

evaluated as a function of distance along the column. The mixtures of

methanol/acetone and methanol/water (90% and 95% v/v), chosen as the

injection solvents for this study, yield a broad range of capacity factors (km) for

the derivatized fatty acids (Table 8.1). Even though the retention behavior in the

injection solvents varies markedly, no discernable variation is seen in the

resulting capacity factors measured on the column. As shown in Figure 8-2, the

retention measured at 26.2 cm along the column is unaffected by the composition

of the injection solvent, and is in agreement with the theoretically predicted

relationship between capacity factor and carbon number. Moreover, single

detector measurements in all injection solvents exhibit the identical increase in

 







Figure 8-2:

194

Effect of the injection solvent composition on the single-mode

measurements of capacity factor at L = 26.2 cm. Injection solvent:

90% v/v methanol/acetone (v), 95% vlv methanol/acetone (O ).

methanol ( A ), 95% v/v methanol/water ( [j ), 90% vlv

methanol/water (Q).
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capacity factor with distance seen for injections in methanol (Figure 81). Dual-

detector measurements are also similar to injections in the methanol mobile

phase, and are constant with distance along the column regardless of the

injection solvent composition. Thus, the injection solvent has no significant

effect, either temporary or persistent, on the retention behavior of these model

solutes under ideal experimental conditions.

Dispersion of Solute Zones. Systematic evaluation of the dispersion or

broadening of solute zones is also essential to understanding the factors

affecting chromatographic performance. Although the plate height is generally

assumed to be constant along the column length, extra-column and

nonequilibrium effects occurring upon injection may lead to unexpected behavior

in the column inlet region. To evaluate the effect of the injection process on zone

dispersion, the variance and plate height of solute zones with distance along the

column are determined from data in the same set described above. Because the

dispersion of solute zones in the inlet region is a complex phenomenon, it is

instructive first to estimate the influence of extra-column dispersion, then to

predict the effect of the transition onto the chromatographic column. Finally,

single- and dual-detector measurements of the plate height with distance along

the column may be evaluated. As in the study of retention, initial investigations

focus on the methanol mobile phase as the injection solvent, while later studies

explore the effect of the injection solvent composition.

Predicted Extra-Column Effects. Plate height measurements performed at

a single detector include dispersion contributidns from extra-column as well as

column sources. In experimental determinations, these sources of dispersion

arising outside the column may have a substantial influence on the accurate

measurement of the column plate height (19). Unfortunately, plate height
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measurements near the column inlet, where the solute zone has only travelled

short distances on the column, may be dominated by extra-column sources of

dispersion. Forthis reason, it is informative to predict the extra-column influence

expected under the experimental conditions of this study. This detrimental

influence may be estimated from the fractional increase in the column variance

caused by known extra-column sources of variance (20). Under ideal conditions,

the fractional increase in the variance (62) is described by Equations [1 .34] and

[1.35]. The resulting fraction 02, calculated for the experimental conditions in this

study, is shown in Figure 8-3A as a function of distance, for an assumed column

plate height (HCOL) of 9.5 um. As expected, the extra-column influence is

greatest at small distances and decreases as the solute zone is further

broadened by the column. A substantial decrease in 62 is also seen as the solute

capacity factor increases, effectively increasing the volumetric variance

contributed by the column. Thus, for ideal conditions, extra—column dispersion is

predicted to affect not only the magnitude of the measured plate height, but the

dependence of H on distance and capacity factor as well.

These estimates presuming best-case conditions (Equations [1.37] to

[139]) are often the only indication of the expected magnitude of extra-column

effects. In the present experimental design, a more realistic estimate of 62 may

be determined from the variance of the injected profile measured immediately

prior to the column (L = -0.4 cm). This in situ measurement allows a more

accurate measure of the largest sources of extra-column variance, those

contributed upon injection and flow through connecting tubing. With the

methanol mobile phase as the injection solvent, this initial profile is approximately

symmetric with an average time variance (0T2) of 4.30 i 0.32 32 (n = 12). As

shown in Figure 8-3B, the 02 value calculated from the measured

injection/connection variance indicates that the extra-column variance is

 





Figure 8-3: Fractional increase (02) in the column variance caused by extra-

column sources under (A) ideal conditions and for (B) methanol

injection solvent. Chromatographic and detection conditions as

described in Experimental Methods and solutes as shown in Figure

8-1.

 





 

199

Figure 8-3
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substantially greater than first estimated based on ideal injection and

hydrodynamic conditions (Figure 8-3). In fact, the extra-column contributions

maybe as much as twice the column variance measured at the first detector.

Variation in the injection solvent is ideally expected to have no effect on

the fractional increase in the column variance (62). However, measurements

immediately prior to the column indicate a systematic change in the variance

contributed by injection/connection sources with injection solvent. When 90%

and 95% v/v methanol/acetone injection solvents are utilized, the measured time

variances are statistically equivalent (4.68 i 0.16 32 (n = 25)) and slightly greater

than measured for methanol injections. In contrast, the measured time variances

for 90% and 95% v/v methanol/water (2.72 i 0.22 52 (n = 9) and 3.58 i 0.37 32 (n

= 12), respectively) are substantially less than for injections in methanol. The

fractional increase in the column variance (62) calculated based on these

unexpected results is shown in Figure 8-4. A substantial decrease in 02 is seen

for the injection solvents containing water, solely due to this systematic decrease

in the injection/connection extra-column contributions to dispersion. The origin of

this decrease in injection/connection variance remains unclear, but may be due

to changes in the physical properties of the solvent (viscosity, surface tension,

diffusion coefficient, etc.) that influence hydrodynamic flow. Thus, not only is the

magnitude of 02 substantially greater than expected based on ideal conditions,

but the composition of the injection solvent also has a direct influence on the

extra-column variance. Since neither of these trends is predicted theoretically,

evaluation of extra-column dispersion based on Figure 8-3A would have greatly

underestimated these detrimental effects.

Off- to On-Co/umn Transition. The transition of the solute zone onto the

chromatographic column is often assumed to have little effect on the measured

plate height. However, in traveling from a nonretentive open tube to a retentive
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Figure 8-4:
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Effect of the injection solvent compositions on the fractional

increase (02) in the column variance caused by extra-column

sources. Injection solvents: (A) 90% v/v methanol/acetone, (B)

95% v/v methanol/acetone, (C) 95% v/v methanol/water, (D) 90%

v/v methanol/water. Chromatographic and detection conditions as

ge1scribed in Experimental Methods and solutes as shown in Figure
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Figure 8-4
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packed bed, the solute zone undergoes an abrupt change in capacity factor. As

described by Equation [8.3], the length variance of the zone on the column is a

function of the mobile-phase linear velocity and the solute capacity factor. In this

transition, the capacity factor in the injection solvent (kmj) is identical to that in the

mobile phase (kMp) when samples are dissolved in the methanol mobile phase.

This expression is further simplified in Equation [8.5] in terms of the column

radius and porosity. Thus, based on only a few experimental parameters, the

change in the zone length variance caused by this abrupt transition may be

predicted.

Experimental measurement of this phenomenon is accomplished by

calculating the ratio of the on-column length variance, extrapolated to zero

distance, to that measured off column ((oL2)0N/(oL2)OFF). As shown In Figure 8-5

for the methanol injection solvent, there is excellent agreement between the

measured length variance ratios and those predicted using Equation [8.5]. This

decrease in the length variance of the solute zone at the column inlet effectively

decreases the resulting volume injected onto the column as a function of the

solute capacity factor, thus reducing the detrimental effects of extra-column

dispersion.

Further studies of the decrease in extra-column variance are

accomplished by altering the composition of the injection solvent. As seen in

Equation [8.5] and later in Equation [8.6], the extra-column variance is expected

to decrease markedly with the solute capacity factor in the injection solvent (kw).

For highly retained solutes (large kMp), the influence of the injection solvent is

expected to be minor. In contrast, solutes that are only slightly retained (small

kMp) are more affected by extra-column variance and, thus, are predicted to

exhibit a substantial decrease in these detrimental effects. Experimental

measurement of the length variance ratios for the least retained solute, nszo,
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Figure 8-5: Measured ratio of the length variance on-column, (0.3),»). to that

immediately prior to the packed bed, (6L2)OFF for methanol Injection

solvent: Theoretical prediction (—), Experimental measurement

(0). Chromatographic and detection condItIons as descnbed In

Experimental Methods.
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as a function of injection solvent are shown in Table 8.2. As predicted, when the

injection solvent is stronger than the methanol mobile phase (ka < km), the

measured length variance ratio and plate height are both greater than for the

pure methanol injection solvent. Under these conditions, the solute zone is

expanded upon entering the column and the extra-column variance caused by

the injection is actually more detrimental. Alternately, when the n-Cm.o fatty acid

is injected in solvents that are weaker than methanol (ijJ > km), a substantial

decrease in the length variance ratio and measured plate height is clearly seen.

Contrary to common misconceptions (21), this decrease in the extra-column

variance does not require a large change in injection solvent composition to

realize a notable improvement in the measured plate height, even at a distance

of 26.2 cm along the column.

Plate Height Measurements. In most theoretical derivations of dispersion

processes in liquid Chromatography, plate height is predicted to be independent

of distance along the column (22-24). As noted above, however, single-mode

measurements of plate height are strongly influenced by extra—column sources of

variance and, therefore, are expected to exhibit some dependence on distance.

In contrast, dual-mode measurements are expected to be in agreement with

theoretical predictions, because extra-column contributions to the variance have

been effectively eliminated. In addition to the effect of the injection process itself,

the influence of the injection solvent composition on both these measurements

can be systematically evaluated.

Prediction of the extra-column influence on the measured plate height

(HMEAS) may be accomplished utilizing Equation [1.36]. By assuming the

variance contribution from injection volume of a Gaussian band immediately prior

to the column ([6nROFF2(oL)OFF]2/36) instead of the more ideal plug injection

(VINJ2/12), the magnitude of the extra-column influence can be more accurately
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Table 8.2: Effect of injection solvent composition on the measured length

variance ratio and plate height forthe n-Cm, derivative.

 

 

 

INJECTION SOLVENT k,NJ (OLZION PLATE HEIGHT (um)

(6L2)OFF single mode (L=26.2 cm)

90% methanol/acetone 0.44 0.010 14.6

95% methanol/acetone 0.47 0.0099 13.9

methanol 0.54 0.0086 13.5

95% methanol/water 1.20 0.0045 11.9

90% methanol/water 2.60 0.0022 9.0
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estimated. If this injection volume resulting from injection/connection dispersion

processes is the primary source of extra—column variance, combining Equation

[1.36] with Equations [1.35] and [1.37] results in the following expression for the

plate height measured at a single detector (HMEAS).

 (57iF1OFI=2(<SI_)or=FI2 UON2 ] [8.6]
H EAS = H 0L [ 1 +

M c 35 (1+kINJ)2 (1+kMPI2 L F2 HCOL

Based on Equation [8.6], it is clearly expected that the solute capacity factors in

the mobile phase (kMp) and in the injection solvent (kw) have a substantial

influence on the measured plate height. When methanol is employed as the

injection solvent, the extra-column contribution is predicted to be inversely

proportional to (1 +kMp)4. Moreover, when extra-column effects are predominant,

the measured plate height is expected to depend inversely on the distance

travelled (L).

Experimental results of initial studies utilizing methanol as the injection

solvent are shown in Figure 8-6. As expected, extra-column effects dominate the

single-mode measurements (Figure 8-6, top) and lead to the inverse relationship

between measured plate height and distance predicted in Equation [8.8].

However, the detrimental effects of extra-column variance decrease markedly

with capacity factor, as predicted from the 1/(1+kMp)4 dependence (Equation

[86]). Unfortunately, even at a distance of 26.2 cm along the column, the

capacity factor dependence is reversed from that expected if resistance to mass

transfer in the mobile phase is limiting solute dispersion. In contrast to the single-

mode measurements, however, the local plate height (dual mode) is in good

agreement with chromatographic theory (Figure 8-6, bottom), exhibiting no

discernable variation with distance along the column (25). In addition, the local

plate height measurements exhibit the general capacity factor trend predicted for
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Figure 8-6: Plate height versus distance along the column for single- (top) and

dual- (bottom) mode determinations. Injection solvent: methanol.

Chromatographic and detection conditions as described In

Experimental Methods and solutes as shown in Figure 8-1.
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conditions where mass transfer processes in the mobile phase are limiting the

column plate height.

In further studies, plate height is measured under conditions of varying

injection solvent composition. Experimental measurements of plate height

versus distance, shown in Figure 8-7, clearly demonstrate a decrease in the

single-mode measurements with injection solvent. As expected based on

Equation [8.6], the effect is most profound for the least retained solutes, resulting

in a measured plate height for n-Cm, at 4.9 cm along the column of 40.59 i 0.12

pm using 90% v/v methanol/acetone and 12.71 i 1.37 pm using 90% v/v

methanol/water. The influence of this decrease in the extra-column variance on

the determination of the true column dispersion becomes apparent for injection in

90% v/v methanol/water (Figure 8-7D). At short distances, the measured plate

height is dominated by the extra-column variance and decreases with increasing

capacity factor. As the distance increases, the column variance becomes most

prevalent, and the trend with capacity factor is reversed. Thus, injection solvent

appears to play an important but routinely neglected role in the evaluation of

fundamental parameters controlling solute zone dispersion.

In contrast to single-mode measurements of plate height (Figure 8-7),

dual-mode determinations shown in Figure 8-8 exhibit little change with distance

along the column. Moreover, these local plate height measurements show no

discernable variation with the injection solvent composition. These results

indicate that if the decrease in the length variance does not occur entirely within

the transition region, it is certainly completed by a distance of 4.9 cm along the

column and is independent of the relatively small changes in solvent composition

studied here. In addition, the trend in the local plate height with capacity factor is

no longer dominated by extra-column effects and exhibits the general trend

predicted for mobile-phase mass transfer processes. These preliminary studies







 

Figure 8-7:
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Effect of injection solvent on single-mode measurements of plate

height. Injection solvents: (A) 90% v/v methanol/acetone, (B) 95%

v/v methanol/acetone, (C) 95% v/v methanol/water, (D) 90% W

methanol/water. Chromatographic and detection conditions as

described in Experimental Methods and solutes as shown in Figure

 



 

P
L
A
T
E

H
E
I
G
H
T

(
p
m
)

 

 

 

 

 

 

 

 

213

Figure 8-7
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Figure 8-8:
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Effect of injection solvent on dual-mode measurements of plate

height. Injection solvents: (A) 90% v/v methanol/acetone, (B) 95%

vlv methanol/acetone, (C) 95% v/v methanol/water, (D) 90% W

methanol/water. Chromatographic and detection conditions as

gescribed in Experimental Methods and solutes as shown in Figure

-1.
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Figure 8-8

 

40

D
“

 

 

0
.
1
0

0
0
.
4

 

 

0
(
-

.
0 D
.

 

 

W
4

0
.

m

  
DISTANCE (cm)

 





216

indicate that the nonequilibrium condition created by the injection process does

not extend a substantial distance onto the column. Surprisingly, this result is also

true when small variations in the injection solvent composition are utilized to

produce large variations in the injection solvent capacity factor.

Both the accuracy and precision are important in evaluating the measured

(HMEAS) and column (HCOL) plate height. While single-mode measurements are

reasonably precise with a standard deviation in the plate height pooled over

distance (SPOOLED) of i050 um, extra-column processes directly affect the

measurement accuracy by systematically increasing the measured plate height.

In contrast, the dual-mode technique effectively eliminates extra-column effects

and is quite accurate (26), but the precision (SPOOLED = :1.1 pm) suffers from the

difficulties inherent in any difference measurement. Although these standard

deviation values appear to be quite similar, the relative precision of these two

techniques differs markedly. The precision of single-mode measurements

ranges from approximately 1.5 to 4.5% rsd, with a dual-mode precision of

approximately 12% rsd. The relative precision of plate height appears to be

independent of injection solvent composition. Although these values are well

within the expected precision for statistical moment calculations (27), further

studies will be necessary to determine the exact origin of the variability.

Injection in Pure Solvents. Until now, this discussion has focused on relatively

small changes in the composition of the injection solvent. In practice, however,

pure solvents other than the mobile phase are often utilized to dissolve the

solutes of interest. The perturbation upon injection, in this case, is expected to

be extreme and the behavior of the solute zone under these conditions is difficult

to predict (28,29). In these preliminary investigations, the retention and
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dispersion of a single solute injected in several common organic solvents

(acetonitrile, acetone, 2-propanol, and tetrahydrofuran) is evaluated.

The unexpected effect of these pure solvents on chromatographic

behavior is clearly illustrated in the chromatograms in Figure 8-9. In this figure,

the response of detectors positioned 0.4 cm prior to the column is shown along

with detectors at 10.4 cm and 20.9 cm along the column. A single solute (n-C,o:o)

is utilized throughout this study to insure solubility in all injection solvents. The

detector response shown is well within the linear dynamic range of the system,

and changes with injection solvent can be directly compared at a given detector

position. However, the measured photocurrent between detectors is not directly

comparable due to the difficulties in matching excitation intensities.

Illustration of the detector response in this manner allows direct

observation of the Chromatographic development as the solute traverses the

column. Although only nszo and a small amount of nonretained solute are

injected, it is clear that the development of the zone profile differs greatly with the

composition of the injection solvent. Injection in methanol and acetonitrile results

in well-behaved and symmetric profiles, while zone profiles in the stronger

injection solvents exhibit varying degrees of asymmetry. Although exaggeration

of any asymmetry in the zone profile present at the first detector is predicted for

the strong solvents, the unusual peak shapes seen for injection in 2—propanol and

in tetrahydrofuran are not expected. In addition, the zone profile for n-Cw.0 in

acetone and 2-propanol is clearly broadened as expected, while the nonretained

zone is sharpened considerably. As in the previous studies, further

characterization of these anomalies is accomplished by quantitatively evaluating

the retention and dispersion of the zone profiles with distance along the column.

Solute Zone Retention. In contrast to the small changes in solvent

composition shown earlier, under these extreme conditions, single-mode
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Figure 8-9: Development of chromatogram of derivatized fatty acid standard, n-

Cmo, injected in pure organic injection solvents. Detector posrtions

at 0.4 cm before the column (L = -o,4 cm) as well as 10_4 cm and

20.9 cm along the column. Other chromatographic and detection

conditions as described in Experimental Methods.

 



219

Figure 8-9
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measurements of retention are influenced substantially by the injection solvent.

Not only are the retention times affected, as might be expected, but the void time

of the nonretained solute as well. Injections in acetone exhibit the largest

deviation In retention time (M1) at -1.1% compared with injections in methanol,

with injections in acetonitrile and in 2-propanol showing a deviation of only 03%.

Negative deviations in the void time (to) are also measured, with injections In

acetone and 2—propanol resulting in larger variations (-1.5%) than acetonitrile

injections (-1.0%). These factors combine to yield substantial deviations in

capacity factor with distance along the column, as shown in Figure 8-10. While

injection In methanol exhibits approximately a +3°/o increase In capacity factor

from 4.9 to 26.2 cm along the column, all other solvents produce variations of

+8.5% to +95%. This apparent increase in nonequilibrium at the entrance to the

column is unsurprising based on these large changes in solvent strength.

Injections In tetrahydrofuran have not been included in the above discussion due

to the anomalous peak splitting shown In Figure 8-9.

Solute Zone Dispersion. Initial comparison of detector response pre-

column (Figure 8-9; L = -0.4 cm) reveals a systematic variation in both the

Intensity and width of solute zones with Injection solvent composition. Changes

In peak height at this first detector position are difficult to compare directly due to

alterations in the variance of the solute zone, coupled with differences in the

fluorescence quantum yield with injection solvent. As seen previously, the

magnitude of the time variance of the Injection profile measured immediately prior

to the packed bed is quite solvent specific, with all solvents except

tetrahydrofuran exhibiting variance values greater than for methanol injections.

Injection in acetonitrile yields a zone variance of 5.58 i- 0.14 52, while variance

values for Injections in both acetone and 2-propanol are the greatest at 6.55 i

0.15 52. This latter result is surprising if hydrodynamic flow upon split Injection is

I
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Figure 8-10: Measured capacity factor versus distance along the column for

Injection of n-szo in pure organic solvents: 2-propanol .( () );

acetone ([3); methanol (0); acetonitrile (A). Chromatographic and

detection conditions as described in Experimental Methods.
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Figure 8-10
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the major cause of extra-column variance, because the viscosity for acetone and

2-propanol vary substantially (n = 0.36 and 2.4 cP, respectively). These changes

in the variance of the injected zone are not presently predictable and are under

Investigation. Nevertheless, as seen previously, injection solvent composition

does Indeed have a large effect on the profile of the injected zone and, thus, the

plate height measured on the column.

The transition onto the column is also affected by these extreme changes

In solvent composition. On- to off-column length variance ratios shown In Table

8.3 appear to be in qualitative agreement with Equation [8.5], exhibiting the

expected Increase with solvent strength. However, the maximum value for the

length variance ratio predicted from Equation [8.5] is 0.021 for a nonretained

solute (kmJ = 0), which is exceeded when acetone, 2-propanol, tetrahydrofuran

are utilized as injection solvents. Clearly a discrete change in zone velocity In the

transition region does not account for the magnitude of the variance ratios under

these extreme conditions.

Rigorous evaluation of this effect will require systematic monitoring of the

injection solvent zone as well as the solute profile. It Is possible that the profile of

the Injection solvent is altered markedly upon injection onto the packed bed.

Furthermore, these pure injection solvents may modify not only the strength of

the mobile phase, but that of the stationary phase as well. Injection In a solvent

with a substantially different composition from the mobile phase may create both

mobile- and stationary-phase gradients in the Inlet region of the column. In

addition, temperature gradients induced by mixing of these pure solvents with the

mobile phase may cause large variations in physical properties (e.g., solubility,

viscosity, surface tension, diffusion coefficient) across the solute zone. Further

investigations will be necessary to understand the complex Interactions present

upon such drastic changes In the Injection solvent composition.
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Table 8.3: Effect of pure injection solvents on the measured length variance

ratio and plate height forthe n-Cm derivative.

 

 

 

INJECTION SOLVENT (“LZION PLATE HEIGHT (um)

(0L2)OFF single mode (L=26.2 cm)

tetrahydrofuran 0.255 255

2-propanol 0.065 59.0

acetone 0.045 44.6

methanol 0.0086 13.5

acetonitrile 0.0068 12.8
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8.5 Theoretical Considerations: Exit Region

A further discontinuity in physical and chemical properties is encountered

by the solute zone at the column exit. Although the transition in this region is

exactly opposite to that upon Injection, the theoretical description of the length

dispersion of solute zones upon elution Is directly analogous (Section 8.2).

Because the zone is passing from a retentive packed bed to a nonretentive open

tube, the length variance expression may also be derived from Equations [8.2],

[8.3], and [8.4] and is similar to Equation [8.5] for the injection process. The

resulting length variance upon elution, (0L2)OFF is given by

(OLZIOFF = (6L2ION (RON4/ROFF‘I 8T2 (1 +102 [87}

Again, the solute zone Is affected by the change in structural parameters (R and

ET) as well as the solute retention (k). From this relationship, elution from the

chromatographic column is expected to broaden the solute zone In length as a

function of the solute capacity factor.

The increase in length variance upon elution will result in a concomitant

decrease in concentration, directly influencing the minimum detectable

concentration off-column. The effect of this Increase In length variance on solute

concentration (C) can be derived assuming a Gaussian zone profile, where

C: 1 exp - 1_ 0“”) 2 [83}

CL (21:)1/2 2 0L

 

In this normalized form, x represents the length displacement along the column

with a zone center at it. At the concentration maximum of the zone (x = Ii). the

ratio of concentrations off- and on-column is given by

COFF = (OLION [8.9]

CON (GLIOFF
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Direct substitution of Equation [8.7] yields an expression for maximum

concentrations present on and off the chromatographic column.

COFF = ROFF2 1 1 [8.10]

CON RON2 _8T (1 +kI

 

Thus, an increase In off—column variance yields a concomitant decrease In

concentration due solely to this transition region.

These theoretical predictions are shown schematically In Figure 8-11,

which illustrates the movement and dispersion of solute zones along an open-

tubular column of length L. In this pictorial representation, the zone variance on-

column was calculated to increase with capacity factor according to Golay theory

(30),

(SL2 = 2DM + (1+6k+11k2)R2u

u 24(1+k)2 DM

HCOL _ [8.11] 

normalized to a nonretained solute. The off-column variance was subsequently

determined utilizing Equation [8.9] for an open-tubular column with no change In

radius. During the transition from on- to off-column, the nonretained solute

exhibits no change in velocity or zone characteristics, whereas the retained

solutes are substantially affected. For a solute with a capacity factor of ten, the

length variance is predicted to increase more than one hundred-fold while the

concentration at the zone maximum is decreased more than ten-fold. This

diagram clearly indicates the detrimental influence of this transition region on

solute detectability. Furthermore, this effect appears to be a substantial

contribution to the commonly termed "general elution problem" in

chromatographic separations.
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Figure 8-11: Illustration of the predicted influence of elution nonequilibrium on

solute length variance (OE) and concentration (C) as a function of

capacity factor (k).
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Figure 8-1 1
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8.6 Experimental Methods: Exit Region

Analytical Methodology. A mixed standard of n-Cm, to n-CZO,o fatty acids

derivatized with 4-bromomethyl-7-methoxycoumarin Is injected at a concentration

of 1 x 10-3 M in acetone.

Chromatographic System. Similar to the Inlet study, a single microcolumn is

utilized to examine the exit region. The column is prepared as described in

Chapter 2, with a porous teflon frit (31) and 30 cm length of 0.0050 cm I.d.

capillary used to terminate this 86 cm length of 0.0200 cm I.d. column. Packed

with a methanol slurry under moderate pressure (305 bar; 4500 psi), the resulting

microcolumn has a plate height of 10.5 pm, a total porosity of 0.43, and a

separation impedance of 380. Throughout this study the mobile phase is

operated under flow control (F = 0.60 LIL/min) at a linear velocity of 0.070 cm/s,

and concomitant inlet pressure of 180 bar. The split ratio remains constant at

1:110, yielding an injection volume of 9.1 nL.

Detection System. As shown in Figure 8-12, the detection configuration for the

elution study is quite similar to that described in Chapter 2. In this study,

however, one detector is positioned on-column, 2.9 cm before the frit, while the

second detector resides off-column, 2.3 cm after the column exit. The maximum

viewed volumes for the elution study are 12 nL and 1.8 nL, on- and Off-column

respectively. Data acquisition is accomplished under computer control at 2 Hz

with a 0.1 s time constant.

Temperature Controller. For the final portion of this study, the temperature in

the exit region of the column is systematically varied. A schematic diagram of the
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Figure 8-12: Schematic diagram of on-column detection _in exrt region. I =

injection valve, T = splitting tee, R = restricting capillary. FOP =

fiber optic positioner, L = lens, F = filter, M = monochromator, PMT

= photomultiplier tube, AMP = current-to-voltage converter and

amplifier, REC = recorder/computer.
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heater system in the column exit region is shown In Figure 8-13. Temperature is

maintained by coupling a 40 W temperature controller (Omega, Model CN9000)

and a 100-Q potentiometer, with a 4 cm length of ceramic tubing (0.0635 cm i.d.,

0.236 o.d.; Scientific Instruments Services). The capillary column is Inserted Into

the ceramic tubing and silver conductive paint (GC Electronics) Is utilized to

ensure contact between the ceramic tube and the microcolumn. The

temperature is monitored inside the ceramic tube with three chromel-alumel

thermocouples (0.0254 cm o.d.) positioned along the tubing length. When the

ceramic tube Is insulated with ceramic tape (Scientific Instruments Services), the

stability of this heater assembly is i- 1 °C.

8.7 Results and Discussion: Exit Region

Detection of solute zones in chromatography is commonly performed after

the exit of the chromatographic column. It is presumed that post-column

detection accurately reflects zone characteristics occurring on the column.

Although widely accepted, this assumption appears to be Incorrect due, at least

in part, to nonequilibrium effects within the solute zone when eluting from the

column (32). Theoretically, this nonequilibrium effect can result in a substantial

increase in length variance (Equation [8.7]) and decrease in concentration

(Equation [8.101) of the solute zone as it elutes from the column.

In previous studies, this effect has been described as an apparent

enhancement of the fluorescence signal when detection Is performed on the

chromatographic column (3235). Using a simple steady-state model, Guthrie

and Jorgenson (32) derived an expression, whereby on-column detection should

have better sensitivity than post-column detection by a factor of (1+k). Takeuchi
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Figure 8-13: Schematic diagram of temperature controller at column exit.

 



. EM

Fgum 843

 

H
B
I
H
W
O
U
N
E
i
O
d

 

H
O
I
D
B
L
B
G

N
W
D
1
O
D
—
N
O

 
  N
W
D
1
0
0
0
B
N
W

 

 

 

B
E
W
T
O
H
L
N
O
O

E
H
D
L
V
H
E
d
W
B
L
  
 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

S
H
1
d
D
O
O
O
W
8
3
H
i

 

H
O
L
O
E
L
B
G

N
W
D
T
O
O
‘
j
j
O

l

 
  

  

 
 

 
 

 
 

 
 

E
N
M
B
D
I
C
M
W
V
U
B
O

G
B
I
V
1
D
S
N
I

O
D
H
B
D
I

A
H
V
T
W
d
V
O

 





235

and Yeung (33) described the influence of mobile- and stationary-phase

environment on fluorescence intensity for the on- and Off-column cases.

Although these factors have been discussed previously, the Influence of

nonequilibrium at the exit of the chromatographic column has been largely

ignored. With the present experimental design, it is possible to detect solute

zones as they elute from the column. In addition, the fluorescent label in the

model solutes resides in the mobile phase (Chapter 4), allowing the elution

nonequilibrium to be isolated from any change In fluorescence intensity due to

environmental factors.

On/Off-Column Detection. Chromatograms of the model solutes detected on-

and off-column are Illustrated in Figure 8-14. When detected on-column, solutes

with Identical concentration exhibit a detector response that appears to be

independent Of retention. In contrast, when detection is performed after the

column exit, the same Injection shows a marked decrease in the detector

response with increasing solute retention.

Representative determinations of time and length variance for both on-

and off-column detection of the model solutes are summarized In Table 8.4. The

fatty acid derivatives, listed here by carbon number, are separated using a pure

methanol mobile phase at a linear velocity of 0.07 cm/s. The time variance (CT?)

of each solute zone profile is evaluated both on- and off-column directly from the

second statistical moment (M2). Length variance values are subsequently

determined using Equation [8.2]. For this calculation, the on-column zone

velocity (U) is determined using the first moment (M1) for each solute zone

together with the distance between the injector and on-column detector. The off-

column zone velocity (u) is constant for all solutes, and is derived from the

volumetric flowrate using Equation [8.4].
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Figure 8-14: Chromatograms of n-C1°10 to n-szo fatty acid derivatives onand off

the chromatographic column at 25 °C. Conditions given In

Experimental Methods.
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As can be seen In Table 8.4, time variance values for a single solute zone

measured on- and off-column are approximately equal. Consequently,

dispersion contributions to the variance between the two detectors appear to be

negligible. The observed equality of time variance values confirms the basic

assumption (Equation [81]) used to derive theoretical expressions relating on-

and off-column length variance and concentration (Equations [8.7] and [310]).

In contrast to the time variance, the length variance values determined for

each solute zone are not constant on- and off-column. Moreover, the length

variance evaluated on-column decreases slightly with increasing capacity factor,

while those measured off-column increase markedly. These results Imply that

elution nonequilibrium Is a substantial contribution to retention-dependent

sources of length dispersion at the column exit. Thus, the solute zone

broadening and concomitant decrease in concentration commonly ascribed to the

general elution problem may not arise from the column proper, as previously

thought, but may occur as the solute elutes from the chromatographic column.

To Investigate the magnitude of this elution nonequilibrium effect, the ratio

of the off- to on-column length variance is calculated as a function of capacity

factor for the data In Table 8.4. These experimentally determined length variance

ratios at 25 °C are compared with theoretical predictions in Figure 8-15. A linear

relationship is observed between the length variance ratio and the function of

capacity factor (1+k)2, as predicted by Equation [8.7]. Excellent agreement is

seen between experimentally determined and theoretically predicted length

variance ratios over a wide range of capacity factors. In a related study ( 14), this

length variance ratio was shown to be independent of the mobile-phase linear

velocity in the range from 0.06 to 0.13 cm/s, as expected from Equation [8.7].

These results Indicate that elution nonequilibrium contributes significantly to

length dispersion in a manner which Is consistent with theoretical considerations.
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Table 8.4: Retention and Variance of Fatty Acid Derivatives at 25 °C by

Simultaneous On- and Off-Column Detection.

 

 

612 (s2) 0.2 (cmzr

C# k ON OFF ON OFF

10 0.49 44.9 45.1 0.1107 11.8

12 0.79 54.9 58.9 0.0947 15.4

14 1.2 78.8 78.4 0.0872 20.5

16 1.9 124.2 144.7 0.0814 37.8

18 2.9 206.5 227.1 0.0750 59.3

20 4.4 375.1 388.7 0.0719 101.5
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Figure 8-15: Ratio of the length variance measured on- and off-column versus

(1+k)2 in the exit region (25 °C). Theoretical prediction (—).
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In concurrent studies, the influence of elution nonequilibrium on solute

zone concentration has been examined with the same experimental data. The

concentration is measured directly from the maximum photocurrent of the

fluorescence signal both on- and Off-column. The experimental concentration

ratios, normalized to the least retained solute, appear to correlate well with

theoretical predictions (Figure 8-16). These concentration ratios are linearly

dependent on the function 1/(1+k), as predicted by Equation [8.10]. No apparent

dependence of the concentration ratio on mobile-phase velocity Is theoretically

predicted or experimentally Observed (14). Thus, the solute zone concentration

off-column decreases markedly with capacity factor, solely due to the increase in

length variance upon elution from the column.

Although nonequilibrium at the column exit directly influences the length

variance off-column, the chromatographic resolution remains unaffected.

Because the velocity of all molecules increase upon elution from the column, the

difference in time between them remains constant. However, the decrease in

concentration with increasing retention, which is often attributed to on-column

processes, appears to actually arise from elution processes at the exit of the

chromatographic column.

Variation in Solvent Composition and Temperature. In practice, this general

elution problem is often overcome either by programming the solvent composition

or the entire column temperature with time. Although these techniques influence

the solute differently, the zone becomes successively less retained in both cases

and Is moving at approximately the mobile-phase velocity upon elution from the

column. Thus, the discontinuity in solute retention, and the associated decrease

in concentration at the column exit, is effectively reduced using either technique.

Unfortunately, under these changing conditions, It is difficult to determine
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Figure 8-16: Normalized ratio of maximum concentration measured on- and off-

column versus (1+k) In the exit region (25 °C). Theoretical

prediction (-—).
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experimentally the instantaneous capacity factor upon elution from the column.

However, the effect of solvent composition operated isocratically and the

influence of a spatial temperature gradient may be examined individually as a

relatively simple means to reduce this elution broadening effect. By decreasing

the discontinuity in retention upon elution from the column, it is hoped to increase

the solute detectability off-column.

The influence of solvent composition on the retention behavior of the

model solutes is shown In Table 8.1. For this investigation, the mobile phase is

operated under isocratic conditions and Is systematically varied from 90% v/v to

100% v/v methanol in water. The resulting length variance ratios, illustrated in

Figure 8-17, show excellent agreement with theoretical predictions based on

Equation [8.7]. Thus, the steady-state model appears to be valid In describing

elution from the column for a wide variety of capacity factor values (k = 0.44 to

72.0) (Table 8.1). In addition, the length variance ratio Is affected only by the

magnitude of the capacity factor, regardless of whether retention arises from

different solutes or from different mobile phase conditions.

Solute capacity factor is further altered utilizing a spatial temperature

gradient at the column exit. The retention behavior of the model solutes with

temperature Is shown In Figures 818 and 8-19. In Figure 8-18, the derivatized

fatty acid standards utilized for this study exhibit the logarithmic relationship of

capacity factor (k) with carbon number expected for a homologous series.

Furthermore, Figure 819 shows the logarithmic dependence of the capacity

factor on the inverse of the temperature. This relationship, predicted from

partition Interactions, Is described by the Interaction energy (AG°) and the phase

ratio ([3) (Equation [1 .6]). In the temperature range from 20 to 60 °C these model

solutes are well behaved, with capacity factors decreasing by a factor of

approximately three. By heating the column exit region, solutes will become less
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Figure 8-17: Effect of solvent composition on the off- to on-column length

variance ratio. Mobile-phase composition, methanol/water: 90.0%

WV (#3, 92.5% WV (0 ), 95.0% v/v (A), 97.5% v/v (I). 100% W
(O). eory (—)-
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Figure 8-18: Effect of temperature on the retention behavior of fatty acid

derivatives: logarithm of capacity factor versus carbon number.

Conditions given in Experimental Methods.
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Figure 8-19: Effect of temperature on the retention behavior of fattyacid

derivatives: logarithm of capacity factor versus I/T. Condrtrons

given in Experimental Methods.
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retained prior to the column exit. It is hoped that the detrimental effect of elution

nonequilibrium on zone variance and concentration will be minimized by

effectively decreasing the abruptness of this transition In retention.

This hypothesis is experimentally evaluated by heating the column exit

region between the two detectors (Figure 8-13). The temperature behavior of

this apparatus, shown in Figure 8-20, Is constant In the heated region and

decreases to room temperature less than 1 cm from the ceramic temperature

controller. With this system, the length variance and maximum concentration of

each solute zone may be determined sequentially on- and off-column, as a

function of temperature In this heated zone. The influence of temperature on the

ratio of the length variance measured off-column to that measured on-column

(GLZOFFJOLZON) versus (1+k)2 Is shown in Figure 8—21. Measured length variance

ratios show excellent agreement with theoretical predictions described by

Equation [8.7]. Unfortunately, this relationship appears to be Independent of

temperature in the exit region of the column. This result is consistent with the

prediction by Giddings (36) that the total change In the zone velocity determines

the change in length variance, not the spatial location of such a change. The

concomitant decrease in the maximum concentration predicted based on a

Gaussian zone profile, described by Equation [8.10], is shown in Figure 8-22.

The concentration ratio has been normalized to the least retained solute due to

difficulty in matching the excitation intensity forthe two detectors. The measured

ratios show good agreement with those predicted by Equation [8.10],

independent of the temperature In the heated zone. Based on these

measurements, a spatial temperature gradient is not successful in minimizing the

detrimental effects of elution at the column exit.

Apparently, the temperature gradient only acts to displace the retention

discontinuity, and whenever the change In solute retention is spatially specific,

  







 

Figure 8-20: Temperature variation with distance in the column exit region.
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Figure 8-20
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Figure 8-21: Effect of temperature on the ratio of the length variance measured

on- and off-column versus (1+k)2. Theoretical prediction (—-) based

on Equation [8.9]; T = 40 °C (0), 50 °C (:1), 60 °C (A). 90 °C (1)-
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Figure 8-21
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Figure 8-22: Effect of temperature on the normalized ratio of the concentration

measured on- and off-column versus 1/(1+k). Theoretical

prediction (—) based on Equation [8.12]; T = 40 °C (0), 50 °C ([3),

60 °C (A), 90 °C (1).
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Figure 8-22
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the velocity of the front of the solute zone increases before the rear portion. In

order to move the zone off the column without altering the length variance, it

would be necessary to transfer the entire zone into the mobile phase

simultaneously. Although this would be technically possible if the entire zone

encounters a temperature jump immediately before the zone elutes from the

column, this solution is not very feasible for complex separations of a large

number of components.

8.8 Conclusions

The extent of broadening that occurs at the column inlet and exit due to

abrupt changes in the zone velocity can be described theoretically. Sequential

measurements ,of length variance in these transition regions show excellent

agreement with theoretical predictions for the model solutes utilized in these

studies. Concentration ratios, measured from the maximum photocurrent on-

and off-column, are also in good agreement with predictions based on a

Gaussian zone profile. Thus, the change in the zone profile in these transition

regions arises primarily from the abrupt change in the zone velocity.

As the solute zone enters the column, the length van'ance changes

inversely with (1+k)2 and the solute concentration increases by a factor of (1+k).

Measurements in the inlet region indicate that the nonequilibrium condition does

not persist long after the transition onto the column. Under the ideal

chromatographic conditions examined here, equilibration of the model solutes

between the mobile and stationary phases occurs well before 4.9 cm along the

column. However, drastic changes in the zone profile develop when the injection
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solvent differs markedly from the mobile phase, and these results warrant further

investigation.

In like manner to the inlet region, as solute zones elute from the column,

an increase in length variance proportional to (1+k)2 and a concomitant decrease

in concentration proportional to (1/1+k) is predicted theoretically and measured

experimentally. Although this transition does not affect chromatographic

resolution, a decrease in solute concentration with increasing retention is a direct

outcome. Thus, elution from the chromatographic column appears to be the

primary source of the decrease in solute detectability with increased retention,

known as the general elution problem in separations. Attempts to minimize this

detrimental effect with a spatial temperature gradient were unsuccessful.
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CHAPTER 9

FUTURE STUD|ES

The studies presented in this thesis offer new insight into separation

processes by monitoring the movement and dispersion of solute zones directly

on the chromatographic column. This in situ approach allows the fundamental

parameters influencing separations to be measured during the actual

chromatographic process. Moreover, the progression of the separation along the

column can be determined directly under the variety of experimental conditions

commonly encountered in modern practice. Thus, the advances in fundamental

understanding gained with this on-column measurement technique may be

applied to the practical aspects of separations as well.

In many ways, the investigations described here serve as an introduction

to this experimental approach, and the possibilities for further study appear to be

quite lucrative and wide ranging. Using nearly ideal experimental conditions, it

has been possible to examine such diverse phenomena as the unexpected

variation in retention with local pressure, and the change in zone variance upon

injection and elution. Thus, future investigations using this technique could

evolve in a variety of directions including the extension to less ideal adsorption
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interactions, to increased dimensionality in the spectral or time domains, or to the

examination of other separation techniques (gas or supercritical chromatography,

or capillary electrophoresis). In addition to these general directions, several

specific areas of research call for Special attention.

The resolution of conflicting results concerning solute retention with

position along the column is one such area. Based on local pressure

considerations (Chapter 6), solute retention is expected to decrease with

pressure as a function of distance along the column. Measurements reported in

Chapters 4 and 7 affirm this decrease in capacity factor along the column length.

However, similar measurements on another column (Chapters 6 and 8) indicate

an increase in k with distance. This discrepancy may arise due to variability in

surface coverage of the stationary phase with distance caused by the injection of

pure solvents. Although reported earlier in the thesis, pressure studies (Chapter

6) were performed on the same column, after experiments with injection solvent

(Chapter 8). Both these results indicate the opposite trend in solute capacity

factor with distance predicted based on the local pressure, with the increase in k

for the pressure study (Ak/k = 17%) being significantly greater for that for the

solvent study (Ak/k = 3%). Thus, repeated injections of a variety of mixed and

pure solvents may have caused permanent alteration of the stationary phase,

leading to these conflicting results. This supposition needs to be examined in

more detail by systematic monitoring of retention as a function of periodic

injection of pure solvents. Understanding gained in this study would provide

more detailed knowledge of the effect of repeated injection on column efficacy.

In addition, the effect of solvent composition on solute retention and

dispersion requires further investigation in order to be understood fully. These

studies include solute injection in pure solvents, as well as isocratic and gradient

mobile-phase conditions. By monitoring the local solvent composition and solute
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zone profile concurrently, direct and systematic investigations of the influence of

these changing environmental conditions on retention and dispersion are

possible. This might be experimentally accomplished using infrared or refractive

index detection to measure the mobile-phase composition, while simultaneously

measuring the solute profile with fluorescence detection. In this manner, the

influence of both the absolute solvent composition and the composition gradient

on the resulting zone profile can be assessed. Likewise, this study could be

extended to include the continuously alternating mobile-phase conditions present

when the solvent modulation technique is applied (1,2). In solvent modulation,

retention is controlled by introducing two or more solvents onto the column in a

repeating or random sequence. Several assumptions regarding the retention and

dispersion of both solute and solvent zones have been necessary in the

theoretical development of this technique, which could be easily verified by direct

measurement. Finally, on-column detection could be used to advantage in the

experimental validation of recent theoretical developments concerning

separations that incorporate nonlinear isotherms (3). Under these experimental

conditions, the retention of the solute is a function of the local solute

concentration. In addition, extra-column dispersion in this regime is thought to be

dependent on column processes and, therefore, not additive (4). Thus,

systematic experimental measurements of solute injection, as well as the

movement and broadening along the column would be very beneficial.

Although the studies outlined above allow the measurement of local

separation processes, they are still indicative of only the bulk retention and

dispersion of solute zones. Recent technological advances in microscale

measurements should provide the opportunity to explore separations on the

particle scale (5). Fluorescence microscopes are presently available with the

resolution of 0.5 pm, making feasible the experimental measurement of

 





 

266

separation processes in the region near the stationary phase surface as well as

the flow dynamics between particles. Thus, it is possible to move even closer to

the direct measurement of the fundamental processes controlling separations.

For these reasons, the studies described in this thesis are only a

beginning to the possibilities for the direct examination of separation processes.

Indeed, every experiment described in this thesis has brought new and

unexpected insight into separation processes where too many believe that

"everything is already understood." There is every reason to imagine that further

studies utilizing this direct approach will afford even more insight into this

fundamentally interesting and practically applicable field.
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