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ABSTRACT 

Isotachophoresis (lTP), a mode of electrophoresis, was studied experimentally 

and theoretically. Although this technique has not been used widely for protein 

separations, it has features conducive to large scale purification. These include high 

product concentrations and the use of common biochemical buffers. This technique 

was applied in this work to purify major proteins of human plasma. Experiments 

were performed on the Recycling Isotachophoresis (RITP) apparatus, which was 

developed earlier in our research group. The separations were optimized by varying 

the buffers, polarity of separation, buffer pH and the use of spacers. Computer 

simulations were used to optimize these separations. Two novel operating schemes 

were developed to use the advantages of ITP and scale up the apparatus by semi

continuous operation. 

The effect of imposed convective flows on the separation process was studied 

through experiments and computer modeling. Previously developed computer model 

was modified to simulate convective flows. This work led to identification and use 

of counterflow (CF) as an additional optimization parameter in ITP. Transport 

modeling has also been used to study the effect of recycling in the RITP apparatus. 

This leads to improved prediction of the transient behavior of the RITP experiments. 

The effect of CF velocity profile on ITP steady state zonal structure was analyzed. 

Imposed CF with parabolic flow profile increases the effective dispersivity in the 

direction of electromigration, thus reducing the resolution. Uniform plug-flow type 
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counterflows however do not affect the resolution. The improved simulation model 

incorporating convective flows is also applicable in simulating the effect of 

electroosmotic flows in analytical capillary electrophoresis. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

Biotechnology is in a stage of exponential growth, with more than twelve US 

companies marketing recombinant proteins as human therapeutic products, and still 

more with products in late clinical trials. To a large degree, the eventual profitability 

of these recombinant protein products depends on the efficiency of the purification 

steps used in their production. Accordingly, protein purification is the target of the 

bioseparation research presented in this dissertation. 

Electrophoresis encompasses a variety of techniques that are naturally suited 

to bioseparations. Most are gentle enough not to denature labile biomaterials while 

giving exceptionally high resolution. As a result, electrophoretic techniques are 

among the most widely used analytical methods in biochemistry. However, 

electrophoresis has not yet been extensively applied to large preparative and process 

scale bioseparations. While laboratory-scale preparative instruments are finding 

increasing acceptance in research laboratories, none of the manufacturing schemes 

for commercial products use electrophoretic methods. This is due to many factors, 

including the lack of efficient process-scale instrumentation, deficiencies in the 

available chemistries and methods, and, finally, the regulatory hurdles in adopting a 

novel technology. 

This dissertation addresses some of the fundamental issues related to the use 

and scale up of isotachophoresis (ITP), which is a mode of electrophoresis not yet 
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very widely used, but which is conducive to process-scale applications. For example 

in ITP, the electrolyte buffers, which are an important component of all 

electrophoretic methods, are commonly-used biochemical buffers. The purified 

protein products of ITP can be easily obtained in a concentrated form. Some 

traditional ITP operating parameters, and some shown through this work for the first 

time, offer a wide latitude in optimizing ITP separations for a particular application. 

Sloan (1987), in his Master's thesis at the University of Arizona, reported 

research that is closest to the experimental work presented in this dissertation. His 

key contribution was demonstrating the feasibility of preparative-scale ITP, inasmuch 

as he developed the Recycling Isotachophoresis (RITP) apparatus. The RITP device 

evolved from the prototype Recycling Free-Flow-Focusing (RF3) apparatus, invented 

earlier for Isoelectric Focusing (lEF) [Bier et al. 1979]. Sloan also designed and 

installed a data acquisition and control system. Some of the applications described 

in that work include the separation of mixtures of Bovine Serum Albumin (BSA) and 

Hemoglobin (Hb), and the use of additives, called spacers in ITP, for optimizing 

separations. In Sloan's work saturation limits for protein loads in the RITP 

apparatus were determined and a modified scheme for continuous operation was 

tried. Some of the constraints for scale up, like heat transfer, gap width, etc., were 

also discussed. 

In contrast, the emphasis of this dissertation is on the application of the RITP 

apparatus and on the development of a RITP simulation model, rather than on 

instrument design. The instrument modifications implemented in this work have 
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been limited mainly to operational problem solving and streamlining, and involve 

little in the way of new design features. An exception to this is the case of 

continuous flow schemes, where some new flow paths were tried. 

The work of Sloan (1987) was expanded by the use of a different sample. the 

human plasma. The separation goal was also more specific, being restricted to the 

effective separation of a single component from a complex mixture, rather than 

complete fractionation of all components. Computer simulations were used to 

optimize these separations. 

Operation of the batch RITP apparatus in continuous mode is one possible 

method to scale up preparative electrophoresis. One such modified scheme for 

process scale up has been discussed briefly by Sloan (1987). This was a feed-and

bleed semi-continuous method. which used a non-ITP separation technique. The 

benefits of using ITP-derived continuous methods for process improvement are 

demonstrated in this work. A modified scheme is shown for purifying one 

component from a mixture, while another method discussed in this work can also be 

used to increase the throughput for multi-component fractionations. 

In preparative ITP, a pressure-driven flow of the leader buffer in direction 

opposite to the direction of electromigration, termed Counterflow (CF), has to be 

used to obtain practical separations. The experimental study of the effect of CF in 

the RITP instrument is new to this work. Implementation of the CF strategy has led 

to the development of modified operating schemes, thus rendering the ITP process 

more effective. 
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The previous research of our group in the area of computer simulations has 

been summarized in a recent monograph by Mosher, Saville and Thormann (1992). 

The computer model recounted by these authors was used to optimize isotacho

phoretic separations by simulating the influence of spacers in ITP. In this 

dissertation the extant model is extended to incorporate CF; these extensions of the 

model are predicted on the governing equation made available by Saville and 

Palusinski (1986). Fluid recycling is a complex three-dimensional process, and is 

a key feature of the RITP apparatus. Above mentioned one-dimensional model is 

surprisingly well suited to predict the experimental results qualitatively. The 

simulations do not accurately reflect the transient development of the ITP profiles 

in the RITP apparatus, although it is possible to estimate the experimental results 

from the one-dimensional simulations. Therefore, a more rational model was 

developed to better reflect the experiments in the RITP apparatus. We also 

addressed in some detail the key reasons for the satisfactory performance of the 

extant one-dimensional model in qualitative prediction of the RITP experimental 

results. 

Finally, the CF model developed here in connection with ITP, was found to 

be applicable to capillary electrophoresis (CE), a versatile analytical separations 

technique that is rapidly gaining acceptance. The model was used to describe the 

analyte migration characteristics for CE in the presence of electro osmotic flow 

(EOF). 
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1.2 Objectives 

The objectives of this dissertation are directed towards two broad areas. The 

first area pertains to the application of the RITP apparatus, including process 

modification and scale up. The second area involves the study of the effect of flows 

on the ITP process. 

The specific objectives of the research are: 

I. Application of RITP to separate proteins. 

1. Separation of major proteins from human plasma. 

2. Develop methods to optimize the separation of a single component 

from the plasma, be it either serum Albumin or gamma-Globulin. 

3. Use of the simulation model to optimize the spacer selection. 

4. Develop modified operating schemes conducive to scale up. 

II. Study of the effect of flows on ITP process: 

1. Development of a numerical computer model simulating the effect of 

CF on transient and steady state ITP concentration profiles. 

2. Optimization of separations through modeling. 

3. Study of the effect of recycling on the ITP process and understanding 

its implications for instrument design and scale up. 

4. Analysis of the effect of parabolic flow profile of the CF on the steady 

state ITP zones. 

5. Modeling of the characteristics of CE, including the effect of EOF. 

The pursuit of these goals is described in the chapters that follow, as outlined next. 
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1.3 Outline of the Dissertation 

Basic theories in electrophoresis and a literature review of relevant topics are 

presented in Chapter 2. Chapter 3 gives the development of our mathematical 

model, explaining the specific modifications introduced during this research. Chapter 

4 explains the apparatus and experimental methods. Results of the experimental and 

theoretical studies of the effect of CF are presented in Chapter 5. Chapter 6 gives 

the results of the protein purification experiments and operational changes for scale 

up. CE experimental and simulation results predicting the migration times and net 

mobilities are included in Chapter 7. Effect of recycling on transient behavior of ITP 

is addressed in Chapter 8. Chapter 9 analyzes the effect of CF with parabolic 

velocity profile on the steady state profiles in ITP. Chapter 10 summarizes the entire 

dissertation, and discusses future work that could extend development in this area. 
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

This chapter introduces the key concepts that form the basis for the work 

described in the subsequent chapters. The historical developments and progress in 

relevant areas of interest are reviewed. The basic principles of electrophoresis and, 

in particular, the technique of Isotachophoresis (ITP) are introduced, to lay a 

foundation for the experimental and theoretical work presented later. The 

background on the development of preparative electrophoresis and analytical 

capillary electrophoretic instruments is discussed. Some of these aspects were dealt 

by computer simulation, various electrophoretic models having been reviewed in 

Section 2.6. The effect of flows on electrornigration has been studied experimentally 

and through the use of computer simulations. The prior work on the effect of flows 

is reviewed. The computer model developed in this dissertation has also found 

application in modeling of capillary electrophoresis, an exciting recent instrumental 

development. 

2.2 Electrophoresis 

Electrophoresis can be broadly defined as the migration of charged species 

using d.c. electric fields. Variants of this technique have been applied in identifying 

proteins, detecting and sequencing long chain RNA and DNA or their fragments, 

mapping protein fractions, and cell separations, to name only a few. It has become 
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one of the most commonly used analytical and micropreparative technique in the 

field of biochemistry and molecular biology. 

To understand some of the major modes of electrophoresis, the key concept 

of electrophoretic mobility needs to be introduced at this stage. The electrophoretic 

mobility, 0 [m2 I V.s], of a charged particle can be defined as its velocity, v [m/s], 

under the application of a unit electric field E [= 1 V 1m]. This relationship can be 

expressed as, 

v = OE (2.1) 

The mobilities have a positive sign for cations and a negative one for anions. 

In this dissertation this convention is assumed and signs are not explicitly stated. 

Ionic mobilities are dependent upon the solution in which they are measured, water 

being the usual medium. The mobility depends on the valence of the ion expressed 

as the effective surface charge resulting from its electric double layer. Detailed 

expressions are discussed later in Section 2.6.1 in the context of protein mobilities. 

In addition, the mobility depends on other factors, such as temperature and ionic 

strength. Some correlations on estimating these contributions are presented by 

Bocek et al. (1988). 

The mobilities of fully charged species are called their ionic mobilities, 0ion. 

These are the values usually reported in the literature. A dissociating substance may 

exist in multiple ionic forms in rapid dynamic equilibrium. The net mobility, 0net' 
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is obtained by averaging the mobilities of the different ionic forms: 

(2.2) 

where 0ion,k is the ionic mobility, and YI.k the molar fraction of a particular ionic 

form j of this component k. For monovalent acids and bases, the molar fraction 

equals the degree of dissociation «, and Eq. 2.2 can be expressed in a much simpler 

form as, 

(2.3) 

A more explicit definition of the net mobility is needed for the ITP theory 

described later. According to the convention of Bocek et a1. (1988), the mobility 

represented as 0MtX.f' is the net mobility of componentXin the zone of component 

Y, i.e., the mobility of component X at the pH, conductivity, and composition 

prevailing in the adjusted zone of component Y. Analogously, 0Mt x.x represents the 

net mobility of the component X in its own adjusted zone. 

2.3 Classification of Electrophoresis and the Kohlrausch Principles 

A rational classification of various electrophoretic methods is difficult, and a 

description of all variants is not within the scope of the dissertation. For the present 

work, an important distinction is made between analytical and preparative methods. 

Analytical separations are most often carried out in gels or other supporting matrices, 
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which offer highest resolution as they avoid all fluid flows. Examples include such 

methods as Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis (SDS

PAGE), gel electrophoresis of DNA, Two Dimensional Electrophoresis, Pulsed Field 

Electrophoresis etc. 

Analytical techniques cannot be readily scaled to meaningful proportions, due 

to difficulties in heat dissipation. Thus, most work on scale up is carried out in free 

solution, in absence of any supporting matrices. Fluid flow control is essential and 

various strategies were employed, as will be described further on (Section 2.5). 

Capillary Electrophoresis (CE) is an exception to above generalization. Although an 

analytical technique, CE is usually carried out in free solution because of the 

difficulties of gel-generation in capillaries. 

A time-honored distinction is between four classical electrophoretic modes: 

Moving Boundary Electrophoresis (MBE), Zone Electrophoresis (ZE), Isoelectric 

Focusing (IEF), and Isotachophoresis (ITP). Characteristic features of these modes 

are recognizable in virtually every electrophoretic technique. MBE, ITP and ZE 

separate charged species according to differences in their net mobilities. IEF 

separates amphoteric species on the basis of their isoelectric points (pI), the pH 

values at which these components acquire zero net mobility. 

For the purpose of computer modeling it was essential to discover that these 

modes differ only in their initial conditions, i.e., distribution of charged species along 

the separation axis, and the boundary conditions, i.e., permeability to ionic species 

at column ends [Bier et al. (1983a,b)]. MBE and ZE separations are carried out in 
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a background of homogeneous buffer, with full permeability to all species at column 

ends. IEF requires a complex buffer system capable of maintaining or establishing 

a pH gradient. Column ends are assumed to be permeable only to hydrogen and 

hydroxyl ions. ITP requires a discontinuous buffer system, with clearly definable 

distinction between the so-called leader and terminator buffer zones. Column end 

permeability is the same as for MBE and ZE. 

2.4 Isotachophoresis (ITP) 

In some respects, ITP is the most complex of the four modes, and also the 

least utilized. This is the reason why it was selected for the present work. While ZE 

and IEF have higher resolution, ITP may become particularly useful because of its 

high capacity. A unique characteristic of ITP is that separations are carried out in 

rather concentrated solutions. A chromatographic analog of ITP is displacement 

chromatography, also at the forefront of new developments in that field because of 

its exceptional capacity [Cramer and Horvath (1988)]. 

Much of the current understanding of ITP is due to the work of Kohlrausch 

(1897). He has shown theoretically that the passage of current through a 

homogeneous solution cannot change the composition of the solution. An 

unavoidable discontinuity in real systems is at the electrodes, as shown earlier by 

Hittorf (1853). In electrophoresis, the usual assumption is that the only reaction at 

the electrodes is water splitting, giving rise to hydrogen or hydroxyl ions. More 

complicated chemical reactions that' can occur are the province of electrochemistry 
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rather than electrophoresis. 

Kohlrausch related the specific conductance of the solution, lC [S/m], to the 

mobilities of the ions that carry the current, using the following expression: 

(2.4) 

where the summations are carried out over all components k and their j ionic forms, 

'l'j,l is their valence, and F is the Faraday constant (96487 A.s/mol). The electric 

field strength, E [V 1m], is related to lC, and the current density per unit cross 

sectional area, I [A/m2
] as: 

I E=
lC 

(2.5) 

From his first observation, Kohlrausch derived that a discontinuity is necessary 

for the current to cause a change in composition. The simplest discontinuity 

considered was a step change in concentration due to simple dilution. In first 

approximation, the application of a field does not cause movement of the boundary. 

Instead, the boundary simply broadens with time due to diffusion. Boundary between 

the terminator and its adjusted zone in ITP is an example of such a stationary 

concentration boundary. 

Basic to ITP is the Kohlrausch condition where a boundary separates two 

different species. Such boundaries migrate on application of an electric field and 

may either degrade with time or form a self-sharpening profile. The formation of a 
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self-sharpening profile requires that the migrating species has a lower mobility at the 

front of its boundary than at the rear. 

Consider a column with a zone of the leader L and an adjacent zone of A, 

the fastest sample component. Let C be the common counterion. If all these 

components are monovalent strong electrolytes, then according to Kohlrausch, the 

following relationship will result: 

(2.6) 

where C A,A is the total concentration of A in its adjusted zone, and C L,L represents 

the total concentration of L in its zone. This 'Jump condition" illustrates the 

concentration change between adjacent zones. The concentrations used in these 

expressions are asymptotic concentrations sufficiently far away from the boundary, 

since the determination of concentrations across the boundary requires a more 

complex analysis. 

Another form of this equation was derived by Dole (1945) in terms of relative 

mobilities, which are obtained by dividing the mobilities by a reference mobility. 

This transformation makes the mobilities independent of the concentration and 

temperature fluctuations. Dismukes and Alberty (1954) formulated an expression 

for the regulating function to include weak electrolytes, as the following relationship: 

(2.7) 
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where the summation is carried out over all components k. Here 4k is the charge of 

component k, and ck is its total concentration away from the boundary. This 

equation defines the Omega function, (,) [mol.V.s/m6
], whose value depends on the 

initial concentration distribution of components and does not change on application 

of current. Hence its value is constant across moving boundaries, but changes across 

stationary boundaries. 

The theoretical development of ITP stems from the work of Kohlrausch 

(1897), but the experimental applications can be traced to A. J. P. Martin, a Nobel 

laureate in chemistry (1952). In collaboration with Everaerts (1967, 1970) he made 

major advances in this methodology, which he referred to as "Displacement 

Electrophoresis". Simultaneous but independent work in ITP was reported by 

Konstantinov and Fiks (1964), Konstantinov and Oshurkova (1966), and Preetz 

(1966). 

A schematic presentation of ITP is shown in Figure 2.1. The ITP system is 

characterized by a set of two adjacent zones. The leader contains the fastest ion in 

the matrix, and the terminator contains the slowest (co-)ion in the matrix. A 

common counterion is present in both zones. It has been omitted in Fig. 2.1 for 

simplicity. Any samples, if present, must have coions with net mobilities between 

these of leader and terminator. During separation the components migrate towards 

the electrodes of opposite polarity, and begin forming distinct zones. At the steady 

state this rearrangement is completed and plateau shaped zones are formed: the 
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Figure 2.1 Transient development of ITP component distributions. 
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(1) 

(2) 

(3) 

(4) 

Panel (1) shows the initial state, with the two sample components, A and B, 
introduced between the leader ion, L, and the terminator ion, T. The order of net 
mobilities is: L > A > B > T. All indicated ions are anionic, and a single cation, 
not shown here, acts as the counterion. Panel (2) shows the distribution obtained 
after initial separation. T denotes the adjusted terminator zone. The component 
distribution at steady state is shown in Panel (3), while Panel (4) shows some of the 
corresponding zonal properties at steady state. The profiles of electric field strength 
(E) and conductivity (K) show characteristic step changes in opposite directions. 



37 

zones migrate thereafter with a constant velocity. The zones formed at the steady 

state have uniform concentration, pH and conductivity values, dictated by the 

properties of the leader. These results are a consequence of Eq. 2.6, which implies 

that the concentration of the slower zone depends only on the mobility and 

concentration of the leading zone. This is an important property of ITP, as the 

leader concentration can be easily manipulated to obtain desired product 

concentration. The electric field strength and conductivity are some of the quantities 

that show characteristic step changes, due to homogeneous zonal properties (Fig. 2.1 

- Panel 4). The next section provides more theoretical treatment of ITP. 

2.4.1 Additional Theoretical Relationships for ITP 

Another important equation for ITP is the mass balance equation, which in 

this case is called the moving boundary equation. The following form of the 

equation, for mass transfer of component A from zone Y to zone X, is based on the 

work of Alberty (1950) for weak electrolytes, 

(2.8) 

Lambda, Ayx [ms jC], is the volume displaced by the moving boundary by passage of 

one coulomb of electric charge, and is the volumetric displacement, V yx [ms] divided 

by the amount of charge Q [C] passed through the boundary Y.X. Hence, 
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yx Q 

Lambda is related to the linear migration velocity by, 

v = Ayx .l 
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(2.9) 

(2.10) 

in cases where the cross sectional area is constant. Equation 2.8 is also helpful in 

deriving explicit relation for stationary boundaries, such as those between the original 

and adjusted zones of the terminator [Bocek et al. (1988)]. A more simplified form 

of Eq. 2.8 can be obtained, if component A is not present in zone X, i.e cA•X = O. 

Eq. 2.8 then becomes, 

(2.11) 

At steady state, when all sample components form distinct zones, the 

concentration of components in zones other than their own is zero, and hence the 

Eq. 2.11. And as A is constant for all the zones in a particular ITP system, we have, 

0netL.L = 0llttA.A = 
'KL 'KA 

= ° IItrT,T = A 
'K I1P 

T 

(2.12) 

where AI1P is evaluated at the isotachophoretic steady state. Since A is easily 

converted to linear velocity through Eq. 2.10, for constant current and cross section 

area, we obtain the following relationship, 
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(2.13) 

where vl1P is the isotachophoretic steady state velocity. This equation demonstrates 

the important characteristic of ITP, that all zones move with the same velocity at 

steady state. To make this possible, the electric field strength of all zones adjusts, 

as seen in the representative E profile in Figure 2.1. 

A measure of the width of the boundary is obtained from the relationship 

originally developed by McInnes and Longsworth (1932). Using the form used by 

Bocek et al. (1988), the boundary width dXu between the zones of LandA, can be 

estimated by, 

4RT 0LOA ---
Fv/7P IOL - 0AI 

(2.14) 

where R is the universal gas constant [= 8.314 kg.m2/s2.K.mol] and T is the 

temperature [K]. According to Eq. 2.14, the zonal boundary is sharper when the ITP 

velocity is higher, or the driving current density is higher. Higher differences in the 

mobilities of adjacent zones also sharpen the boundary. 

Our computer model gives the concentration at every point on the separation 

length at any given time point, hence the zonal widths and concentrations can be 

directly assessed. Most analytical expressions are valid under limited conditions, for 

example, most expressions describe only the steady state conditions, whereas our 

model can predict the entire transient behavior of the process. Some analytical 
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expressions give the far field concentrations across the boundaries, and cannot 

calculate concentrations at the boundaries, which our model can easily accomplish. 

These are some of the advantages of our computer program in simulating 

electrophoresis. Prior theoretical work by other research groups had focussed on 

individual techniques with specific analytical expressions for each mode of 

electrophoresis. Our computer model simplifies the calculations and unifies the 

calculations for all classical modes of electrophoresis. Additional features of this 

model are presented later in Section 2.6, and in greater detail in Chapter 3. 

Further analytical expressions that quantify the separation are reviewed here. 

Consider a system comprising three monovalent weak electrolytes, with A and B as 

two sample components, and C as the single counterion. Mosher and Thormann 

(1992) define a separation parameter V in this system, relating the mobilities and 

amounts involved as: 

(2.15) 

where the parameter 6, is the ratio of concentration of species in the zones and is 

also the ratio of the total concentration of the two components. Hence, 

(2.16) 

where M is the initial mixed zone and the notation CA,M represents the concentration 



41 

of A in the mixed zone M, and C A represents the total concentration of A in the 

system. 

The time for separation in this system is obtained by the following relation: 

(2.17) 

where the velocities are evaluated in the mixed zone M, and 1M is the length of the 

sample in the initial mixed zone. Mosher and Thormann (1992), also express this 

equation in another form using the parameter 'P ,as: 

(2.18) 

where mA is the amount of component A in moles, iT is the current [A], and ~ is 

the transference number (= (lAI((lA + (lc». This shows that the separation time 

depends on the sample size and differences in mobility and depends inversely with 

the current. The separation rate, evaluated as moles per unit time, is expressed as: 

(2.19) 

The distance required for complete separation x3tp [m] is obtained by 

(2.20) 
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where 1. .. (= mIJAxsc ... ) is the adjusted length of zone A at steady state, and Axs is the 

cross-sectional area. The detector should be placed at the distance, xd [m] equal 

to 1 ... (If - 1) to observe the first steady state structure [Mosher, Saville and 

Thormann (1992)]. An important conclusion of this expression is that the distance 

required is independent of the current, but mainly depends upon the amount of 

sample and other conditions. The maximum capacity of the separation column can 

be evaluated from the following equation [Thormann (1984)]. 

(2.21) 

2.4.2 Counterflow (CF) in ITP 

Counterflow (CF), a pressure-driven flow imposed in the direction opposite 

to the electromigration, can be utilized to enhance separations by virtually extending 

the available space for electromigration. It has been occasionally used since the early 

days of electrophoresis. Some of the early work on nuclear isotope separation in 

packed columns used CF as an integral part of the method [Brewer et al. (1947), 

Westhaver (1947), Madorsky and Straus (1947)]. Preetz (1966) was the first to use 

immobilizing CF in ITP and to analyze the system analytically. 

CF has also been used in the capillary work of Everaerts and co-workers 

[Martin and Everaerts (1970), Everaerts et al. (1970, 1976a,b)]. Experimental results 

by Everaerts et al. (1976a,b) in capillaries showed dramatic broadening of sample 
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zones and their intermixing with increasing CF. In their experiments CF was 

pumped, hence the flow profile of CF was parabolic or Poiseuille-type. Saville 

(1990) modeled the effect of parabolic CF on ITP profiles. His results concur with 

the experimental results of Everaerts and show that the parabolic flow of CF leads 

to increased broadening of the zonal boundaries. Some preliminary results on the 

effect of CF on ITP profiles in preparative ITP were presented by Caslavska et al. 

(1991). They utilized the RITP apparatus developed in our laboratory and observed 

a small increase in the steady state concentration with the imposition of CF. Part of 

our work on the effect of CF on ITP profiles has been published [Deshmukh and 

Bier (1993)] and comprised experimental work and computer simulations. Some of 

these results are presented in Chapter 5. 

Other than Saville (1990) there are no detailed computer models that were 

used to explore the effect of CF. Beckers et al. (1991b) have shown mathematically 

that uniform EOF does not hinder formation of steady state ITP profiles, the profiles 

remaining the same as without flow. Mazhorova et al. (1988) have used transport 

equations that include CF, but no applications for ITP were presented. Kasicka and 

Prusik (1987) have presented a steady state model that includes CF applied to ITP. 

The model is limited in utility as constant zone lengths were assumed. Charlionet 

et al. (1986) have presented a simple analytical expression accounting for CF due to 

electroosmotic flows in gel ITP. 
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2.5 Progress in Preparative Electrophoresis Instrumentation 

Although chromatography and electrophoresis had a somewhat parallel 

development, preparative electrophoresis has not developed as much as preparative 

chromatography [Bier (1989)]. Instrumentation for chromatography is in principle 

much simpler than instruments for electrophoresis. An exception may be capillary 

electrophoresis which has been readily embraced by the researchers since its 

instrumentation was patterned after capillary chromatography (HPLC). 

A significant milestone electrophoresis was accomplished by Tiselius in 1937, 

by showing that the proteins of human plasma could be resolved into five 

components. This work earned him a Nobel prize for chemistry in 1948 and 

popularized electrophoretic separations of biomolecules. Although the Tiselius 

apparatus was the first successful instrument in using electrophoretic principles for 

proteins, this achievement was only a single step in a long line of efforts in this area. 

Reviews by Svensson (1948) and Bier (1959, 1973) are representative works amongst 

numerous others, that discuss historical evolution of preparative electrophoretic 

instruments. 

First successful large scale application of electrophoresis was the technique 

of electrodecantation, developed by Pauli in 1924 [Pauli (1924), Adolf and Pauli 

(1924)]. This was an extension of electrodialysis and was used extensively to 

concentrate colloids. In this technique, when electric field is applied across two semi

permeable membranes, the colloidal material migrates towards the opposite polarity 

and polarizes at the membrane. As the concentration of the polarized colloid at the 
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membrane increases, gravity causes the colloid to sink down in the chamber, and the 

colloid-poor solvent is pushed to the top. Eventually there is segregation of the 

colloid-poor and colloid-rich solvent into the top and bottom layers respectively. 

Similar principle applies when an isoelectrically buffered protein is separated from 

a charged protein. The charged protein, similar to the colloids, polarizes at the 

membrane, whereas the neutral protein does not migrate towards the membrane. 

The isoelectric protein is collected at the top, and the charged protein at the bottom. 

This method was extended to continuous processes [Pauli (1942)] and scaled up using 

multiple membranes in parallel [Pauli and Stamberger (1938, 1941), Stamberger 

(1946)]. Polson (1953, 1955, 1957) added better pH and temperature control in a 

similar scheme. Pauli and Stamberger (1946) demonstrated the application of this 

method for large scale creaming of rubber latex [Murphy (1942, 1952)]. In case of 

rubber latex, the colloid being lighter than the surrounding medium, rises to the top 

upon polarization at the membrane. Hence the colloidal portion is collected at the 

top and the bottom portion is colloid-poor. This use of electrodecantation for 

creaming latex remains the most successful and largest application of any 

electrophoretic process. 

Kirkwood and associates [Kirkwood (1941), Nielsen and Kirkwood (1946)] 

developed a method for protein purification called electrophoresis-convection. Initial 

assembly used concentric cylinders, modified later to a plate-and frame type assembly 

by Cann and co-workers (1949a,b,c). The cell consists of an upper and lower 

compartment connected by a narrow vertical channel formed between two supported 
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parallel semi-permeable membranes. When a mixture containing an isoelectric 

protein and other charged species is introduced in the chamber, the charged 

components migrate towards one of the membranes. When sufficient concentration 

of charged components is built up at the membrane, the layer sinks down into the 

bottom chamber due to gravity. Simultaneously, equal volume of the protein mixture 

is pushed up into the channel. Eventually the two fractions are separated into the 

top and bottom compartments. Protein mixtures containing all charged components 

can also be separated into two fractions, by utilizing the differential migrating rates 

of the components. A V-tube based apparatus using a similar concept was developed 

by Raymond (1952, 1953, 1956). Timashef (1953) constructed a stage-wise semi

continuous modification of the Cann apparatus. This method has been used 

extensively for purifying proteins. 

Bier (1959, 1966) improved the electrophoresis-convection method by realizing 

that the separation would be enhanced if the top and bottom fractions were 

separated immediately after a single pass through the channel. This method called 

Forced-Flow Electrophoresis (FFE) is carried out in series of parallel cells. Each 

cell consists of three parallel membranes, two outer dialysis membranes and an 

intermediate filter. Two channels are thus formed, with the outer dialysis 

membranes permeable to small ions, and the intermediate filter permeable to all ions 

and bulk flows. The pH of the mixture to be separated is adjusted to match the 

isoelectric points of one of the proteins. The mixture is pumped into the input 

channel of a cell. Pressure causes transverse fluid flow through the intermediate 
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filter into the outlet chamber, thus half the volume is eluted through the inlet 

channel (bottom flow) and the other half through the outlet channel (top flow). The 

field polarity is set such that the charged fractions migrate opposite the transverse 

fluid flow, i.e. back into the inlet channel. The isoelectric fraction migrates only due 

to the hydrodynamic flow, and does not migrate due to the electric field. The net 

effect in a single pass in a cell is that half the neutral protein at its original 

concentration is collected with the bottom flow, and the other half moves with the 

top flow. The charged proteins are all collected with the bottom flow at twice the 

original concentration. The bottom flow of the first cell becomes the input for the 

next cell, and the top flow of all cells are collected together. Highly purified 

fractions can be obtained when such stacked series is used. This method has been 

used in protein purification, selective plasmaphoresis of whole blood, and water 

treatment [Bier (1966)]. 

Another line of instrument development follows from the simplest case of 

paper electrophoresis [Wieland (1959), Clotten and Clotten (1962)]. Samples migrate 

in zone electrophoretic patterns when high voltages are applied over paper or 

cellulose acetate membranes. Primarily an analytical visualization technique, this was 

modified as a continuous preparative method by Hannig (1967) as the Continuous

Flow Curtain (paper) Electrophoresis. In this setup a sample is added to the top of 

a curtain of filter paper, and the buffer is made to flow down the paper. On 

application of electric field perpendicular to the direction of the flow, different 

fractions migrate diagonally down the paper. This apparatus led logically to the thin-
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film devices in which laminar fluid flow through a narrow slit replaced the function 

of the filter paper. Such devices, initially developed by Hannig (1967), are termed 

Continuous Flow Electrophoresis (CFE) instruments. 

Several models (Elphor YaP 21, Elphor YaP 22, etc.) were manufactured by 

Bender & Hobein (Munich, Germany). A thin curtain of the buffer is made to flow 

down a narrow channel, facing transverse electric field. The rear plate of the 

channel is thermostated to remove Joule heat. All modes of preparative 

electrophoresis, ZE, IEF, and ITP can be run continuously in this apparatus. 

Throughput is estimated as 0.1 g/h of protein. As separation has to be achieved in 

a single pass, the system is susceptible to development of fluid instabilities. Best 

known is the "crescent phenomenon", described by Strickler and Sachs (1973), due 

to a combination of electroosmosis, Poiseuille flow and temperature gradients. It 

remains the best option for separation of living cells and cell organelles by ZE. A 

miniaturized instrument of this type is available from Herschmann (Unterhaching, 

Germany), while McDonnel Douglas Astronautical Company (St. Louis, MO) 

developed a very large instrument of this type for space experiments. 

Gobie and Ivory (1988) developed a preparative instrument, Recycling 

Continuous Flow Electrophoresis (RCFE), that applies the principle of recycling to 

ZE. The separation chamber is similar to the Hannig thin-film chamber, but has 

provision to recycle fluid from the bottom to the top. A major central portion of the 

separation length forms the recycle section, while a few channels at both ends of the 

chamber are not recycled and allow the buffer to flow straight through. In the 
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recycle section, the recycle tubes shift the material laterally when they return the 

fluid to the top of the chamber. Electrophoretic displacement and lateral shift help 

segregate a two component mixture into two streams, one containing the faster 

component, and the other containing the slower component. Off takes at the lateral 

ends of the chamber collect these streams, when the solute is fed through the central 

channel. This apparatus can be operated in a continuous mode. Limitations of this 

apparatus are that only two sample fractions are obtained, and the fractions are 

diluted. 

Another apparatus for large scale preparative electrophoresis was based on 

an entirely different principle. The BIOSTREAM™ from CJB Development 

(Portsmouth, U.K.) used radial shear in an annular space to stabilize fluid flow. A 

3 mm annulus is formed between two vertical cylindrical electrodes, the inner being 

static, the outer rotating at about 100 RPM. This generates a linear shear profile 

across the annulus. The fluid flows vertically up and splits into 29 output fractions. 

This apparatus, in continuous operation, has a large processing capacity of 100 g/h, 

the largest capacity of any commercial electrophoresis apparatus. The principle of 

this apparatus was conceived by Philpot (1940) and the apparatus was developed at 

the Harwell Atomic Energy Laboratories (Harwell, U.K.) [Mattock et al. (1980), 

Thomson (1983)], but is no longer available. 

Many other instruments that use gels and other support media have not been 

mentioned here. Gel based systems are in general more difficult to scale up, and 

hence instrumentation development has been devoted mainly to free-flow systems. 
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A major contribution in the area of preparative electrophoresis development has 

been made by Bier and co-workers. These instruments are discussed next. 

2.5.1 Preparative Instruments Developed in Our Research Group 

Bier and associates pioneered the use of recycling in preparative 

electrophoresis instruments [Bier et al. (1979), Egen et aI. (1979)]. Recycling allows 

the use of much higher sample and current density loads than the single pass CFE 

instruments. 

The Recycling Isoelectric Focusing (RIEF) apparatus was the first instrument 

developed by Bier et al. (1979) using the recycling principle. Fluid stabilization is 

achieved by the rapid recycling and the use of monofilament nylon screens. The 

RIEF consists of a multicompartmented separation chamber, subdivided by the nylon 

monofilament screens, and a recycling loop, that continuously pumps the fluid from 

the bottom of the chamber to its top. An external heat exchanger in the recycling 

loop removes the Joule heat. This instrument designed primarily for IEF, has a 

batch capacity to process proteins at the rate of 1-5 g/h. 

A much smaller instrument, called the ROTOFOR™, was developed in our 

group [Egen et a1. (1984)] using essentially the same concepts as the RIEF 

instrument. This apparatus is commercially available from Bio-Rad Laboratories 

(Hercules, CA). It is a horizontal cylinder rotated on its horizontal axis, and 

segmented by the nylon membrane filaments. This segmentation and rotation, in lieu 

of recycling, provides the required fluid stabilization. A coolant flowing through an 
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inner concentric cylinder dissipates the generated heat. This instrument has a 

capacity of 40 mL and can process about 0.2 g of protein in about 2 hours. This 

instrument was also designed for IEF. 

Two other large scale preparative instruments, Recycling Free Flow Focusing 

(RF3™) and Recycling Isotachophoresis (RITP), are again based on the use of 

recycling. They depend on rapid flow through a narrow channel for fluid 

stabilization. They also contain a separation chamber and a recycling loop, like the 

RIEF instrument. However, the separation chamber is more akin to the Hannig 

chamber, and does not have any partitioning. The RF3™ instrument, designed for 

IEF, is made by Protein Technologies, Inc. (Tucson, AZ) and distributed by Rainin 

Instrument Company (Emeryville, CA) [Bier et al. (1989), Ostrem, et al. (1992)]. 

The capacity of this instrument is about 100-500 mL and it can process 1 g/ h of 

protein in the batch mode. A miniature version, called MinipHor™. with a priming 

volume of 30 mL, was also developed by Protein Technologies. 

The RITP instrument is similar to the RF3™ apparatus, however, it was 

adapted for ITP and has a facility to introduce bulk counterflows [Sloan (1987)]. 

Since RITP was used for the experimental work in this dissertation, the detailed 

description of this apparatus is presented later in Chapter 4. 

This next instrument was not developed in our group, but is also a 

commercially available lab scale instrument. This is a gel elution based system for 

preparative SDS-PAGE electrophoresis, Model 491 Prep Cell™, available from Bio

Rad Laboratories (Hercules, CA). This system is marketed in tandem with the 
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ROTOFOR™ system, making a preparative 2-D electrophoretic system feasible. 

2.5.2 Scale Up of Preparative Electrophoresis 

The problems in scale up of preparative electrophoresis have been 

summarized by Bier (1986, 1990) and Ivory (1984,1990). The main problems in scale 

up of thin-channel utilizing methods are the following. Usually the outer plates of 

the separation chamber are cooled, without any temperature control inside the 

chamber, hence thermal gradients are generated within the chamber. Presence of 

conductivity gradients also contribute to a complicated temperature distribution in 

the chamber. These effects give rise to hydrodynamic disturbances due to natural 

convection and contribute to the dispersion of the electrophoretic profiles. The 

major obstacle to scale up is the cumulative dispersive effect due to the thermal 

gradients, parabolic profile of the vertical fluid flow and the electroosmotic flows, 

termed as "crescent phenomena" [Strickler and Sachs (1973)]. 

Recycling instruments are not impeded by the crescent phenomena, and 

efficient cooling mitigates thermal effects in the instruments with present capacity 

(200 mL volume). Experiments in space conducted by McDonnell-Douglas 

[Morrison et aI. (1984)] and independently by our research group [Bier and Snyder 

(1974). Bier (1990)] were designed to remove gravity-dependent convection effects, 

but have instead revealed a hitherto unknown electrohydrodynamic disturbance. 

These disturbances arise due to the variations in the local conductivity and dielectric 

constant gradients. The effect is proportional to the square of the applied field 
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[Rhodes et al. (1989)]. 

The RIEF instrument has been scaled up linearly by increasing the surface 

area of the membrane screens that are used in the apparatus. An experimental 

demonstration with a 8 L capacity apparatus and a 100 cm2 membrane outer area, 

has been shown by Bier and Egen (1979). There does not appear to be any 

theoretical limitation to further scale up of this instrument. 

The CFE instrument has been operated in a novel mode called Field Flow 

Fractionation by Wagner and Kessler (1984). The chamber is split into three regions, 

a low conductivity buffer flanked on both sides by high conductivity buffer. Sample 

injected in the central zone splits into two concentrated streams. This method is 

continuous and has a high throughput. Another approach is in the Feed-and-Bleed 

mode Sloan (1987) and Bier et al. (1988), where a single buffer was used, and the 

sample was spit into an anionic fraction and a cationic fraction. A much better Feed

and-Bleed scheme with high throughput and incorporating the advantages of ITP is 

shown in Chapter 6. Caslavksa and Thormann (1992) independently presented a 

variant of this continuous mode of operating RITP. Our scheme includes additional 

manipulation of operating buffer pH to enhance separations. 

2.6 Modeling of Electrophoresis 

The analytical expressions presented earlier give quantitative data under 

rather limiting conditions, being valid for only one or two modes of electrophoresis. 

The generalized computer model developed in our research group by Bier et al. 
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(1983a) was the first successful model to describe all modes of electrophoresis with 

a single numerical model. The complete time progression with concentrations of all 

components is available through the computer model. The quantitative parameters 

for separation can be directly calculated, similar to the experimental data, but with 

a distinctive advantage in having good selectivity in manipulating parameters, and 

without the instrumental limitations. 

The mathematical framework and details of this model are presented later in 

Chapter 3. Mosher, Saville and Thormann (1992) have recently compiled detailed 

applications of this simulation package. The development of our computer 

simulation model is described in that monograph. A brief developmental history of 

this model is presented later in Section 2.6.3, and in greater details in Chapter 3. 

Steady state IEF models have been formulated by Almgren (1971), Shimao 

(1981), Palusinski et al. (1981), Bier et al. (1981) and Shimao (1987). Shimao 

(1986a,b) developed a steady state ITP simulation model. He was also successful in 

modeling the electrophoretic behavior of proteins (1986b). 

Many groups have developed models that can handle transient simulations 

[Ryser (1976), Moore (1975), Vacik and Fidler, V. (1981), Fidler, V. et al. (1985), 

Fidler, Z. et al. (1985)]. However, most of these models considered electrophoretic 

behavior of only strong electrolytes. These models can simulate ZE, MBE and ITP. 

The model by Radi and Schumacher (1985) can simulate weak electrolytes 

and also uses dissociation equilibria to represent the process more faithfully. 

Svendsen and Schafer-Nielsen (1983) developed another dynamic model capable of 



55 

considering strong and weak electrolytes [Schafer-Nielsen (1983, 1986)]. An 

improved computer simulation model from the Vacik group was presented by Gas 

et aI. (1991). This includes the electromigration of weak electrolytes, however 

diffusion is still neglected in that model. Roberts (1984, 1989) has developed the 

only two dimensional model and simulated weak electrolytes and proteins. Hirokawa 

et al. (1982, 1983, 1993) simulated the steady state ITP properties of variety of 

species, small molecular weight anions, cations, amino acids, Good's buffers and 

peptides. Net mobility data with leaders at various pH are reported in a tabular 

form. This is very useful to researchers without access to computer facilities. A 

transient ITP model was also developed in that group [Hirokawa et aI. (1989 a,b)] 

2.6.1 Simulation of Protein Mobility 

The determination of protein mobility at a given pH poses special problems, 

due to the multivalence of the protein molecules. Mosher et aI. (1989) obtained the 

mobility of proteins using the Debye-Huckel-Henry theory [Henry (1933)] in the 

following form: 

(2.22) 

where 0net [m2 j V.s] is the net mobility of the protein at a particular pH, Zi is the 

total valence of the protein at that pH, e is the unit electric charge [= 1.6 X 10-19 el, 11 

is the viscosity of the medium [Kgj m.s], rp is the effective protein radius [m], and r 
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[m-1] is the Debye parameter. The function !crr ~ is Henry's function that varies 

asymptotically between 1.0 and 1.5 [Henry (1933), Saville (1992)]. The effect of ionic 

strength on the protein mobility is given by r, which is evaluated as: 

(2.23) 

where € is the dielectric constant of the medium, €o is the permittivity of the free 

space [=8.854 x 10-12 C2 I (1 m)], kT is the Boltzmann constant [= 1.38 X 1O-23 11K 

molecule], Zj is the valence of a small ion, and cion,j is the ionic concentration of that 

species [molecules/m3
]. The summation in Eq. 2.23 is over allj number species that 

are present. The radius of the protein is calculated from the Stokes equation, as: 

r = p 
(2.24) 

where Dj [m2/s] is the diffusivity of protein in the medium. This approach considers 

the macromolecule's contribution to ionic strength as simply being the aggregate 

effect of equal number of small molecules of unit valence. 

Further work by Mosher et aI. (1992) indicates that Eq. 2.23 overestimates the 

contribution of the protein to the ionic strength of the solution. They found that 

Linderstrom-Lang (1935, 1959) gives better estimates of this contribution, by 

considering that a protein with valence z acts as a univalent compound with z-fold 
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concentration. This then makes the ionic strength a linear function of z and not 

dependent on its square as in the prior theory (Eq. 2.23). This gave better simulation 

for ITP of proteins [Mosher et a1. 1992]. 

To use these models, the valence of the protein is taken from the literature 

data for a range of pH values [Mosher et a1. (1989)]. Recently Mosher et a1. (1993) 

developed a method to estimate such titration data directly from the amino-acid 

composition of the protein. This technique extends the range of proteins that can 

be simulated, since the protein composition for a large number of proteins is now 

available through public access databases. Since several adjusted parameters are 

used in this technique, more theoretical work is needed in this area. 

Roberts (1984) and Shimao (1986) had also used a protein mobility model. 

However they did not consider the effects of ionic strength. The role of charge 

suppression and ionic strength in electrophoretic behavior of proteins has been 

studied by Compton (1991), with O'Grady (1991). That work also independently 

predicts the mobility of the protein based on its amino acid content. The Debye-

Huckle-Henry theory and Henderson-Hasselbach equations were used to obtain the 

variation of charge with pH and ionic strength. 

2.6.2 Transport Modeling of Preparative Continuous Flow and Recycling 
Instruments 

Modeling approach from a rather macroscopic perspective has been used in 

developing some transport models, especially for CFE instruments. These models 
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in general predict the bulk concentrations for ZE separations. An excellent review 

of the available models and their assumptions is presented by Grateful and Lightfoot 

(1992). Saville (1980) reviewed the interaction of various convective flows that are 

important in the CFE instruments. 

Work of Ivory in modeling CFE instruments was extended to model RCFE, 

his recycling ZE preparative instrument [Ivory and Gobie (1985, 1988)]. The 

recycling feature is included in his analysis. Poux et a1. (1988), Poux and Bertrand 

(1990), and Biscans and Bertrand (1988) modeled a variant of the RF3 apparatus 

using Monte-Carlo simulation. Recycling was included in their model, representing 

their instrument, in which recycling tubes are connected to continuous stirred tank 

collectors. These two models on recycling are closest to our interests in modeling 

recycling in RITP instrument, presented in Chapters 8 and 9. 

2.6.3 Evolution of Our Computer Model 

Prior work in simulating IEF and ITP individually, culminated in formulating 

a generalized model to describe all electrophoretic modes [Bier et al. (1983a)]. The 

mathematical solution and framework for modeling was put forth by Saville and 

Palusinski (1986) and Palusinski et al. (1986). The main improvement came about 

with the inclusion of protein simulation in the model by Mosher and Thormann 

(1989). This version of the computer simulation is designated as MODEL-I. Mosher 

and Thormann (1992, 1993) improved the protein model to include the Linderstrom

Lang modification, and introduced the ability to predict protein mobility from the 
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amino acid composition of the protein. The computer simulation package with the 

Linderstrom-Lang modification is referred as MODEL-II in this dissertation. Levine 

(1992) adapted the model to accommodate electrophoresis in aqueous two phase 

separations. The next improvement is the inclusion of flows as described in this 

dissertation and in our prior publication [Deshmukh and Bier (1993)]. This model 

is named the FLOW model. One of the important application of this FLOW model 

is the ability to simulate CZE, and is elucidated in this dissertation (Chapter 7). 

Another modification is incorporating time variant CF or electroosmotic flows 

[Thormann et al. (1993)]. The modeling of recycling presented in this dissertation 

(Chapter 8) can simulate more faithfully the recycling instruments used in our 

experiments. 

2.7 Capillary Electrophoresis (CE) and Electroosmotic Flow (EOF) 

Capillary Electrophoresis (CE) received a major boost with the popularization 

of analytical ZE applications by Jorgenson [Jorgenson and Lukacs (1981)]. It is 

interesting to note that the first successful commercial capillary instruments such as 

the Tachophor from LKB (Bromma, Sweden) and IP-1B from Shimadzu (Kyoto, 

Japan) were developed much earlier (c. 1974), primarily for ITP. The rapid 

development of commercial instrumentation for Capillary Zone Electrophoresis 

(CZE) in the format of HPLC equipment is probably one of the major factors 

involved in the ready acceptance of this technology in the analytical applications 

community. Another important reason is the unsurpassed sensitivity of CEo 
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Picomole quantities are routinely detected using CEo 

Some of the early instrumentation used for free-flow electrophoresis included 

ZE in a 3 mm i.d. tube by Hjerten (1967) and CZE in helical tubes by Kolin (1979). 

Mikkers et al. (1979) developed a capillary system to perform free-flow ITP. 

Catsimpoolas (1979) developed a system to scan IEF in gel filled tubes. Thormann 

et al. (1984, 1985) designed a scanning system to analyze the transient conductivity 

profiles in capillaries of rectangular cross-section. 

There is an avalanche of publications on CE resulting in over 80 reviews on 

the subject in the years 1990-91 [Kuhr and Monnig (1992)]. The recently published 

books that deal exclusively with CE [Grossman and Colburn (1992), Li (1992) Kuhn 

and Kuhn (1993), Jandik (1993), Guzman (1993)] validate the level of maturity 

achieved by this technique. The literature can be divided into four arbitrary 

development categories: instrumentation and detection systems, better chemistry, new 

methods and applications, and finally theory or modeling. Only a brief summary of 

selected research areas is presented here. 

Instrumentation development efforts have been directed towards increasing 

automation, improving reproducibility in sampling, and devising better coupling with 

other methods in tandem. Improvements in detection technology, especially in the 

areas of laser induced fluorescence, electrochemical and mass spectrometric 

detection, have improved the sensitivity of CE by several orders of magnitude. 

Indirect detection makes it possible to detect non-absorbing species by measuring the 

changes in the background electrolyte. One CE vendor, Dionex (Fremont, CA), has 
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developed software to reverse and quantitate these indirect peaks. 

The developments in CE chemistry have focused on developing stable and 

reproducible coatings on silica capillaries to result in negligible, or at least stable, 

electroosmotic flows (EOF). A significant majority favors dynamic EOF control by 

including flow modifiers as additives in the sample. These techniques are discussed 

in detail in the next section. With the increased application of CE in oligonucleotide 

detection, and the feasibility of SDS-PAGE in capillaries, the stability and in-situ 

characterization of gels are of critical interest. 

The applications are too numerous to discuss here, hence only a few leading 

developments are mentioned. Pre-column concentration has been used to enhance 

detectability of dilute samples and ITP is finding renewed interest for such 

applications. The use of cyclodextrins in separating chiral compound offer a new 

avenue for application. Micellar Electrokinetic Chromatography (MEKC) is 

excellent for the analysis of drugs and of other non-charged species (Thormann, 

1990). Flow modifiers, like long chain polymers, makes entangled free flow CE 

competitive with gel capillaries in separating oligonucleotides. 

A major theoretical effort is devoted to extending standard chromatographic 

theory to CEo This includes the quantitative expressions for parameters such as 

separation efficiency, resolution etc. Amongst the CZE specific issues, Lee and 

Yeung (1991) directed their efforts in finding an appropriate format to convert the 

mobility data for easy and reproducible transportability between different research 

groups. Beckers et al. (1991a) and Vespalee et al. (1992) re-enforce the view that 
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the net mobility is the suitable parameter than can be used to identify compounds, 

and also serve as a transportable parameter. Our main interest in theoretical CZE 

is in computer simulation of electromigration and CF. Models from other research 

groups are listed in section 2.7.2. 

2.7.1 Factors Affecting EOF and its Control 

The EOF results from the repulsion of cations in the electric diffuse layer 

near the capillary walls. The EOF velocity veol [m/s] can be related to the Zeta 

potential C [V], using the Helmholtz-Smoluchowski equation by the following 

expression [Bocek et al. 1988], 

(2.25) 

Since the resistance to flow is uniform across the radial direction, a plug-flow results 

in open capillaries. This is also implied by the spatial independence of Eq. 2.25. A 

variety of factors affect EOF by affecting the variables in Eq. 2.25, and hence some 

of these factors and methods to manipulate EOF are reviewed here. 

The buffer pH, ionic strength, and the nature of the buffer ions all affect 

EOF. EOF is negligible at low pH, rises with increasing pH, reaching a plateau at 

still higher pH values [McCormick (1988)]. Higher ionic strength decreases EOF by 

suppressing the charge on the surface of the capillary [van Orman et al. (1990)]. 

There are many ways to control the EOF in the capillaries. A major effort has been 
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in developing appropriate chemical modification of the capillary surface to 

completely suppress EOF, by organically coating the capillary [Hjerten (1985), Kuhr 

and Yeung (1988)]. 

An easier approach than that listed above, is to use dynamic additives with the 

sample. These include the addition of surfactants [Kaneta et al. (1991), Huang et al. 

(1988)], organic solvents [Schwer and Kendler (1991)], and salts [Fujiwara and Honda 

(1986)]. These additives reduce EOF by changing the ionic strength and the 

electrical diffuse layer thickness [Chang and Yeung (1992)]. Some additives merely 

increase the viscosity of the solution, and as explained by Eq. 2.22, reduce the EOF. 

This is particularly critical for IEF in capillaries. Commonly used additives in this 

category include 0.1 % to 1 % solution of Hydroxy Propyl Ethyl Cellulose (HPEC) or 

Hydroxy Propyl Methyl Cellulose (HPMC) [Terabe and Isemura (1990)]. More 

recently cyclodextrins have been used for this purpose and also for their ability to 

resolve enantiomers [Sydor and Mularz (1991)]. Cetyl Ammonium Bromide (CTAB) 

reverses the charge on the capillary wall. and hence, by manipulating its amount, the 

EOF can be made zero [Chang and Yeung (1992)]. or made to flow towards the 

anode [Tsuda (1989)]. Recently there have been several reports of direct 

manipulation of the EOF by applying external voltage across the capillary walls [Lee 

et al. (1990, 1991), Wu et al. (1992)]. 

Our CZE model presented in Chapter 7, uses experimentally measured EOF 

values. To generate a range of experimental EOF, some of the EOF manipulating 

techniques listed above. like pH and flow modifiers, have been used. These 
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conditions have been simulated in Chapter 7 and the utility of our computer model 

demonstrated. 

2.7.2 Models for EOF in CE 

While most of the models described in Section 2.6 can simulate the 

electrophoretic behavior in the capillaries, the models described here have been 

developed especially for CEo There are many analytical studies that simply predict 

the migration times in CZE, and are not reviewed in here. Other models present 

analytical solution for CZE by considering the dispersion in conjunction with 

convection of a gaussian peak input. One such analytical expression [Thormann 

(1986), Grossman (1992)] for the peak concentration cj(x,t) at position x and time 

t, is: 

(2.26) 

In this equation, cj(O,O) is the initial concentration at x = 0, 0obf,i is the observed 

mobility, which is obtained by subtracting the neutral species mobility, °0 , from the 

net mobility (Onet,l) of the species i. This equation is limited to dilute conditions 

only, and assumes gaussian profiles, hence it does not allow determination of peak 

shapes. Also this equation does not directly include the effect of pH or conductivity 

changes. 
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Dynamic models that can simulate various conditions, such as our model, are 

more important. Dose and Guiochon (1991) present a model that is closest to our 

work. They use the same equations as our model and also include a flow term. 

Their model includes injection modes that simulate experimental injection protocol. 

This has allowed them to study the effect of various injection factors on quantitative 

analysis. Their model however, is limited only to strong electrolytes. 

Poppe (1992) has used the theory equivalent to overloaded chromatography 

in developing a model for CZE. His results indicate good correlation in the shape 

of the peaks between the numerically simpler eigenvector formulation and a finite 

difference solution. The model was used to predict the migration profile of an 

indirect CZE experiment, and shows good qualitative agreement with peak shapes, 

the correlation of migration times was not as good. 

2.8 Summary 

The basic concepts in electrophoresis and isotachophoresis have been 

presented in this chapter. The use of this technique in protein purification is shown 

in Chapter 6. That chapter also gives the details of the apparatus used in 

experiments. The electrophoretic simulation background given in this chapter gives 

a basis for our simulation model discussed in the next chapter. The effect of CF on 

ITP is presented in Chapter 5. Capillary electrophoresis and EOF modeling are 

presented in Chapter 7. 
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CHAPTER 3. DEVELOPMENT OF THE COMPUTER MODEL 

3.1 Introduction to the Modeling of Electrophoresis 

This chapter starts with the description of the generalized electrophoretic 

transport model (MODEL-I) developed by Bier et al. (1983a), as it forms the basic 

framework for my following work. Its structure and applications are best described 

by Saville and Palusinski (1986), and by Mosher, Saville and Thormann (1992). 

Theirs was the first model to describe all classical modes of electrophoresis with a 

single set of equations, this requiring only the selection of appropriate initial and 

boundary conditions. 

Thus, this text describes the equations that comprise the model, the numerical 

methods used to solve them, and the basic structure of the simulation program. The 

key features of this model are reviewed. My modifications of this computer model, 

made to incorporate convective flows, are then described in detail. 

The original model describes the transient behavior of the four modes and 

assumes isothermal conditions. Diffusional effects and local electroneutrality are 

inherent to the model. The treatment is one-dimensional, thus it must exclude some 

of the known electro hydrodynamic effects. The experimental apparatus used is 

obviously three-dimensional and we were pleased with the good predictive value of 

the one-dimensional simulation package. However, this one-dimensional model does 

not give direct comparison of the time evolution of profiles in ITP, therefore this 

aspect is dealt again in Chapter 8. 
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The developmental phases of this simulation package were described earlier 

in Chapter 2 (Section 2.5.3). Two protein models were used in our simulation 

packages to estimate protein mobility and were also discussed earlier in Chapter 2 

(Section 2.6.1). MODEL-I used the Debye-Henry-Huckle [Henry, 1933] theory for 

protein mobility. This overestimates the contribution of protein molecules to the 

solution ionic strength, hence Linderstrom-Lang (1935) modification was used in 

MODEL-II. In practical terms, the later version, MODEL-II, gives the same 

migration order for the proteins as given by MODEL-I, however lower mobilities are 

predicted. Behavior of non-protein samples is the same in both models. Hence the 

relative migration of proteins and other species is different in the two models. An 

example showing the differences is given later in Chapter 6. 

The above models were modified in the FLOW simulation program to include 

the effect of counter or co-current fluid flow on the electrophoretic processes 

[Deshmukh and Bier, 1993]. The details of this FLOW model are presented later 

in this chapter. The FLOW simulation uses the Linderstrom-Lange protein model, 

hence its results are equivalent to the MODEL-II results when no counterflow is 

applied. Thus FLOW is the best available version of our model incorporating our 

latest available information. Unless otherwise specified, the FLOW model is used 

for the simulation results that are presented in this dissertation. Most of the 

equations presented in the next section for MODEL-I also apply to the later models. 
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3.2 Development of the Existing Electrophoretic Model (MODEL-I) 

The nucleus of the model is a set of conservation equations for each ionic 

species. These equations relate the change in flux of a species to its concentration 

change with time. This is complemented by the equations for ionic equilibria of 

dissociating species and the charge transport equation. 

The mass conservation equation for each species i, is represented as: 

(3.1) 

This equation relates the gradient of flux, /;' and the generation, Ti , with the change 

in concentration, cit in a particular time step. The term Ti represents the inter-

conversion of one charged form of the component to another charged or neutral 

form. 

The flux equation for each ionic species i, is stated explicitly as; 

(3.2) 

The first term in this equation is the expression for electro migration according to the 

Nernst-Plank theory. In this term, Zi is the valence, and OJ [m2
/ V.s] is the mobility 

of the species i. The potential is denoted by «ll [V], and its differential with x is the 

potential gradient. The second term represents the diffusive flux, as obtained from 
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the Stokes-Einstein theory. R is the universal gas constant [8.314 Kg m2
/ S2 K mol], 

T is the standard temperature [298 K], and e is the molar charge of an electron 

[96500 C/ mol]. The second term is analogous to the Ficks law expression for flux, 

with ionic diffusivity, D; = (R TO;! e) [m2 Is], multiplied by the concentration gradient. 

The electrostatics of the problem is expressed by the Poisson's equation. 

Through scale analysis for our particular problem, Saville and Palusinski (1986) 

simplified the charge transport equation to the following expression, 

o = V'Lzl; (3.3) 
i 

where the summation is carried out over all i species. This equation expresses the 

condition that there is no charge generation within the separation length except at 

the electrodes. 

The model also assumes that local electroneutrality prevails throughout the 

separation length, as denoted by the following equation. 

(3.4) 

Assumption of electroneutrality is essential for the calculation of local pH as there 

is no explicit calculation of pH in multicomponent systems. 

The chemistry of the problem is meshed into these transport equations 

through the equilibrium relationships for association-dissociation reactions of 

ionizable species. Consider the representative association-dissociation reaction of a 

weak acid HA, 
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(3.5) 

The equilibrium relationship for this reaction is expressed as; 

(3.6) 

where KJIA [moIl mS
] is the equilibrium constant. These relationships and units are 

valid for all univalent reactions. Multivalent reactions can be broken into such 

reactions, but are not incorporated into the present setup. Similar relationship is 

used for water. It is assumed that water is present in large excess, and its 

concentration is constant. 

Mass action kinetics is assumed and the rates of generation can be formulated 

accordingly. For example the rate of generation of H+, r H+' can be expressed as, 

(3.7) 

Here the constants kfut and kfu [S-I] refer to the forward and reverse rate constants. 

It is easy to see that H+ would be generated by many other species in the 

electrophoretic system: namely, other weak acids, water, ampholytes, peptides and 

proteins. In addition, all these species must obey the mass conservation law, i.e., the 

ionic species can change by adding or deleting charges, but the total number of ions 

must remain the same. Hence the linear combination of the rate of generation for 
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each ionic form i, must equal zero. 

LZli = 0 (3.8) 
i 

Equation 3.3, in fact is a combination of this equation and the electroneutrality 

equation (Eq. 3.4). 

3.2.1 Non-Dimensionalization of the Equations 

The equations are non-dimensionalized to obtain the final form used in the 

computer. The generic transformations were of the type: 

(Non-dimensional quantity) = (Dimensional quantity)/ (Scale factor). 

For example, the x-dimensional length is scaled by Xo [m], the characteristic length 

in x, to obtain the non-dimensional form of length, X, 

(3.9) 

The generation rates and equilibrium constants can be non-dimensionalized 

as: 

and 
- Ki K=-

i C 
o 

(3.10) 

In these equations, ko is a characteristic rate constant [S-I], and Co [moI/m8] is a 

characteristic concentration. Their product in the equation is the ~haracteristic rate 
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of production, ro [mol/ms.s]. The mobility is scaled by the characteristic mobility, 

00' and the concentration by its characteristic value, co' Other important 

characteristic quantities are the characteristic time, to [s] and the characteristic 

potential, ~ 0 [V]. The expressions for these quantities are: 

ex 2 
t = __ 0_ 

o R1C 
o 

and ~ = RT 
o e 

(3.11) 

Using these non-dimensionalized forms, the conservation equations according 

to Saville and Palusinski (1986) become, 

ac ~ 
i = __ vJ_ 'i + T-1; 

Ot ax i 

(3.12) 

The term T-1
, in this equation is a non-dimensional parameter, 

(3.13) 

This term is the ratio of the characteristic reaction time to the diffusion time and has 

a very small magnitude. When the equations for all ionic forms of a component are 

added for the numerical solution, the generation term gets cancelled, as the sum of 

generation terms of all species is zero (Eq. 3.8). This simplified equation and the 

other essential equations in their non-dimensionalized form are compiled in the next 

section. 
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3.2.2 Final Form of the Equations of MODEL-I 

In the following equations, the subscript i refers to an individual component, 

for example an ampholyte, and it represents cumulative property of its different ionic 

forms, namely, the anionic, cationic, and neutral forms of that ampholyte. The final, 

non-dimensional forms of the equations of MODEL-I are: 

1. The non-dimensional form of the conservation equation 

ac t 
at 

= _ Oft 
ax 

(3.14) 

2. The non-dimensionalized flux expression for each component i, based on Eq. 3.2 

is 

-a'C, 
°t-= ax 

3. The charge transport equation in non-dimensional form becomes 

4. And finally the non-dimensional form of the electroneutrality equation is 

(3.15) 

(3.16) 

(3.17) 

The non-dimensional equilibrium relations, as explained in Section 3.2.1, 

complete the set of required equations. The initial and boundary conditions are now 
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required to solve these equations, and are discussed next. 

3.2.3 Initial and Boundary Conditions 

Variation of initial and boundary conditions allows the simulation of the 

different modes of electrophoresis. The initial concentration distribution along the 

entire separation chamber needs to be specified. These initial profiles closely 

resemble the experimental configurations. Mathematically, this initial condition for 

all modes and components can be generically stated as; 

Cj(x,O) = C jo(x) (3.18) 

where c jo (x) is the initial concentration of component i at any given location x. 

The boundary conditions impose certain restrictions on the end points. In the 

simulations, the separation axis is divided into grid points, and end points refer to the 

first and last points on this axis. Physically these points refer to the ends of the 

separation chamber, which separate it from the electrode reservoirs. The details of 

the apparatus are described in the next chapter. The Isotachophoresis (ITP), Zone 

Electrophoresis (ZE) and Moving Boundary Electrophoresis (MBE) boundary 

conditions state that the concentrations at the two extremes are held constant, hence, 

Ci (x ... ±oo, t) = constant (3.19) 

For Isoelectric Focusing (IEF), the boundCiry conditions stipulate that the flux of all 

ions other than H+ and OH- ions is zero at the ends of the chamber, or, 



75 

ac I 
ax = 0 for all components except H + and OH- (3.20) 

x - ±oo 

The typical initial concentration distributions and the interpretations of the 

boundary conditions for the major modes in electrophoresis are compiled here. 

1. IEF: The final steady state in IEF is independent of the initial distribution. 

It is convenient to specify uniform input concentrations for all components across the 

separation length. The boundary conditions are such that only n+ and OH- ions 

cross the ends of the separation length. All other components are confined within 

the separation length and cannot cross the boundaries. 

2. ITP: The initial condition for ITP consists of entering the terminator and 

leader components as distinct but adjacent zones. The sample is usually placed at 

the initial terminator-leader interface. The boundary conditions state that the 

concentration of all components is constant at the ends of the separation chamber. 

This reflects the physical condition, where the volumes of electrolytes in the end 

reservoirs are so large that their properties do not change appreciably during the 

separation. The boundary condition also implies that all components migrate freely 

across the chamber boundaries. 

3. MBE: The conditions are similar to ITP except that separation is carried 

out in presence of a single buffer, present throughout the separation length. The 

sample occupies a significant portion of the separation chamber, permitting the 
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observation of either the advancing or the trailing sample boundary. The boundary 

conditions are identical with the ITP conditions. 

4. ZE: ZE differs from MBE only in the fact that the sample zone is short -

thus there is interaction between the advancing and trailing boundaries. As in ZE, 

only one buffer is present, with usually a uniform distribution across the separation 

length. The sample is normally input as a gaussian peak. The boundary conditions 

are again similar to the ITP conditions. 

The potential applications of the model and the inter-relationships between 

these initial and boundary conditions were shown graphically by Bier et al. (1983b). 

, 
3.2.4 The MODEL-II Simulation 

This version of the generalized electrophoretic transport model has been 

developed by Mosher and Thormann [Mosher et al. 1992]. The equations and 

boundary conditions presented in Sections 3.2, 3.2.1-3 for MODEL-I, are identical 

for the MODEL-II version. The only change is in the way proteins are simulated in 

that model. The modified Linderstrom-Lange based theory is used for MODEL-II 

simulation as discussed in Chapter 2; Section 2.6.1. An comparative simulation 

between the two models, MODEL-I and MODEL-II, is presented later Chapter 6 for 

an experimentally relevant system. The FLOW model to be discussed next, differs 

with MODEL-II only in the form of the flux equation as explained in the next 

section. 
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3.3 Development of tbe FLOW Model 

The addition of a convective flow cannot change the local constraints such as 

electroneutrality or ionic equilibria. The main effect induced by such flow is a 

change in the magnitude of the flux. The charge transport equation is automatically 

modified with the change in flux. The generalized computer model (MODEL-I) was 

hence modified by adding a convection term cjv to the flux equation (Eq. 3.2). Here 

v [mjs] is the local velocity. The modified flux equation is then, 

(3.21) 

This equation was also derived by Saville and Palusinski (1986), as the folJowing non-

dimensional equation, 

- --I; = -zjOl/illP - OjVe; + Pevc j 
(3.22) 

A parameter, the Peclet number, Pe = evoxJR 70 ° , results from non-

dimensionalization of the equation, and reflects the relative magnitude of 

electromigration in comparison to the diffusion in the x-direction. This equation was 

not included in any of the previous applications of the model, and its incorporation 

into the numerical scheme was a part of this dissertation work. The modified 

simulation package is named as the FLOW model. 

As our model is one-dimensional, it can be applied only to instruments where 

plug-flow prevails. This was considered as an adequate representation of the 
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conditions in our experimental apparatus. A more rigorous analysis considering 

Poiseuille type flow profiles is shown later in chapter 8. We also assume identical 

effect of CF on the translation velocities of all species. Program file called FLUX3 

was changed to file RFLUX3 [Appendix B], and the numerical scheme was modified 

to include the flow effects. The CF velocity v CF was input either as a constant 

velocity or allowed to vary with time, as: 

(3.23) 

where 7i, 12, and 1i are constants. Any other function or time sequence can be 

similarly incorporated into the model. This makes it feasible to switch the CF on, 

after the front reaches a particular location, as per the experimental procedure. Our 

trial results with such a model did not show much difference between the profiles 

obtained with constant CF applied at the start. Constant CF from the beginning is 

essential to study the effect of CF on the initial transient developments. Some 

applications of the FLOW model have been presented earlier [Deshmukh and Bier 

(1993)], and are discussed in detail in Chapter 5. 

An essential criterion for the new FLOW model was its congruity with the 

earlier MODEL-II model when CF of zero is input. However by satisfying this 

condition we do not obtain any further diagnostic indications, and some other 

condition is needed to do that. Since the addition of convective flows is an external 

hydrodynamic effect, it cannot have any effect on the local chemistry of the problem. 
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This provides an important internal check for the consistency of the model. The 

modified version needs to work similarly for the complex protein samples as it does 

for the simplest case of strong electrolytes. This helped in developing the flow 

modification for weak electrolytes, ampholytes, peptides and proteins. The present 

FLOW model satisfies these requirements. 

3.4 Structure of the Simulation Program and the Input Module 

The simulation program can be conceptually broken into 3 main elements: the 

input module, the numerical analysis module, and the output module. A 

representative simulation of isotachophoretic separation of a sample comprising 

Glycyl-Glycine (Gly-Gly) and Asparagine (Asn) will be used to elaborate some of the 

details of this simulation package. The leading electrolyte was 5 mM Hel adjusted 

to pH 8.0 with tris(Hydroxymethyl)-Aminomethane (Tris), and the terminating 

electrolyte was 10 mM ,a-Alanine (,a-Ala), adjusted to pH 9.2 with Tris. 

Data entered in the input module include: the pertinent physico-chemical 

properties of the components, their initial concentration distributions, the parameters 

for the numerical scheme, and the operating conditions. The key input for an 

individual simulation is the physico-chemical data for all components. These in case 

of weak electrolytes and ampholytes are their dissociation constants and mobilities. 

For strong electrolytes, only their ionic mobility needs to be specified. The 

simulation of peptides and proteins is more complicated. For simulating peptides, 

the knowledge of the number of acidic and basic amino acid groups in the peptide 
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is required. The details are discussed in Mosher, Saville, Thormann (1992). To 

model protein migration, its diffusivity, and tabulated titration data in form of the 

valence of the protein at various pH values, are required. Stokes-Einstein equation 

is then used to obtain the protein mobility value at a particular pH. As discussed in 

Chapter 2 (Section 2.5.1), Mosher et aI. (1993), have developed a method to predict 

these titration data directly from the amino acid sequence of the proteins. This was 

not used in the results presented in this dissertation. Table 3.1 lists the physico

chemical data needed for the representative simulation. Properties for all other 

components used in this dissertation are compiled in Appendix A. 

The initial concentration distribution of all components across the entire 

separation chamber is input. This distribution closely reflects the experimental 

arrangement of the electrolytes and samples. In ITP, the leader and terminator are 

separated by a concentration boundary, and the sample components are placed at 

their interface. The short form of this distribution is entered in the computer model, 

and the requisite data are listed in Table 3.1. Graphical representation will be 

discussed later in Section 3.4.2. 

Table 3.2 lists the operational variables and numerical scheme parameters for 

the representative simulation. The numerical scheme parameters include the length 

of separation and the number of grid segments. The simulation can be performed 

under either constant voltage or constant current conditions. The current density is 

input in both the conditions, however in the constant voltage run, the voltage 

calculated at the initial time point is maintained constant throughout the simulation. 
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Table 3.1 Input Data for a Representative Simulation: Isotachophoretic (ITP) 
Separation of Glycyl-Glycine (Gly-Gly) and Asparagine (Asn) 

SYSTEM: Leading Electrolyte: 5 mM HCl + Trisl, pH 8.0 

Terminating Electrolyte: 10 mM p-Alanine (p-Ala) + Tris, pH 9.2 

Sample: 5 mM Gly-Gly + 5 mM Asn 

COMPONENT TYPE pKl pK2 MOBILI1Y (m2/V.s) 

1. p-Ala Ampholyte 3.6 10.19 3.628 x 10-8 

2. Gly-Gly Ampholyte 3.15 8.25 3.077 x 10-8 

3.Asn Ampholyte 2.02 8.8 3.228 x 10-8 

4. Tris Weak base 8.30 - 2.41 x 10-8 

5. cr Strong acid 7.91 x 10-8 

COMPONENT INITIAL DISTRIBUTION CONCENTRATION (M) 

1. p-Ala 1 boundarr, 0.23 (0.024
) 10 X 10-3, 0 

2. Gly-Gly 2 boundaries, 0.2 (0.02), 0.3 (0.02) 0, 5 x 10-3, 0 

3.Asn 2 boundaries, 0.2 (0.02), 0.3 (0.02) 0,5 x 10-3,0 

4. Tris 1 boundary, 0.2 (0.02) 8.44 x 10-3, 7.51 X 10-3 

5. Cl- 1 boundary, 0.2 (0.02) 0, 5 x 10-3 

1 tris(Hydroxymethyl)-Aminomethane. 2 This refers to number of concentration 
boundaries, which are sharp changes in concentration. 3 This number represents the 
location of the boundary in terms of the fraction of the total separation length. 4 This 
is the initial width of the boundary stated in terms of fraction of the total separation 
length. 
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Table 3.2 Input Parameters for the Numerical Scheme: ITP of (Gly-Gly) - Asn 

1. Time 

2. 

3. 

a. Total time 40 min 

b. Number of Data 
Communication Points 9 

Error Parameters 

a. Maximum relative error 
parameter 

b. Maximum absolute error 
parameter 

c. Maximum time stepsize 

d. Minimum time stepsize 

e. Initial time stepsize 

Number of Segments 100 

10-4 

0.1 

5.0 min 

5.0 x 10-6 min 

1.0 x 10-4 min 

4. Current density 10 A/m-2 

5. Column Length 0.04 m 

6. Boundary Conditions ITP 

7. Counterflow velocity o m/s 
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The duration of the separation process and data collection time steps are specified. 

The electrophoretic mode of separation depends upon the selection of appropriate 

initial and boundary conditions, as explained in Section 3.2.3. In the FLOW model, 

the velocity in units of [m/s] is input at the beginning of the simulation. If a time 

variant CF is used then constants 7i, 1i, and 13 in Eq. 3.23 are entered at this stage. 

3.4.1 Numerical Solution of the Problem, and its Stability and Error Control 

Due to the complexity of the equations, numerical methods offer the only 

practical option. The partial differential equations (PDE) (Section 3.2) have been 

solved by finite difference methods and the method of lines [Ames (1977), Palusinski 

et aI. (1986)]. Three point central difference scheme has been used to approximate 

the spatial partial differentials. This converts the PDE's into a set of ordinary 

differential equations (ODE's). These equations are integrated using five step 

Runga-Kutta-Fehlberg method [Palusinski et aI. (1986)]. This algorithm allows the 

use of a time optimization step and controls the growth of error. Error tolerances, 

as listed in Table 3.2, can be specified for each simulation. Inverse interpolation and 

bisection methods are utilized for calculations at the end points, and when the 

normal routine fails to converge at a particular time point. 

The simulations can exhibit numerical instabilities as undamped oscillations 

in the concentration profiles. These disturbances are usually seen close to the 

boundaries, where more rapid concentration changes take place than in the rest of 

the separation length [Levine 1992]. Levine also observed such oscillations at the 
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interface of two phases, in simulating electrophoretic transport in aqueous two phase 

systems. CF contributes to additional instabilities at the terminator end, where stiff 

gradients are present due to the imposition of the boundary conditions and 

isotachophoretic adjustments. The numerical stiffness in most cases is reduced by 

using smaller separation length and larger number of grid points. Numerical 

instabilities also limits the concentration of proteins, as the pH computing routine 

fails to converge at high protein concentrations. 

Our simulation models (MODEL-I, II and FLOW) incorporate a smoothing 

routine that removes the negative concentrations arising through the build-up of 

numerical errors. Another scheme used by Dose and Guiochon (1992), suggests 

adding or subtracting a small concentration of all species to prevent propagation of 

the round-off error. They report that the usual corrections required are smaller than 

10-17 M, and this prevents build-up of numerical instabilities. 

3.4.2 Simulation Output and Data Analysis 

The output of the simulation package is obtained in the form of four files. 

The log file, tmp.hdr, contains an echo of the input parameters for the simulation. 

The other three files, tmp.tot, tmp.pH and tmp.kap contain the time-dependent 

concentrations, pH, and conductivity, respectively. These data are collected 

unformatted to conserve computer storage space. All the information can be 

formatted and printed, or it can be utilized in a variety of other ways. Several 

custom utility programs developed in our group can be used to view the graphs on 
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screen, or to format the data for exporting to graphic software packages. The data 

can be manipulated for 3-D or 2-D representation, and for single scale or multiple 

scale auto-offset plots. Most of the data were collected for the entire separation 

length, at particular time points. For simulations of capillary electrophoresis (CE), 

the concentration, pH and conductivity data are collected as transient scans at a 

particular point in the column. An utility program called MKSCAN [Appendix B] 

was written to collect data as would be seen by the detector in an actual apparatus. 

The results for the simulation example discussed in Section 3.4 and 3.4.1, are 

shown graphically in Figure 3.1. Panel (a) and (b) show the time-dependent 

concentration profiles of the sample, leader, terminator and the counter ions. The 

initial conditions at time 0 are also shown in these panels. The concentration 

profiles show the development of steady state distribution, as evident from the well 

resolved plateau shaped sample peaks at 30 min in panel (a) in Figure 3.1. In the 

same time frame, the pH and conductivity values in the sample region form 

characteristic step-wise profiles. Portion of the numerical output for this simulation 

is attached in Appendix C. 

3.5 Modeling EOF in Capillary Electrophoresis (CE) 

While not specifically developed for this purpose, the FLOW model was found 

to be very effective for the simulation of CE separations. Electroosmotic flow (EOF) 

is characteristic of all CE due to the high zeta potential of capillary walls. In open 

capillaries EOF has a uniform plug flow velocity profile [Grossman (1992)], as 
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Figure 3.1 Results for a representative computer simulation of Isotachophoresis 
(ITP): Separation of Glycyl-Glycine (Gly-Gly) and Asparagine (Asn). 

Panel (a) shows the concentrations of the sample components: Gly-Gly and Asn. 
(Baseline = 0 mM, one vertical tick = 6 mM, and offset = 12 mM). Panel (b) 
shows concentrations of the leader ion (L) Cl-, terminator ion (T) J3-Ala, and the 
counter-ion (C) Tris. (Baseline = 0 mM, tick = 8 mM, offset = 16 mM). Panel (c) 
shows the pH and conductivity profiles. The left axis corresponds to the pH values 
(Baseline = 6, tick = 1, and offset = 2), and the right axis represents the 
conductivity (k) scale (Baseline = 0 S/m, tick = 0.03 S/m and offset = 0.06 S/m). 
Leading electrolyte: 5 mM HCI + Tris, pH 8.0. Terminating electrolyte: 10 mM 13-
Alanine + Tris, pH 9.2. MODEL-I was used for this simulation. 
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assumed in our model for the counterflow. For CE, the output data are usually 

collected as concentration scans at a particular location in the separation length. The 

experimental current density is usually too high, so it is necessary to proportionally 

reduce the operating parameters, rendering the simulated migration times close to 

experimental values. Applications for such scaling and modeling will be addressed 

later in Chapter 7. 

3.6 Summary 

The development of the original model for generalized electrophoretic 

transport (MODEL-I) and the salient features of the existing simulation package 

have been reviewed. The development of the new FLOW model has been discussed. 

A representative computer simulation of an ITP separation explains the data 

requirement and the structure of this simulation program. Chapter 5 gives 

applications of the FLOW model in studying the effect of CF on ITP. This FLOW 

model is the best version of our simulation package and therefore has been used for 

the rest of the simulations in the dissertation. Chapter 7 demonstrates the use of this 

model in simulating CEo Further development in simulating recycling electrophoresis 

will be discussed in Chapter 8 and 9. 
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CHAPTER 4. EXPERIMENTAL 

4.1 Introduction 

This chapter describes the instruments and techniques used in the present 

work. These comprise mainly the Recycling Isotachophoresis (RITP) apparatus, the 

Beckman Capillary Electrophoresis (CE) apparatus, and a variety of analytical 

techniques. 

4.2 Chemicals and Reagents 

Bovine Serum Albumin (BSA), [Bovine Albumin, Fraction V, Lot no. 46622] 

was obtained from U.S. Biochemicals (St. Louis, MO). BSA solution was stained 

blue by using a 0.4 % solution of Bromophenol Blue obtained from Scientific 

Products (Evanston, IL). 

The Hemoglobin (Hb) was obtained by lysing the blood drawn from the 

author. About 30 ml of the whole blood was anticoagulated by the addition of 0.1 

ml Heparin. This was then centrifuged for 10 min in a Sorvall SS-34 centrifuge at 

7000 rpm. The supernatant plasma was aspirated and the packed cells were washed 

several times with 0.15 N NaCl. The cells were then lysed with an equal volume of 

deionized (DI) water. Finally, Carbon Monoxide was bubbled through the solution 

for about 2 min. The stock Hb solution was stored at 4° C. The final protein 

content of the stock solution was approximately 100 mg/mL. Spectrophotometer 

scans of dilute solutions of Hb and BSA are shown in Figure 4.1. The peak 
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Figure 4.1 Spectrophotometric scan of the blue stained Bovine Serum Albumin 
(BSA) and Hemoglobin (Hb). 

BSA peaks are at310 nm, 380 nm and 592 nm. Hb maxima are at 280 nm, 340 nm, 
419 nm, 540 nm and 570 nm. After comparing the two profiles, 615 nm and 424 nm 
were considered optimal wavelengths to analyze a mixture of these two proteins. 
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maximum for blue stained BSA is at 592 nm and for Hb at 419 nm. 

Plasma proteins were from an old batch of human cryoprecipitate-free plasma 

provided by Hyland Laboratories (Costa Mesa, CA) and stored at -40 C. The frozen 

plasma was thawed and filtered through a cheesecloth to remove precipitated 

proteins. The filtered plasma was dialyzed overnight against the running buffer to 

remove excess salts. The final protein content of the plasma used as a stock solution 

was approximately 36 mg/ mL.1 % Sodium Azide solution was added to the treated 

aliquot as a preservative. 

Other chemicals used included: Acetic Acid, 'Baker Analyzed' reagent, from 

J. T. Baker (Phillipsburg, NJ). The p-Aminobenzoic Acid (PABA), was from Alfa 

Products (Danvers, MA). Sodium Acetate, Sodium Phosphate Monobasic, Sodium 

Phosphate Dibasic anhydrous, Citric Acid, HCI, and Hydroxypropyl Methyl Cellulose 

(HPMC) were from MaIIinkrodt (Paris, KY). Mesityl Oxide (MO), I-Phenylalanine 

and Tetra Pentyl Ammonium Bromide (TP A) were obtained from Aldrich Chemicals 

(Milwaukee, WI 53201). Phenol was from Matheson, Coleman & Bell Chemicals 

(Norwood, OH). NaOH was from Fisher Scientific (Pittsburgh, PA). The ,8-Ala-l

His (I-Carnosine) and I-Histidine (His) were obtained from Research Organics Inc. 

(Cleveland, OH 44125). 

The tris(Hydroxymethyl)-Aminomethane (Tris), 2-(N-Morpholino) Ethane 

Sulphonic Acid (MES), Tetra Butyl Ammonium Hydroxide (TBA) as 40% solution 

in water, Ethyl Ammonium Caproic Acid (EACA), Cacodylic Acid, Amaranth Red 

Dye, Glycyl-Glycine (Gly-Gly), Glutamine (GIn), Asparagine (Asn), ,8-Alanine (,8-
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Ala), Glycine (Gly), and most other amino acids and chemicals not stated earlier, 

were obtained from Sigma Chemicals (St. Louis, MO). 

Unless specified otherwise, all solutions were made in 01 water. 

4.3 The Recycling Isotachophoresis (RITP) Apparatus: Description 

The RITP apparatus developed in this laboratory was used for all the 

preparative ITP experiments. This apparatus is based on the previously developed 

Recycling Free Flow Focusing (RF3) instrument, a modified version of which is 

presently available from Protein Technologies, Inc. (Tucson, AZ). The evolution of 

the RF3 into the RITP instrument was described by Sloan (1987, 1988). 

The RITP apparatus comprises mainly a separation chamber and an external 

recycling loop. A schematic of the separation chamber is shown in Figure 4.2. The 

separation chamber is formed as a narrow slit between two parallel plexiglass plates. 

The rear plate and the external recycling loop are thermostated to dissipate the Joule 

heat. This is a free flow instrument, hence there is no gel or other support matrix 

within the separation chamber or the external recycling loop. The separation 

chamber is not divided into channels, while the external recycling loop that connects 

with it at the top and bottom comprises 48 teflon recycling tubes. The fluid is 

recycled rapidly internally from the bottom to the top, generating laminar streamlines 

within the chamber. The fluid reenters the separation chamber at the same channel 

it exits from the top. Electric field is applied in the direction perpendicular to the 

recycling, by means of two platinum electrodes contained in the electrolyte reservoirs. 
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Figure 4.2 Schematic of the separation chamber in the Recycling Isotachophoresis 
(RITP) apparatus. 

The schematic shows the front view of the separation chamber. Details of the 
external recycling loop are not shown. The fluid is rapidly recycled in the direction 
indicated by (R). The electric field and electromigration are in the direction (E). 
CF indicates the direction of counterflow. The apparatus is a free-flow device, hence 
no support matrices are used. Rapid recycling flow is essential for the laminarity of 
fluid flow. 
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The anolyte and catholyte solutions in these reservoirs are separated from the bulk 

fluid of the separation chamber by semi-permeable membranes and are individually 

recycled. This arrangement allows the passage of low molecular weight ions but not 

of proteins. It also prevents bulk mixing of the electrolytes with the fluid in the 

separation chamber. 

Rapid recycling is essential in stabilizing the laminar flow through the slit. It 

also helps in heat transfer and virtually eliminates thermal disturbances. Figure 4.3 

shows the schematic of the experimental setup, including the complete flow path. 

The recycling is carried out using a multichannel peristaltic pump. A simple shell

and tube heat exchanger in the external recycling loop enhances dissipation of heat. 

The bubble trap in the loop has the dual utility of dampening the peristaltic flow 

pulses and serving also as a convenient sample injection or removal port. The 

bubble trap is in a convenient location to visualize the location of the fronts. 

Finally, it should be stated that some minor changes were applied to the 

apparatus as described by Sloan (1987). These changes resulted mainly in decreasing 

the volume of the bubble traps and heat exchanger, reducing the priming volume of 

the apparatus by 50% to about 160 mL total. A Marriot bottle was used as a 

counterflow (CF) reservoir to reduce the dependence of CF volumetric flow rate on 

the liquid level in the reservoir. The CF pump was placed upstream of the flow path 

to further reduce the seepage of CF, caused by the stationary liquid head. The 

semipermeable dialysis membranes used earlier to separate the electrolyte 

compartments from the main separation chamber were replaced by ion selective 
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Figure 4.3 Complete schematic of the RITP apparatus. 

The separation chamber (Fig. 4.2) is attached to 48 recycle tubes at the top and 
bottom. A multichannel peristaltic pump drives the fluid through the bubble trap, 
the separation chamber and a heat exchanger. A UV monitor in channel 39 detects 
the advancing front and turns the CF on or off. (Note: For clarity component bands 
are shown only in the separation chamber, although similar profiles continue in the 
entire recycle loop. For the same reason the schematic is not drawn to size.) 
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membranes. The details are discussed in Chapter 5. 

4.3.1 The RITP Apparatus: Operation and Control 

For ITP operation, the separation chamber and all the external recycling tubes 

are initially filled with the leader solution. The terminating and leading electrolytes 

are introduced into their respective electrode compartments. As a rule, the 

terminating electrolyte was the same as the terminating buffer, but the leading 

electrolyte was ten fold more concentrated than the leader buffer. The cooling and 

recycling are started and the system is allowed to equilibrate to a temperature of 

about 4° C. The sample is then introduced into a bubble trap port near the 

terminator end, usually port #5. The typical placement of buffers with the position 

of the injection and monitoring points are shown schematically in Figure 4.4. The 

electric field is subsequently applied, maintaining either constant current or constant 

voltage. The advancement of the front is monitored at the channel #39 loop with an 

on line UV monitor (2138 Uvichord S, LKB, Bromma, Sweden). 

In experiments without CF, the experiment was stopped when the absorbance 

of the front reached a predetermined value. In a few experiments, identified 

explicitly when discussed, a uniform CF was applied continuously from the start of 

the experiment. For the majority of experiments with CF, the CF was started when 

the front reached the detector channel as recognized by a predetermined absorbance 

setpoint. Sloan (1987) designed a computer assisted control system for this purpose. 

In principle, the CF could be maintained in proportion to the detector reading, but 
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Figure 4.4 Location of the buffers, and of the injection and monitoring points. 

Channels 1 to 48 represent the separation chamber, which is filled with the leader 
at the start of the experiment. Channels 0 and 49 correspond to the Leading 
Electrolyte (LE) and Terminating Electrolyte (TE) compartments. These are 
separated from the separation chamber by membranes. The LE is a lOx 
concentrated solution of the leader. The TE is the same as the terminator buffer. 
The sample is injected at channel 5 at the beginning of the experiment. An on line 
detector at channel 39 monitors the migrating front. 
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a simple on-off control logic was preferred. A Zenith gear pump was used to provide 

CF between 1-3 mL/min. In most experiments, the CF was applied for at least 1 

hour. It was assumed that a steady state was reached when the operating parameters 

stabilized. At the end of an experiment, the recycling flow, CF, and power are 

stopped simultaneously. The external recycling loop connector is disconnected from 

bottom of the separation chamber and attached to a sample collector. The top 

connector is also disconnected, and the small volume of fluid in the separation 

chamber is sacrificed as waste. Most of the sample material is contained within the 

external recycling loop and is collected into a test tube array by activating the 

peristaltic pump. In the prototype used, 48 fractions are obtained for each run, with 

approximate volume of 3 mL each. 

4.3.2 The RITP Apparatus: Estimation of Critical Dimensions, Velocities and 
Residence Times 

The physical dimensions of the separation chamber have been measured 

directly and are listed in Table 4.1. The residence times were measured by manually 

timing a dye bolus in different sections of the apparatus. Since this is a closed loop 

apparatus, the measured volume ratio of the separation chamber to the external 

recycling loop volume, coincided with the ratio of internal to external residence 

times. 

The vertical recycling velocity was estimated by dividing the separation column 

length by the internal residence time in the chamber. The volumetric flow rate was 



Table 4.1 Dimensions of the RITP Separation Chamber 

Depth (y-direction): '2h 

Length (x-direction): a 

Height (z-direction): L 

Volume of the separation chamber: 

Volume in the external recycling loop: 

Residence time in the separation chamber: 1's 

Residence time in the external recycling loop: ~ 

Total time per cycle: Tc (= Ts + TR ) 

98 

0.075 cm 

6.5 cm 

35 cm 

20mL 

142mL 

0.09 min 

0.63 min 

0.72 min 
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obtained independently by calibrating the recycling pump. The CF volumetric flows 

were also obtained by calibrating the CF pump. The linear CF velocity was more 

difficult to measure directly. This was achieved by measuring the effective lateral 

migration rate of a dye-stained CF fluid through the column. The recycling was 

maintained but no electric field was applied. The location of the colored dye was 

recorded visually as the position in the bubble trap. This was converted to linear 

distance by considering that 48 bubble trap positions represent 6.5 em, the width of 

the column. The linear velocity was calculated as the average migration rate. 

Although diffusion plays a part, this method appeared the best to estimate the CF 

velocity. The dye experiments have also shown that the CF velocity is uniform in the 

-x-direction. Similar data were collected during some ITP experiments by recording 

the position of the colored leading front in the bubble trap. This was then used to 

calculate the migration velocities. The representative values are shown in Table 4.2. 

4.4 Analytical Techniques 

The 48 fractions collected after each run were analyzed for pH, conductivity, 

and concentration. The concentration was usually determined by measuring 

absorbance at 280 nm for colorless proteins and UV detectable samples. Absorbance 

was measured at 615 run for blue stained BSA and at 424 run for Hb. Gilford 

Spectrophotometer 250 (Gilford Instrument Laboratories, Inc., Oberlin, OH) was 

used for most spectroscopic measurements. Shimadzu Scientific Instruments 

Columbia, MD) UV1600 UV / Visible Recording Spectrophotometer was used to 
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Table 4.2 Representative Values of the Velocities in RITP Apparatus 

Velocities: 

Typical electrophoretic velocity: 

in the x-direction 

Typical CF velocity: 

in the -x-direction 

Typical linear recycle velocity: 

in the z-direction 

Volumetric Flows: 

Typical CF flowrate: 

Typical recycling flowrate: 

1.0 X 10-5 m/s 

1.4 X 10-5 m/s 

6.5 X 10-2 m/s 

1-3 mL/min 

225 mL/min 
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scan the spectrum. The pH was measured using Radiometer (Copenhagen) PHM 

62 standard pH meter with a Cole Palmer (Chicago, IL) probe. The conductivity was 

measured using YSI (Yellow Springs, OH), model 35 conductance meter, with a 

Radiometer (Copenhagen) probe (type CDC 114) with cell length of 0.73 em. 

Protein content of the fractions was characterized by analytical gel isoelectric 

focusing (IEF) of the collected fractions. Custom-poured polyacrylamide gels were 

used with the typical gel composition of 5.5% T and 3.3% C, and contained as buffer 

2.6% Arnpholine™ pH range 3.5-10 (LKB-Pharmacia, Piscataway, NJ). The gels 

were cast over GeIBond™ PAG mounting film (FMC BioProducts, Rockland, ME). 

For analyzing human plasma proteins, the gels were later silver stained. In the 

experiments involving model proteins, BSA and Hb, Coomassie Blue G-250 staining 

was considered satisfactory. The total protein content was determined using the 

Pierce Coomassie8 Protein Assay reagent, Pierce (Rockford, IL), a reagent based on 

the Bradford (1976) method. The details of the method are listed in Table 4.3. A 

calibration curve was generated by using a 5% BSA standard solution. The 

calibration curve was linear up to an absorbance reading of 1.0 optical density (OD) 

unit. The reported detection limit of this method is 1 J,Lg. The sensitivity of protein 

quantification through absorbance measurement was similar to that obtained by the 

protein reagent. For a 1 mL plasma sample, 37 absorbance units at 280 nm were 

equivalent to 36 mg protein. As a first approximation, 1 absorbance unit (or OD) 

at 280 nm was equivalent to 1 mg/mL of protein. Measurement of optical densities 

is much simpler and was therefore adopted for routine work. 
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Table 4.3 Method Used for Quantitative Measurement of the Total Amount of 
Protein-

1. Pipette 0.1 mL protein sample into test tube. 

2. Add 5 mL reagent solution and mix. 

3. Read absorbance of the solution at 595 nm against a blank. 

4. Make a calibration curve using BSA solution. 

• Based on the method by Bradford (1976), and the suggested protocol by Pierce 

Chemicals (Rockland, IL). 



4.5 Capillary Electrophoresis (CE) 

4.5.1 CE: Instrumentation 
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The CE experiments were performed on the Beckman P / ACE 21O0™ 

apparatus available in the biotechnology core facility of the University. This 

apparatus has a capillary cartridge that can either be factory assembled or custom 

assembled by the user to contain capillaries of desired lengths. The custom cartridge 

with fused silica capillary, 75 J,.£m Ld. x 375 J,.£m o.d., and length of 40 cm was used. 

A coolant recirculates through the cartridge, thermostating the capillary to 25° C for 

our experiments. The cartridge also contains an optical window for spectrophoto

metric sample detection. Various discrete wavelengths are available in the 

instrument. All data were collected at 254 nm, unless stated otherwise. The polarity 

can be interchanged, but the default setting is for cationic separation, with anode at 

the inlet and cathode at the outlet. The sample and buffer solutions are contained 

in custom vials held in two concentric carousels. The outer one holds the inlet 

solutions and the inner one contains the outlet vials. Sample injection can be either 

electrokinetic, due to electroosmotic flow, or hydrodynamic by applying positive 

pressure. Pressure injection at 0.5 psi for 5, 10 or 20 s was utilized for the present 

work. 

The Beckman System Gold™ linked through an IBM PS/II™ computer was 

used for direct real time control and data collection. The analysis is programmed as 

a series of time sequences with relevant operating parameters, and is designed for 

automated non-supervised operation. The software can further be used to massage 
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the data and print the electropherograms and reports. 

4.5.2 CE: Operation 

The solution vials are appropriately filled and loaded on the capillary 

apparatus according to manufacturer stipulated guidelines. A single experiment is 

made up of four steps: a pre-injection rinse, injection, separation, and a post-injection 

rinse. The pre-injection rinse comprised a 2 minute wash with water, followed by a 

2 minute rinse by the running buffer. This was followed by the sample injection step 

for 5 or 20 s at 0.5 psi. Then, in the separation step, high voltage was applied. The 

data from the spectrophotometer are continuously displayed on the computer. At the 

end of the separation, prescribed post-injection rinses are carried out, followed by the 

next sample injection. The post-injection rinse was simply a 2 min rinse by the 

running buffer when the buffer system was maintained the same for the subsequent 

experiments. Before beginning a new set of experiments with a different running 

buffer, additional rinses are required for capilJary conditioning as described in the 

next paragraph and later in Chapter 7 (Section 7.1). 

The neutral but UV adsorbing Mesityl Oxide (MO) or Phenol were added to 

the sample to estimate the magnitude of the electroosmotic flow (EOF). 

Fluctuations in EOF values were frequently obtained and were attributed to poor 

equilibration of the capi11ary surface with the buffer ions. This is a frequent problem 

with CE, as the capi11aries can take an unusually long time to stabilize after a change 

in buffers. When changing buffers, the running electrolyte solution was left in the 
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capillary for 24 h. A more rigorous rinse sequence was needed in some cases to 

regenerate the surface, especially, when a low pH buffer was replaced with a high pH 

buffer. This comprised: 10 min rinse with 0.1 N NaOH, 10 min with DI water, 10 

min rinse with 0.1 N HCI, followed again by a 10 min rinse with DI water, and finally 

a 10 min rinse with the running electrolyte. 

4.6 Summary 

The various instruments and techniques used for preparative ITP and CE have 

been described in this chapter. Their applications and experimental results are 

presented in the following chapters. Chapter 5 presents the results of the 

experiments on counterflow in ITP. Chapter 6 gives the results of the application 

of preparative RITP in separating human plasma proteins. Some apparatus 

modifications and scale up strategies are also discussed. CE experiments are 

presented in Chapter 7. 
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CHAPTER S. EFFECf OF COUNTERFLOW ON ITP 

5.1 Introduction 

Counterflow (CF) is essential in achieving isotachophoretic steady state within 

the short separation length of the preparative instruments. CF increases the 

apparent separation space and the time available to achieve steady state distribution. 

Experimental results of Everaerts et al. (1976a,b) show severe zone broadening and 

mixing between adjacent ITP zones on application of high CF. In their experiments, 

the CF was pumped into the capillaries, leading to a Poiseuille velocity profile. 

Saville (1990) has confirmed these experimental observations, by simulating the effect 

of a Poiseuille-type counterflow on ITP. We believed, however, that for our 

apparatus the effect of CF can be modeled better by considering plug-flow profiles 

rather than by parabolic ones. The effect of uniform CF on Kohlrausch adjustment 

of the concentration profiles is the key question answered experimentally and 

theoretically in this chapter. The use of CF as an optimization tool is also discussed. 

5.2 Experimental Studies on the Effect of CF 

To assure that a steady state can be reached in the separation chamber 

without CF, a very simple system was needed. This system comprised in the initial 

experiments only 3 components: 5 mM HCI adjusted to pH 6.0 with Histidine (His) 

as the leader, and 5 mM p-Amino Benzoic Acid (PABA), again adjusted with His to 

pH 6.0 as the terminator. No sample was needed and the adjusted concentration of 
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the terminator ion, PABA, was used as the main criterion for comparison. PABA 

has a high UV absorbance at 280 nm and this was used to measure its concentration. 

Amaranth dye was added to the leader in some experiments to aid visualization. 

5.2.1 Polarization at the Electrode Membranes 

Membrane partitioning is needed to separate the electrode compartments 

from the separation chamber and prevent mixing of their contents. Initially, we used 

Spectrapor standard cellulose dialysis membrane tubing, 12000-14000 MW cutoff, 

(Spectrum Medical Industries, Inc. Los Angles, CA). It is generally assumed that 

dialysis membranes are just size barriers with very little charge preference. It 

became soon clear that the transport of the negatively charged terminator, PABA, 

was severely hindered by the terminator membrane. The concentration profile in 

Figure 5.1 shows that although an adjusted zone is formed, there is extremely low 

solute concentration between the terminator adjusted zone (channel #20) and the 

bulk terminator at channel #1. The conductivity profile (Figure 5.1-top) also shows 

very low conductivity in the region near the terminator membrane, the ion depletion 

region. This results in a steep drop in current, with 80% drop occurring in the first 

few minutes (Figure 5.2). The experiment was performed without CF at constant 

voltage of 1000 V for the first 65 min and 1500 for the next 85 min. This suggests 

that the particular dialysis membranes were not neutral, but had significant anionic 

charge. Hence the hindrance to the passage of anions. 

Several strategies were explored to solve this problem. These included: 
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Figure 5.1 Experimental results showing the membrane polarization and the 
extreme hindrance to passage of p-Amino Benzoic Acid (PABA) ions. 

The drastically low PABA concentration in channels 1-20 (bottom panel) shows that 
the movement of PABA ions is severely hindered at the terminator side membrane. 
The conductivity profile (top profile) shows that this region (channel 1-20) is an ion 
depleted zone. Middle panel gives the pH profile. Operation: no eF, constant 
voltage of 1000 V for first 65 min and 1500 V for next 85 min. Leader: 5 mM Hel 
+ His, pH 6.0; + Amaranth Red dye. Terminator: 5 mM PABA + His, pH 6.0. 
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Figure 5.2 Experimental current profile for Fig. 5.1, indicating severe membrane 
polariza tion. 

The current drop is much steeper than expected, indicating that not many terminator 
ions are entering the chamber, as the leader ions move out of it. All operating data 
are the same as in Fig. 5.1. 
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(1) Increasing the concentration of the terminator, so that in spite of the 

hinderance to permeation, sufficient terminator ions could cross through the 

terminator side membrane. 

(2) Introducing additional terminator ions at the separation chamber side of the 

membrane using some mode of inflow. This could be achieved by using a 

closed loop in the recycle channel #2, or by having a single pass or 

continuous pumping of fresh terminator in that channel. 

(3) Using other kinds of porous membranes, for example microporous PVc. 

(4) Using anion exchange membranes to enhance the migration of anions across 

the boundary. 

Of these possibilities, alternative 1 was the simplest, but even a 10 fold 

increase in concentration did not improve the permeation. Option 2 was not tried 

as it involved flow modifications. Option 3 was also not attempted as larger pores 

may have impaired the maintenance of the fluid barrier. Alternative 4 gave a 

suitable solution to the problem. An anion exchange membrane [Raypore strong 

anion exchange membrane R5030H, RAJ Research Corp., Long Island, NY] was used 

instead of the dialysis membrane at the terminator side. Very good permeation of 

the PABA anions into the separation chamber was achieved, as shown in Figure 5.3. 

The current variation with time, shown in Figure 5.4, is less steep than in the 

previous experiment. Since the terminator conductivity was approximately half that 

of the leader, the leader displacement by the terminator should result in about 50% 

conductivity decrease. The observed current drop is consistent with this description 
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Figure 5.3 Improvement in experimental profiles with the use of anion exchange 
membrane at the terminator side. 

The concentration profile (bottom panel) shows that there is continuity in the PABA 
concentration from channell to 39. The conductivity profile (top panel) also shows 
a smoother transition. Middle panel shows the pH profile. The one disadvantage of 
using anion exchange membranes is an accumulation of the counterion, His. 
Operation: no CF, constant voltage 1000 V, total run time 9 min. Other conditions 
are similar to those of Fig. 5.1. 
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Figure 5.4 Current profile for Fig. 5.3 showing improved current profile with the 
use of anion exchange membrane. 

The decrease in current is less steep than shown in Fig. 5.2, with a dialysis 
membrane. This profile indicates that the leader ions are replaced by terminator 
ions, as expected from ITP theory. 
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of the normal ITP process. A minor drawback to this method is a small 

accumulation of the positive ions at the separation chamber side of this membrane. 

Since this had but a small effect on the anionic ITP process, it was not a major 

concern. The effects of this polarization on the concentration profiles and velocity 

are discussed later. The imposition of CF alleviates this problem. 

5.2.2 Effect of CF on Experimental ITP Adjustment 

These experiments were designed to try to determine the effect of CF on the 

Kohlrausch adjustment of concentration profiles. Conditions for both CF and no-CF 

experiments were kept as constant as possible. Hence, contrary to the general CF 

experimental protocol, CF was applied as a uniform flow from the start of each 

experiment. The initial leader-terminator boundary was set at channel #0 for both 

experiments which allowed a longer comparison of boundary migration with and 

without CF. A marker dye Amaranth Red, was added to the Leader in trace 

quantities. 

The experiments were performed at the constant voltage of 400 V, the current 

decreasing during the run from 70 rnA to 35 rnA. The experiment without CF was 

stopped when the PABA-dye boundary reached the detector at channel #39, and the 

fractions were then collected. The red dye did not form a distinct zone, but moved 

with the leader. 

In the CF experiment, the magnitude of CF was chosen so as to immobilize 

the boundary within the separation chamber. Some dye was initially pushed into the 
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terminator compartment by the CF, then the front and rear boundaries of the dye 

moved towards each other, eventually concentrating into a single channel. The 

PABA-dye boundary became almost stationary at channel 28 due to CF. Figure 5.5 

shows the transient positions of the dye front and rear boundaries, recorded visually 

as channel numbers in the bubble trap. Once immobilization was achieved the 

experiment was stopped and the fractions collected. Since this was a constant voltage 

run, the leader front velocity was higher at the start of the experiment, and it 

gradually decreased paralleling the reduction in current density. When the front 

immobilized at channel #28, the migration velocity matched the CF velocity. 

The conductivity, pH and absorbance profiles of the fractions collected are 

shown in Figure 5.6. The pH and conductivity profiles in the PABA adjusted zone 

are similar in both experiments. The adjusted pH is 6.3 in both cases, and the 

conductivity without CF is 1.8 x 10-2 S/m and with CF it is slightly higher at 2.0 x 

10-2 S/m. The adjusted concentration of PABA without CF is 2.7 mM, and with CF 

it is slightly higher at 3.3 mM. 

These values are in good agreement with each other considering the complex 

experimental steps that are involved. The study closest to our work has been 

conducted by Caslavska et al. (1991b) on the RF3 apparatus, and it is interesting to 

note that they also observed a minor increase in the adjusted sample concentrations 

with CF. 

Other differences between the two experiments are found in the profiles in 

Fig. 5.6 at the terminator end, near channel # 1, and at the leader end, around 
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Figure 5.5 Transient positions of the dye boundaries in experiments with and 
without counterflow (CF). 

The top plot shows the dye boundaries for the experiment with CF and the lower 
plot for the experiment without CF. The front boundary refers to the dye-leader 
boundary. The rear boundary is the dye-terminator boundary. The CF experiment 
shows that the dye boundaries converge and the fronts immobilize at channel 28. In 
the no-CF experiment the experiment was terminated when boundary reached 
channel 39. Operation: Constant voltage = 400 V. Leader: 5 mM HCl + His, pH 
6.0; + Amaranth Red dye. Terminator: 5 mM PABA + His, pH 6.0. 
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Figure 5.6 Effect of CF on experimental ITP profiles. 
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A 

B 

c 

Conductivity, pH and PABA concentration profiles with and without CF are 
compared. Channels left of channel 1 represent the catholyte chamber containing 
the terminator buffer, 1-48 are fractions from the separation chamber, and channels 
to right of 48 represent the anolyte compartment, containing 10 x concentrated leader 
buffer. The initial boundary between the terminator and the leader was at channel 
1. The buffer system was the same as in Fig. 5.5. Operation: Constant voltage = 
400 V. Profiles are shown at the end of the runs, without CF at 34 min and with CF 
at 100 min. 
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channel #48. These are due to membrane polarization, referred to in the earlier 

section. In the experiment without CF, the profiles are affected by counterion (His) 

accumulation at the terminator end and leader (Cr) ions at the leader end. These 

end effects are reduced by CF, giving profiles that are closer to the theoretically 

predicted step-profiles. It is also important to note that the boundary between the 

PABA adjusted zone and the leader zone has similar shape in both experiments. It 

would thus appear that there is no effect of CF on the shape of the leading front. 

An analysis of the current density profiles for the two experiments is also of 

interest. The current in these constant voltage runs behaves as a single lumped 

parameter encompassing all possible effects, like the position of the boundary, the 

adjusted concentrations, and adjusted conductivities. It was our hypothesis that if the 

nature of adjustment with and without CF is analogous, then the current at the 

similar stage of separation should be alike in both cases. The progress of separation 

was quantified as the transient position of the leader-dye boundary. The 

corresponding current values were simultanuosly recorded. The plots of the current 

versus position of the front were compared for the two experiments (Figure 5.7). 

The similarity of the profiles suggests that there is not much difference in the 

isotachophoretic adjustment in the two experiments, and that there is mainly a 

translation of the profiles. 
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Figure 5.7 Comparison of the current profile in the experiments with and without 
CF. 

Channel number refers to the position of the rear (dye-terminator) boundary as 
explained in Fig. 5.5. Operating conditions were similar to those in Fig. 5.5 and 5.6. 
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5.3 Computer Simulations of the Effect of CF 

5.3.1 Comparison of the Simulations with the Experimental Data 

The experiments discussed in the previous section were simulated using the 

FLOW computer model (Section 3.1). The simulation input included all the 

experimental components, except the dye. The parameters used for computer 

simulations are listed in Appendix A. The starting point for the leader-terminator 

boundary was at 0.8 cm for the simulations, unlike at the extreme left, between 

channel #0 (terminator electrolyte chamber) and channell, in the experiments. The 

modeled properties in the PABA adjusted zone and other operating parameters are 

compared to their corresponding experimental values in Table 5.1. 

The simulation model predicts that the conductivity, pH and concentration 

values in the PABA adjusted zone are not affected by CF (Figure 5.8). The pH and 

conductivity values are very close to the corresponding experimental values (Table 

5.1). The adjusted PABA concentration in the simulations was 3.6 mM, with or 

without CF. This is 25% more than the experimental value without CF, and 9% 

more than the experimental value with CF. We considered this to be an sattisfactory 

agreement. The minor discrepancies could be due to several factors. A major 

contributor may be the applicability of the literature values of the physicochemical 

parameters used in the simulation model. The experiments were conducted at 4° C 

and the literature dissociation constants are for room temperature. Temperature has 

a substantial effect on dissociation constants in the basic pH range. 

The migration velocity was considered an appropriate parameter tocompare 
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Table 5.1 Comparison of the Experimental and Simulation Results 

I I 

EXPERIMENTAL 

I 

SIMULATION 

I no CF I CF no CF I CF 

STEADY STATE PROPERTIES IN THE PABA ADJUSTED ZONE 

Concentration, mM 2.7 3.3 3.6 3.6 

pH 6.3 6.3 6.2 6.2 

Conductivity, (xlO+2
) Sim 1.8 2.0 2.0 2.0 

OPERATING PARAMETERS 

Constant voltage, V 400 400 18 18 

Starting current density, A/m2 266 266 20 20 

Final current density, A/m2 133 133 10.2 11.3 

VELOCITIES 

Final net migration velocity 2.3 0 1.7 0.8 

(xlO+5) mls 

Net CF transverse velocity - 1.4 - 1.0 

(xlO+5) mls 
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Figure 5.8 Simulations to study the effect of CF and compare with the 
experimental results (Fig. 5.6). 

Buffer system was the same as in Fig. 5.5. Amaranth dye was not included. The 
initial boundary between terminator and leader buffers was at 0.8 cm in the 
simulations as compared to 0 channel position in the experiments. Simulation 
parameters: Separation length = 4 cm, grid segments = 400, constant voltage = 
18.09 V, CF = 1 x 10-6 m/s. The FLOW model was used for the simulation. 
Profiles shown for time 24 min with no CF and 30 min for CF simulation. 
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the separation time in the simulations with the actual experimental time. It is 

necessary to scale the simulation velocities to compare them with the equivalent 

experimental velocities. Since the experiments and simulations were performed 

under constant voltage conditions, the current decreases with time. Hence the final 

current density was taken as the reference driving force. The experimental current 

density was 13 times larger than the value in the simulations. Further, due to the 

recycling in the experiments, the fluid is exposed to the electric field for only 0.12 of 

the total run time. The final velocity in the simulation without CF was 1.7 x 10-5 

m/s. Multiplying this with the two ratios, 13 and 0.12, gives a corrected velocity of 

2.7 x 10-5 m/s. The actual experimental velocity at channel #39 was 2.3 x 10-5 m/s. 

Considering the simplified assumptions in the calculations and the complexity of the 

experimental apparatus, the agreement would appear to be reasonable. 

The linear estimate of the CF, 1.4 x 10-6
, was obtained by the method 

described in Chapter 4, section 4.3.2. This velocity immobilized the boundary at 

channel #28. The actual experimental apparatus has other fluid flows that are 

superimposed in a complex manner. Hence, these velocity correlations are made here 

only as estimates, and more accurate comparisons are not easily achievable. A more 

detailed analysis of the effect of the recycling feature is addressed later in Chapter 

8. 

Data presented in Table 5.1 for CF simulation were acquired with a CF of 1 

x 10-5 m/s. CF of about 1.7 x 10-6 mls is needed in the simulations to immobilize 

the front at that point. The computer simulations do not take account of the ion 
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polarization at the membranes, unavoidable in actual experiments. Polarization is 

decreased by CF, hence the CF experimental profiles are closer to the simulation 

profiles. 

5.3.2 Effect of CF on Single Sample ITP 

A single sample system was simulated to demonstrate the transient 

development of ITP profiles with and without CF. The buffer system was, leader: 

10 mM Sodium Acetate + Acetic acid, pH 5.0, and terminator: 10 mM Acetic acid. 

In this system, Na+ acts as the leader ion, H+ the terminator ion, with acetate ion 

being the counterion. A strong base, Tetra Butyl Ammonium (TBA) ion was chosen 

as the sample, eliminating the effect of the degree of ionization on the sample 

behavior. This is merely to reduce unnecessary variables in the system, as the model 

is well equipped to handle ionizations of weak electrolytes. Another advantage of 

this buffer-sample combination is the easy and rapid attainment of steady state. 

The transient concentration profiles of TBA in the simulation without CF are 

shown in Figure 5.9, and the profiles with CF are shown in Figure 5.10. In both the 

simulations, the initial high concentration of the sample adjusts to its Kohlrausch 

concentration, based on the concentration of the leader. The modification proceeds 

from the leading edge in both cases till the entire sample peak has the uniform 

adjusted concentration. The time required to form the adjusted profiles is also equal 

in both cases. The main difference is that the immobilizing CF holds the profiles 

stationary at the point of application, while without CF, the profiles migrate in the 
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Figure 5.9 Computer simulations showing the transient development of ITP 
profiles without application of CF. 

Only the sample, Tetra Butyl Ammonium (TBA) ion, concentrations are shown. The 
initial concentration of 10 mM adjusts to 5.34 mM. 
System: Leader: 10 mM Sodium Acetate + Acetic acid, pH 5.0. 

Terminator: 10 mM acetic acid, pH 3.39. 
Sample: 10 mM TBA. 

Simulation was performed at a constant current density of 20 A/m2. Other 
parameters: separation length = 2 cm, segments = 200, no CF. 



125 

<-- --- CF 

-

Figure S.10 Computer simulation showing the effect of immobilizing CF on 
transient development of ITP profiles. 

All other conditions were similar to Fig. 5.9. Initial concentration of 10 mM adjusts 
to 5.34 mM (same as in Fig. 5.9). CF = 1.17 x 10-4 m/s. 
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direction of the leader ions. The Kohlrausch adjusted properties are equal with and 

without CF. The adjusted concentration in both cases was 5.34 mM, the adjusted pH 

was 4.7, and the adjusted conductivity, 3.1 x 10-2 S/m. Similar results are obtained 

when the applied CF is less than the immobilizing CF. 

To contrast the behavior of zone electrophoresis (ZE) with ITP, simulations 

were performed on ZE with and without CF. The development of profiles is similar 

with and without the counterflow, as seen in Figures 5.11 and 5.12. The 

concentration profiles in ZE show a gradual dispersion and broadening. This is the 

main disadvantage of ZE, as compared to ITP, as a suitable technique for scale up. 

5.3.3 Effect of CF on Multicomponent ITP 

Multicomponent simulations were performed to study the effect of CF on 

resolution. The resolution can be correlated qualitatively with the. widths of the 

adjusted sample zones and the widths of the overlap regions between the adjacent 

sample components. The chosen system is based partly on the previous work by Bier 

et al. (1977) on separating serum proteins. The buffer system used was, leader, 20 

mM Cacodylic acid + tris(Hydroxymethyl)-Aminomethane (Tris), pH 7.1, and 

terminator, 20 mM ~-Alanine (~-Ala) + Tris, pH 9.1. The sample comprised 1.5 

mM Bovine Serum Albumin (BSA), 25 mM Glycyl-Glycine (Gly-Gly), 20 mM 

Asparagine (Asn) and 20 mM Glutamine (Gin). 

Figure 5.13 shows the initial sample distribution and concentration profile 

after separation for 95 min without CF, under a constant current density of20 A/m2. 
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Figure 5.11 Simulations showing the transient development of concentration 
profiles in zone electrophoresis (ZE) without CF. 

Only the sample, TBA, concentration is shown. The initial input of gaussian peak 
diffuses as it migrates on application of electric field. Buffer was 10 mM Sodium 
Acetate + Acetic Acid, pH 5.0. Simulation performed at constant current density 
of 20 A/m2

, number of segments = 200, and no CF. NOTE: The electromigration 
in this figure is from right to left, and anode is at the left. 
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Figure 5.12 Simulations showing the effect of immobilizing CF on transient 
development of concentrations in ZE. 

Details are similar to Fig. 5.11, only difference being that CF (5.34 x 10-5 m/s) was 
applied. NOTE: Similar to Fig. 5.11, the electromigration in this figure is from right 
to left, and anode is at the left. In addition, the imposed CF is from left to right. 
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Figure 5.13 Multicomponent ITP simulation without CF. 
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A 

B 

Panel A shows the initial concentration distribution and panel B shows the results 
after 95 min of simulation without CF. The BSA concentration was scaled 10 times 
in the plots to bring its molar value comparable to the other components. 
Leader(L): 20 mM Cacodylic Acid + Tris, pH 7.1. Terminator(T): 20 mM ,B-Alanine 
+ Tris, pH 9.1. Sample: Initial concentrations, (1) 1.5 mM BSA, (2) 25 mM Gly
Gly, (3) 20 mM Asn and (4) 20 mM GIn. The adjusted concentrations of 
components (1)-(4) at 95 min are 1.3 mM, 22.1 mM, 22.2 mM and 21.5 mM 
respectively. Other parameters: 20 AI m2 constant, separation length = 4 cm, 
segments = 400, no CF. 
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The order of migration in this system was: Cacodylate (leader ion), BSA, Gly-Gly, 

Asn, GIn and ,B-Ala (terminator ion). Molar BSA concentration in the plots are 10 

times higher than the actual value, to make the resulting concentration range closer 

to that of the other components. 

In this system, BSA forms a stable mixed zone with the leader ion. Simulating 

the system with varying concentrations of BSA does not eliminate this mixed zone, 

indicating that it is not a transient phenomenon. Stable mixed zones are relatively 

common in ITP [Bocek et al. (1988), Gebauer, et al. (1987)]. The mixed zone 

formed in this case is an example of the "enforced" mixed zone. The two 

components are separable in a different buffer system, however, in this particular 

buffer system, the concentration and pH of the two zones are so related that a mixed 

zone is formed. A quantitative relationship can be formed using the parameter 

0netX,Y (Chapter 2, Section 2.2), which is the net mobility of component X in an 

adjusted zone of pure component Y. A stable mixed zone is formed if the following 

relationship is present: 

(5.1) 

This condition shows when a definite migration order cannot be established, but, 

instead, a mixed zone is obtained. Such a relationship exists for the simulated values 

presented here, providing the theoretical basis for the formation of the stable mixed 

zones. Theory also predicts that the component in excess, in this case Cacodylate, 

forms a pure zone in addition to the mixed zone [Gebauer et al. (1987)], as seen 
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from our results. A characteristic feature of Figure 5.13 (bottom), is the "bump" in 

the concentration of the terminator. Such peaks develop in the simulations at the 

initial location of the sample peaks. This can be explained through the concept of 

the Kohlrausch electrophoretic regulating function, Omega (t&» [mol.V.sl m6
], which 

was introduced in Chapter 2 (Section 2.3.1, Eq. 2.7). According to the Kohlrausch 

principle, t&) values along the separation axis are invariant with time, and their initial 

distribution is maintained (Thormann, 1984). Hence to offset the change in 

distribution caused by the movement of the sample ions, the terminator changes its 

concentration in that region, leading to the bump. Thormann et al.(1985a,b) give 

detailed interpretations and applications of the fA) function in ITP. In most 

simulations, the terminator forms a sufficiently long adjusted zone in front of this 

bump, and hence it does not interfere with the development of sample profiles. The 

CF in most cases, pushes this "bump" towards the terminator side, and in some cases 

removes it entirely from the chamber. As seen from our simulations, this has no 

bearing on the sample adjustment. 

When insufficient CF for complete immobilization was applied, the simulation 

profiles were essentially similar to those obtained without CF. The effect of CF 

magnitude on the concentration profiles is further shown in the following text. To 

simulate the immobilizing CF case, it is convenient to have a starting distribution 

skewed more towards the leader side, as shown in Figure 5. 14A. Operating 

conditions were maintained the same as in the simulation without CF (Fig. 5.13), 

except that a CF of 0.47 x 10-6 mls was applied for 200 min. The resulting 



~ 25 
C':l 
+ o -~ 20 
'--" 

c:~ 15 
o :g 
J-. 

1:: 
Q) 
(,) 

~ 

8 

10 

5 

o 
E!. 25 

t"l 
+ o ->< - 20 

10 

5 

-

-

-

-

t - Ornin 
T 

electro-
migration 
I ::::::-

counterflow 
<:::: I 

(* scaled lOx) 

T 

~ 

2 
L 

3,4 

1,---.. 
1* 

=200min 

* 1 
L 

A 

(* scaled lOx) B 
o ~--4---+---+-~+-~~~~~~~ 

:::s -C':l 
+ o ->< ----

25 

20 

o 

T 

1 2 

t = 150rnin 
L 

(* scaled lOX) C 
4 

Colu:rnn Length, crn 

Figure 5.14 Simulations showing the effect of CF in mUlticomponent ITP. 
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Panel A shows the initial distribution, which is essentially the same as in Fig. S.13A, 
only that the peaks are slightly displaced to the right. Panel B shows the results at 
200 min with an immobilizing CF (0.47 x 10-5 m/s). The system is the same as in 
Fig. 5.13. (L) Leader, (T) terminator ion. The adjusted concentrations are (1) BSA 
= 1.4 mM, (2) Gly-Gly = 22.9 mM, (3) Asn = 23.3 mM and (4) GIn = 22.5 mM 
respectively. Panel C shows the profiles at time 150 min when a CF stronger than 
the immobilizing CF (0.6 x 10-5 m/s) is applied. The concentrations for components 
(1)-(4) are: 1.4 mM, 22.8 mM, 23.1 mM and 22.1 mM, respectively. 
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component concentrations are shown in Figure 5.14B. The adjusted concentrations 

are very similar to those obtained without CF. The minor differences in the 

quantitative values are probably due to the numerical limitations of the simulation 

model. This is evidenced by the substantial reduction of the error by using a finer 

mesh for the simulations. In addition, the application of CF allows the system to 

attain steady state distribution, which may not have been reached in the no-CF 

simulation, for the chosen separation length. In spite of these differences, the 

profiles are very similar and the bands appear to have been just translated due to the 

constant CF. This observation holds true, when a simulation is performed with a 

much higher CF of 0.6 x 10-5 m/s. If there is sufficient migration space in the 

upstream direction, the components still form steady state distributions (Figure 

5.14C). The profiles are analogous to those obtained with the immobilizing CF (Fig. 

5.14B) and those obtained without CF (Fig. 5.13B). This example is relevant in 

anionic capillary electrophoresis, where the electroosmotic flow is greater than the 

electromigration velocity, and the bands move in the reverse direction. Detailed 

examples of such systems will be discussed in Chapter 7. If however, the migration 

space in the reverse direction is not sufficient, the components show differential 

behavior as discussed in the next section. 

Our model demonstrates that such a constant plug-flow type CF does not 

cause zone broadening or increase the mixing between adjacent ITP zones. This is 

in contrast to results of Everaerts et al. (1976a,b) which were obtained for Poiseuille 

type CF. Since in RITP apparatus the effect of CF is more closely approximates the 
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plug flow, these results are appropriate for our application. Effect of considering CF 

with parabolic flow profile is discussed later in Chapter 9. 

5.3.4 Selective Wash Out of Slow Sample Components by CF 

The effect of applying high CF during the transient development of ITP 

profiles is demonstrated in this simulation. Although all components have the same 

migration velocity at steady state, they have different velocities before this state is 

reached. For example, in an ITP system in which the adjusted sample concentrations 

were lower than input concentrations, the transient velocities of the components 

would be slower than the leader velocity. Hence, on applying a magnitude of CF 

that immobilizes the leader front, one can wash out the slower species during the 

trdnsient development of the concentration profiles. The system for the following 

simulation is the same as that in the previous section. The separation length, 

however, has been reduced so that the adjusted widths of the components do not 

have sufficient space to form fully adjusted profiles. The initial concentration 

distribution is shown in Figure 5.15A. When an immobilizing CF of 0.47 x 10-6 mls 

is applied, the CF initially pushes the slower components towards the terminator side. 

An intermediate concentration profile is shown in Figure 5.15B. However, there is 

another competing mechanism in operation, the Kohlrausch adjustment of the 

components that draws the sample material into the chamber to form the adjusted 

zones. A steady state distribution is eventually achieved as shown in Figure 5.15C. 

The faster species form adjusted zones with concentrations comparable to Figure 
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Figure 5.15 Selective washout of sample components due to CF. 
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The CF applied (4.7 x 10-5 m/s) was sufficient to immobilize the leading front. 
System was the same as in Fig. 5.13. For the first 50 min the bands are pushed to the 
left due to CF, followed by a movement to the right due to ITP adjustment. The 
profiles reach a steady state distribution at 150 min. The concentrations of 
components at time 150 min are, (1) BSA = 1.4 mM, (2) Gly-Gly = 22.8 mM, (3) 
Asn = 15.9 mM and (4) GIn = 4.4 mM, respectively. Simulation parameters: length 
= 2 cm and segments = 400. 
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5.14A, however the slower species show much smaller amounts of material in their 

zones. The final amount of each component in the chamber as a fraction of the 

initial amount is plotted as a function of time in Figure 5.16. This clearly shows that 

the slower components Asn and GIn, have been washed out from the separation 

chamber while the faster components have not lost much material, if any. This 

demonstrates the selective washing-out of the slower components when a suitable CF 

is applied prior to attainment of steady state. 

This offers an opportunity to use CF as a parameter to optimize certain 

separations. Using an appropriate magnitude of CF in the transition phase, 

undesired slower components can be washed out while keeping the faster 

components in the chamber. This has been applied experimentally for the 

purification of Human Serum Albumin (HSA) from human plasma, in anionic ITP 

separation. The data will be presented in the next chapter. 

5.4 Summary 

The application of a plug-flow type counterflow does not affect the steady 

state ITP concentration profiles. The Kohlrausch adjusted properties are the same 

with and without the addition of CF. There is also no effect on the resolution of 

multicomponent samples with the addition of moderate and uniform CF. In some 

cases, when a high CF is applied prior to attainment of the steady state, slower 

sample components can be preferentially washed-out. Thus CF can be used in 

optimizing a purification or isolation scheme. Our one-dimensional model, mimicing 
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Figure 5.16 Relative loss of sample components due to CF. 
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These data follow the simulation in Fig. 5.15. The loss of material is inversely 
proportional to the migration order of the species, from fastest to slowest: Alb (BSA) 
> Gly-Gly > Asn > GIn. The faster material is selectively retained and slower 
species are washed out. 
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plug-flow CF, shows that such CF does not cause zone broadening or mixing between 

adjacent ITP zones. Detailed analysis of the effect of CF with Poiseuille flow profile 

is discussed later in Chapter 9. Chapter 8 is also relevant to this chapter, as the 

effect of recycling on transient ITP development is discussed. 

The next chapter presents some examples of the use of ITP in the separation 

of major protein components of human plasma. The data will also illustrate a 

constructive use of CF in a purification scheme. 



139 

CHAPTER 6. RITP SEPARATION OF HUMAN PLASMA PROTEINS 

6.1 Introduction 

In this chapter are presented results for the anionic and cationic separations 

of human plasma proteins in the Recycling Isotachophoresis (RITP) apparatus. Our 

objective was to demonstrate the use of isotachophoresis (ITP) for large scale 

purification of a single fraction from a complex mixture. Human plasma was chosen 

as the sample because of its complexity, and in addition, its two main fractions 

Human Serum Albumin (HSA) and gamma-Globulins (IgG) are at the two ends of 

the electrophoretic profile. This makes it easier to demonstrate different approaches 

to selectively separate the two fractions. 

Initial experimentation was conducted using a simple system made up of two 

model proteins: Bovine Serum Albumin (BSA) and Hemoglobin (Hb). This is a 

reasonable representation of the real system, since the BSA has very similar 

electrophoretic characteristics as the HSA, and Hb has isoelectric point (pI) close to 

that of IgG. Computer simulations and experiments were used to determine the 

appropriate buffer systems and spacers needed to optimize the separations. Some 

of these conditions were then implemented in the human plasma experiments. A 

novel operating scheme was tried to separate the leading component using 

continuous RITP. Another modified scheme shows the use of multiple injections in 

improving the throughput. 
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6.2 Anionic Separations 

In the anionic buffer system, the BSA or HSA fraction is the fastest species 

and the IgG or Hb fraction is the slowest. The objective of anionic separations was 

to purify the HSA fraction from other plasma proteins. The separations were 

performed with a high pH buffer system, at which most of the components are 

anionic. The buffer system used for anionic separations is listed in Table 6.1. 

6.2.1 Anionic Spacers for Separation of BSA·Hb Mixture 

The representative separations were performed with the model mixture of 

BSA and Hb. The leader was 5 mM Hel adjusted with tris(Hydroxymethyl)· 

Aminomethane (Tris) to pH 8.0, and the terminator was 10 mM p-Alanine (p-Ala) 

adjusted with Tris to pH 9.2 (Table 6.1, AI). A photograph of the experimental 

separation without the use of spacers is shown in Figure 6.1. The photograph shows 

two sharp and contiguous ITP zones of the colored components, Bromophenol Blue 

stained BSA and Hb. Although this shows good isotachophoretic separation of the 

components, for practical applications it is necessary to use spacers to separate the 

components. The spacers migrate between the protein zones and enhance resolution. 

These spacers are usually low molecular weight compounds, which are easy to 

separate from the final protein fractions. Separation using Glycyl-Glycine (Gly-Gly) 

as a spacer is shown in Figure 6.2, where excellent separation is visible between the 

two colored proteins. 

Prior experimental work on using amino acids as suitable spacers has been 
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Table 6.1 Buffer System Used in Anionic Separations 

I 
BUFFER SYSTEM 

I I 
COMPOSmON 

I 
pH 

I 
Leader 5 mM HCl + Tris 8.0 

At 
Terminator 10 mM P-Alanine + Tris 9.2 

Tris: tris(Hydroxymethyl)-Arninomethane 
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Figure 6.1 Photograph of anionic separation of Bovine Serum Albumin (BSA) -
Hemoglobin (Hb) mixture without spacers. 

System: Leader: 5 mM HCl + Tris, pH 8.0; Terminator: 10 mM ,8-Alanine + Tris, 
pH 9.2. Sample: 250 mg BSA (Blue band), 100 mg Hb (Red band) 
Operation: Current 20 rnA constant, Voltage 170 V to 390 V, total counterflow ( CF) 
= 55 ml, the anode is at the right, total run time 2 h. 
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Figure 6.2 Photograph of anionic separation of BSA-Hb with spacer. 

The system and operating conditions are same as in Fig. 6.1, with 50 mg Glycyl
Glycine (Gly-Gly) as spacer. 
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done in gel columns by Kopwillem et al. (1976) and Bier et al. (1977), and in the 

RITP free-flow apparatus by Sloan (1987). Husmann-Holloway and Borriss (1984) 

and Hirokawa et al. (1993) have tabulated the relative migration orders of common 

anionic species and amino acids. Although these prior experimental and theoretical 

results serve as good reference points, due to the complexity of determining protein 

mobility, selection by experimental trial and error is still the best method 

to determine the suitable spacer for a particular system. 

Figure 6.3 gives the quantitative analysis of the pH, and absorbance at 424 nm 

and 615 nm, for all fractions collected at the end of the experiment, with Gly-Gly as 

the spacer (Fig. 6.2). The fractions are numbered from the terminator end to the 

leading end. In the figures, fraction #0 represents the terminating electrolyte 

chamber, and #49 the leading electrolyte chamber. 

Figure 6.4 shows the results of similar experiments with Asparagine (Asn) as 

the spacer. The absorbance profile shows good separation, but also indicates a small 

mixed zone of BSA with the spacer. Slow pH adjustment or formation of mixed 

zones are some of the probable causes for the apparent split in BSA zone. Similar 

results were observed for a particular cationic separation, hence this phenomena is 

addressed in greater detail in Section 6.3.1. Figure 6.5 shows the analytical 

isoelectric focussing (IEF) gel for the separation in Figure 6.4. The gel shows some 

fractions containing only BSA (#20-#40), some containing only Hb (#14-#15), and 

a fraction (#19) containing both components. Since all the gel lanes were loaded 

equally, fractions #26-27 have less BSA than their neighboring fractions on both 
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Figure 6.3 Quantitative results for anionic ITP separation of BSA-Hb with Gly
Gly as spacer. 

Top profile shows the absorbance at the indicated wavelengths and the lower profile 
shows the pH profile. Fractions 1-48 are fractions along the separation axis, 
collected at the end of the experiment. Fractions 0 & 49 represent the terminating 
electrolyte (TE) and leading electrolyte (LE) chambers respectively. 
System: Leader, 5 mM Hel + Tris, pH 8.0; Terminator, 10 mM I3-Alanine + Tris, 
pH 9.2. Sample: 250 mg BSA + 100 mg Hb. Spacer: 50 mg Gly-Gly. 
Operation: Current 20 rnA constant, Voltage 170 V to 390 V, CF 55 ml total, anode 
is at the right, total run time 2 h. 
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Figure 6.4 Quantitative results for anionic separation of BSA-Hb with Asparagine 
(Asn) spacer. 

Top profile shows the absorbance at the indicated wavelengths and lower profile 
shows the pH distribution. The buffer system and operation were the same as in Fig. 
6.3, except for 50 mg Asn as spacer instead of Gly-Gly. 
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Figure 6.5 Analytical isoelectric focusing (IEF) gel for the anionic separations of 
BSA-Hb with Asn as spacer. 

The lane numbers refer to fractions from the experiment in Fig. 6.4. The lanes for 
the original sample and the isoelectric markers are labeled as O and pl respectively. 
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sides. Hence the gel results concur with the absorbance profiles. The qualitative 

results of BSA-Hb separation with some other spacers that were tried are shown in 

Table 6.2. Gly-Gly gives the best overall result and hence it was tried as spacer in 

the human plasma separations. 

Several methods of injecting the spacer were tried: (1) Injecting the spacer in 

front of the sample, (2) Injecting the spacer along with the sample, and (3) Injecting 

the spacer behind the sample zone. Injecting the spacer in front of the sample is 

advantageous, as there is a 'filtering' effect for the faster component. Care has to be 

taken that the spacer is not lost in the leading electrolyte chamber. It should be 

injected in a channel as close to the sample injection channel as possible. Without 

CF, injecting the spacer either in front or behind the sample provided faster 

resolution. With eF, the final result is similar whether the spacer is injected either 

in front or it is mixed with the sample. In several experiments, the sample was 

injected in channel #5 and the spacer was injected a few channels upstream of the 

sample, channel #12. However, the easiest method is to mix the spacer with the 

sample and inject them simultaneously. 

There also appears to be some compression of the sample bands in the 

experiments with CF. High degree of spacing observed during the initial stages in 

some experiments, narrowed down after the bands were immobilized. Some 

narrowing may be expected due to steady state concentration adjustments, but there 

seem to be some additional dispersive effects due to the CF and other factors as 

discussed in Chapters 8 and 9. Although these results are not solely due to CF, a 
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Table 6.2 Summary of the Qualitative Performance of Selected Spacers in 
Anionic ITP Separation of BSA-Hb Mixture 

SAMPLE SPACERC·) QUALITATIVE 

SEPARATION 

1. BSA-Hb no spacer poor 

2. BSA-Hb Gly poor 

3. BSA-Hb MES poor 

4. BSA-Hb Asn good 

(some evidence of mixed 

BSA zone) 

5. BSA-Hb Gly-Gly excellent 

MES: 2-(N-MorphoIino) Ethanesulphonic Acid 

CO) All spacers were injected in front of the sample bands, after some initial migration 

of the sample. 
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major contributor may be the non-uniform effects introduced by the on/off switching 

of the CF. The recycling rate may need to be faster than presently used to prevent 

such dispersion. 

6.2.2 Computer Simulation of the Anionic ITP of BSA-Hb mixture 

The BSA-Hb separations were simulated using the models discussed in 

Chapter 2 and 3. The computer results are limited by the available physico-chemical 

data and the theory available to predict the protein mobility. The prediction of 

migration order usually corresponds very closely to the experimental order, however, 

it fails in some cases, as demonstrated in the following example. 

Anionic BSA-Hb separation was simulated on the computer, using the 

experimental buffer system (Table 6.1). Figure 6.6 shows the simulation results of 

this separation with MODEL-I when no spacers were used. The two component 

zones seem to approach the steady state plateau concentrations. When Gly-Gly is 

included as a spacer, the simulation results in Figure 6.7 show that Gly-Gly moves 

faster than both BSA and Hb. Simulating the same system with the updated version, 

MODEL-II, different results are obtained. Figure 6.8 shows that the predicted BSA 

mobility is faster than the Gly-Gly zone and that a mixed zone is formed between Hb 

and Gly-Gly. However our experimental results indicate that the Gly-Gly migrates 

in between the two zones. The real solution seems to be between the two versions 

of the computer models. Hence, the simulations can serve only as reference points, 

and it is ultimately the experiments that decide the usefulness of a spacer. The 



151 

1.0 
. Hb ~ 

0.9 - Ir- Alb 

0.8 
55 min 

~ 
0.7 

. 
f\,.---C") 

+ 0.6 0 
r 30 min 

.-4 
I>cI ---
= 

0.5 
0 

.004 ..., 
a:I 0.4 
M 

- ~r 
20 min 

~ 
QJ 

0.3 tJ 

= 0 
U 

0.2 

-
~ 

10 min 

0.1 -

0.0 n o min 
I I I 

o 2 4 6 8 

Column Length. em 

Figure 6.6 Simulation of anionic ITP of BSA-Hb mixture using MODEL-I. 

Successive time profiles have been offset vertically by 0.2 mM. The profile at 55 min 
shows the steady state concentration distribution of BSA and Hb. 
System: Leader: 5 mM HCI + Tris, pH 8.0 

Terminator: 10 mM ~-Alanine + Tris, pH 9.2 
Sample: 0.3 mM BSA + 0.4 mM Hb 
Adjusted concentration: BSA: 0.11 mM, and Hb : 0.16 mM 

Operation: 10 A/m2 constant, no CF, anode is at the right. 
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Figure 6.7 Simulation of anionic separation of Alb-Hb with Gly-Gly spacer using 
MODEL-I. 

Order of migration: Gly-Gly (dashed line), BSA and Hb (solid lines). The successive 
vertical profiles represent concentrations at time points 0, 15, 30 and 50 min 
respectively and are offset by 0.25 mM. The leader-terminator buffer system and the 
operation parameters are the same as in Fig. 6.6. Sample: 0.05 mM BSA + 0.05 mM 
Hb + 0.08 mM Gly-Gly. Adjusted concentrations: BSA: 0.11 mM, Hb: 0.16 mM, and 
Gly-Gly: 1.35 mM. 
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Figure 6.8 Simulation of Fig. 6.7 with the improved protein model, MODEL-II. 

Order of migration: BSA, Hb (solid lines) and Gly-Gly (dashed). Gly-Gly and Hb 
show formation of a mixed zone. Successive vertical profiles represent concentrations 
at time points 0, 15, 30 and 50 min respectively and are offset by 0.25 mM. All input 
and operating conditions were similar to those in Fig. 6.7, except that the MODEL-II 
version of the computer model was used in the simulation. Adjusted concentrations: 
BSA: 0.16 mM, Hb: 0.21 mM, and Gly-Gly: 1.07 mM. (Note that identical results 
would be obtained using the FLOW version of the model, since no CF is imposed) 
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FLOW model discussed earlier in Chapters 2 and 3 is the best available version of 

the computer model. Since its results are similar to MODEL-II in absence of 

imposed flows, the FLOW version of the simulation will be used for all modeling in 

the following discussion, unless specified otherwise. 

Simulations containing only small molecular weight compounds presumably 

correlate better with experiments. Figure 6.9 shows computed results for a few 

selected anionic spacers in the previously used pH 8.0 leader-terminator system 

(Table 6.1). The migration order, from fastest to slowest, is: Aspartic Acid (Asp), 

2-(N-Morpholino) Ethanesulphonic Acid (MES), Gly-Gly, Asn, Threonine (Thr), 

Glutamine (GIn) and Glycine (Gly). Thr and GIn form a mixed zone in this 

simulation. Such migration orders can also be deduced from tabulated data in the 

literature [Hirokawa et al. (1993)]. We were satisfied with the performance of Gly

Gly and used it in our later experimentation. Complete simulation parameters for 

human plasma proteins were not available, therefore simulations were performed 

only with the BSA-Hb model system. 

6.2.3 Anionic Separations of Human Plasma 

The buffer system in Table 6.1 was utilized for these sets of experiments. The 

leader pH of 8.0 is different than the literature preference for pH of 8.6 for serum 

separations. Our main purpose in anionic separations was the efficient separation 

of HSA from the plasma matrix. This was met satisfactorily with the pH 8.0 buffer. 

For complete fractionation of all human plasma components, the higher pH might 
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Figure 6.9 Computer simulation to determine the migration order of selected 
anionic spacers. 

System: (L) Leader, 5 mM HCI + Tris, pH 8.0 
(T) Terminator, 10 mM ,B-Ala + Tris, pH 9.2 
Sample: 2 mM each of (1) Asp, (2) MES, (3) Gly-GIy, (4) Asn, (5) Thr, (6) 
GIn, and (7) Gly. 

Simulation parameters: 10 A/m2 constant, 200 segments, no CF, anode is at the right, 
data is shown for time = 200 min. 
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be more suitable. 

Figure 6.10 shows representative experimental results for RITP separation of 

human plasma. Gly-Gly was used as the spacer based on its performance in the prior 

BSA-Hb experiments. The experiment was run at constant voltage of 300 V, with the 

recycling velocity of about 5 x 10-2 m/s and run time of 95 minutes. The panels 

show the pH, conductivity and absorbance profiles of fractions collected along the 

separation axis. The analytical silver stained IEF gel (Figure 6.11) indicates 

predominantly HSA pure fractions (#25-#43), mixed fractions (#18-#19), and a IgG 

pure fraction (#17). This general behavior is also reflected in the UV absorbance 

profile. In this experiment no CF was used, hence the components are not 

adequately resolved. When a very low CF (0.5 to 1.0 x 10-5 m/s) was used the 

resolution was not markedly different. 

When a high CF (2.0 x 10-5 m/s) is applied, the slower components are 

washed out as shown by simulation in Chapter 5 (Figure 5.15). This is the optimal 

operating condition for our objective to purify HSA, disregarding all other 

components. Absorbance profile of an experiment with 50 mg Gly-Gly and 1.5 ml/ 

min CF is shown in Figure 6.12. All the slower fractions are washed out by CF and 

only pure HSA remains in the separation chamber, as seen in the analytical gel of 

the fractions. The top gel in Figure 6.13 shows fractions inside the chamber and the 

bottom gel analyzes fractions of the CF effluent. A small amount of HSA is also 

washed out, hence the CF must be optimized to prevent loss of this desired 

component. 
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Figure 6.10 Representative experimental results for anionic ITP of human plasma. 

Profiles show the conductivity, pH, and absorbance values for the fractions collected 
along the separation length at the end of the experiment. 
System: Leader: 5 mM HCI + Tris, pH 8.0 

Terminator: 10 mM ,B-Alanine + Tris, pH 9.2 
Sample: 3 cc Hyland Cryo Free Plasma ( ~ 100 mg protein) 
Spacer: 50 mg Gly-Gly 

Operation: 300 V constant, no CF, anode is at the right, run time 95 min. 
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Figure 6.11 Analytical IEF gel for the experiment in Fig. 6.10. (Anionic ITP of 
human plasma). 

Lane 17 shows a pure IgG fraction, 18-19 show mix fractions and 25-43 show pure 
BSA fractions. Experimental conditions were the same as in Fig. 6.10. The original 
sample is in lanes marked 0 and the isoelectric markers are in lanes marked pl. The 
pi range of the gel is 3.5-10. The gel was silver stained after Coomasie G staining. 
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Figure 6.12 Concentration profile for anionic separation of human plasma with 
high CF. 

HSA fraction remains in the separation chamber and the rest of the slower fractions 
are washed out with the CF. 
System: Leader: 5 mM HCl + Tris, pH 8.0 

Terminator: 10 mM ,a-Alanine + Tris, pH 9.2 
Sample: 3 cc Hyland Cryo Free Plasma (~ 100 mg protein) 
Spacer: 50 mg Gly-Gly 

Operation: 300 V for 90 min, then 600 V for 80 min with CF (~ 1.5 mIl min). 
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Figure 6.13 Analytical IEF gel for anionic separation of human plasma with high 
CF. {The experiment of Fig. 6.12). 

The top gel shows the coomasie blue stained gel of fractions collected from the 
separation chamber, indicating that only HSA remains in the chamber, and other 
fractions are washed out with the CF. The lower gel shows the silver stained gel of 
the CF effluents. These fractions marked c1 to c5 are aliquotes collected periodically 
during the experiment and were roughly of same size. Lanes cf1-cf5 represent 7 fold 
concentrations of the fractions c1-c5. The lower gel results show that some HSA is 
also washed out with IgG. In both these gels, lanes indicated pi represent the 
isoelectric point markers, and those marked 0 are of the original plasma sample. 
The pi range of the gel is 3.5-10, and the cathode is at the top. 
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In the following experiment the amount of spacer, magnitude of CF and other 

operating parameters were adjusted, with the objective of fractionating the sample 

into two fractions. Spacer amount was reduced to 15 mg Gly-Gly. The experiment 

was operated at constant current of 20 rnA, voltage varied from 150 V to 900 V and 

the total run time was 3.5 h, of which 1.5 h were with 1.1 mIl min CF. The results 

are shown in Figure 6.14. It indicates better resolution than Fig. 6.10, between the 

HSA dominant peak and the peak containing IgG and other slower proteins. 

6.3 Cationic Separations 

In the cationic buffer system, Hb and IgG are the fastest species, and BSA or 

HSA are the slowest proteins in the matrix. Our objective for cationic ITP was to 

separate IgG selectively from human plasma. Two types of buffers have been used. 

In the first set of experiments, a buffer that gives cationic migration of all 

components was used. The second set of buffers operate in a pH range that keeps 

the target protein cationic and other proteins anionic. The second set of experiments 

is suitable for modified semi-continuous experiments as shown later in Section 6.4.2. 

All buffers used in cationic separations are listed in Table 6.3. 

6.3.1 Spacers for Cationic Separations 

The cationic ITP buffers usually have a pH in the range of 3 to 6. The amino 

acids migrating in these buffers do not offer a sufficient latitude of net mobilities to 

act as good spacers for protein ITP. Stover (1989) has listed some spacers that are 
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Figure 6.14 Concentration profile of anionic purification of human plasma 
proteins: Moderate CF and spacer amount. 

System: Leader: 5 mM Hel + Tris, pH 8.0 
Terminator: 10 mM ,a-Alanine + Tris, pH 9.2 
Sample: 3 cc Hyland Cryo Free Plasma ( ~ 100 mg protein) 
Spacer: 15 mg Gly-Gly 

Operation: 20 rnA constant, Voltage, 150 to 900 V, anode is at the right, total run 
time 3.5 h, of which 1.5 h with CF (~ 1.1 mil min). 
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Table 6.3 Buffers Used in Cationic Separations 

I BUFFER SYSlEM 

I I 
COMPOSmON 

I 
pH 

I 
Leader 5 mM Sodium Acetate + 5.0 

C1 Acetic Acid 

Terminator 10 mM Acetic Acid 3.4 

Leader 10 mM NaOH + MES 6.0 

C2 
Terminator 10 mM EACA + Citric Acid 4.0 

Leader 10 mM NaOH + MES 6.0 

C3 
Terminator 10 mM EACA + 5.0 

Acetic Acid 

EACA: Ethyl Amino Caproic Acid 
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suitable for cationic ITP separations. Several spacers, especially the tetra-

alkyl ammonium salts, were screened by us using computer simulations. Few of these 

spacers were tried in the experimental separation of BSA-Hb mixtures. Successful 

spacers in this step were later used for human plasma separations. Table 6.4 lists the 

cationic spacers that were used, along with their qualitative performances in 

experimental separation of BSA-Hb mixtures. 

For the first set of experiments, leader buffer was 5 mM Sodium Acetate 

adjusted with Acetic Acid to pH 5.0, and the terminator was 10 mM Acetic Acid pH 

3.4. Figure 6.15 shows the photograph of such an experiment for the separation of 

BSA and Hb. Hb migrates in the front with the BSA band adjacent to it. 

Photograph of an experiment in the same buffer system using Tetra Pentyl 

Ammonium (TPA) ion as a spacer is shown in Figure 6.16. TPA performs very well 

in resolving the two proteins. Gamma-Amino Butyric acid (GABA) is also a good 

spacer for this system. Tetra Butyl Ammonium ion (TBA) performed well in the 

simulations but was not tried in the experiments. The results of the computer 

simulation with TPA and TBA as spacers are shown in Figure 6.17. 

An anomaly was observed during the course of these cationic experiments, 

when Tris was used as a spacer. There seemed to be a split within the Hb zones. 

Figure 6.18 displays the photograph taken during the experiment. The analysis of the 

collected fractions did not show any indication of splitting of Hb into its subunits. 

Similar observation was mentioned earlier in Section 6.2.1 for anionic separation of 

BSA-Hb using Asn as a spacer. Analysis presented here would also apply in that 
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Table 6.4 Summary of Qualitative Performance of Selected Spacers in Cationic 
Separation of BSA-Hb Mixture. 

SAMPLE SPACER(*) QUALITATIVE 

SEPARATION 

1. BSA-Hb no spacer poor 

2. BSA-Hb TPA good 

3. BSA-Hb Tris split in the Hb zone 

(refer to the text) 

4. BSA-Hb GABA good 

5. BSA-Hb His poor 

6. BSA-Hb Ser poor 

GABA: y-Amino Butyric acid 

TP A: Tetra Pentyl Ammonium salt 

(*) All spacers were injected mixed with the sample. 
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Figure 6.15 Photograph of cationic separation of BSA-Hb mixture without spacer. 

Close-up of the separation chamber is shown. Leading sample band is Hb and blue
stained BSA is the trailing band. 
System: Leader: 5 mM Sodium Acetate + Acetic Acid, pH 5.0 

Terminator: 10 mM Acetic Acid, pH 3.4 
Sample: 250 mg BSA + 200 mg Hb, no spacers. 

Operation: Constant current 40 rnA, cathode is at the right, total run time = 2 h, CF 
applied for the last 45 CF. 
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Figure 6.16 Photograph of cationic separation of BSA-Hb with Tetra Pentyl 
Ammonium (TPA) ion as spacer. 

System: Leader: 5 mM Sodium Acetate + Acetic Acid, pH 5.0 
Terminator: 10 mM Acetic Acid, pH 3.4 
Sample: 250 mg BSA + 200 mg Hb 
Spacer: 100 mg TPA 

Operation: Current 40 rnA constant, cathode is at the right, total run time 2.5 h, CF 
was applied for the last 1.0 h. 



I=: o ..... ...., 
ttl 
M 

~ 
Q) 
CJ 
I=: o 

CJ 

9 ~--------------------------------~ - - - TBA 
............ TPA 

8 - Alb, Hb 

7 

6 

5 Hb 

50 min 

4 

30 min 
3 ~----~~--~~~------------~~~ 

2 

o 2 3 456 

Column Length. em 

10 min 

7 8 

168 

Figure 6.17 Simulation of cationic ITP of BSA-Hb mixture with Tetra Butyl 
Ammonium (TBA) and TP A as spacers. 

Good spacing between Hb and BSA (=Alb) is obtained by using either TPA or TBA 
as a spacer. Successive time points have been offset by 1.5 mM. 
System: Leader: 10 mM Sodium Acetate + Acetic Acid, pH 5.0 

Terminator: 10 mM Acetic Acid, pH 3.4 
Sample- initial (adjusted) concentration, mM: 0.3 (0.35) BSA, 0.4 (0.29) Hb 
Spacer- initial (final) concentration, mM: 1 (4.1) TPA, 1 (4.0) TBA 

Operation: 20 A/m2 constant, cathode is at the right, no CF. 
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Figure 6.18 Photograph of cationic ITP of BSA-Hb mixture with 
tris(Hydroxymethyl)-Aminomethane (Tris) as spacer. 

Top photo shows the close-up of the separation chamber, and the bottom one shows 
the bubble trap. The leading Hb zone seems to be split into two parts, one in 
channels #20-27, and the other part in channel #11, with a dilute region between 
them (Channel #11-20). The BSA band (Channel #9-10) is adjacent to the slower 
part of Hb. 
System: Leader: 10 mM Sodium Acetate + Acetic Acid, pH 5.0 

Terminator: 10 mM Acetic Acid, pH 3.4 
Sample: 250 mg BSA + 100 mg Hb 
Spacer: 50 mg Tris 

Operation: Current 40 rnA constant, total run time 3 h, 1.5 h with CF. 



170 

case. The slow pH adjustment of Tris zone and the formation of a mixed zone may 

be the probable causes for this phenomenon. Computer simulations confirm this 

observation. Modeling results show the formation of a stable mixed zone of Hb, 

Figure 6.19. Tris zone appears to be entirely enclosed within the Hb zone. This may 

give rise to a visual appearance of a split of a Hb zone, as the relative dilution by the 

Tris zone between two purer Hb zones. 

Two simulations seem to corroborate this view. In the first test, the initial 

sample zone pH was adjusted with the counterion concentration so as to have a very 

low pH difference with the leader. The experimental equivalent is to prepare the 

low concentration sample in the leader buffer. In this case, when the sample is 

injected, it does not cause a large change in the pH or conductivity at the point of 

injection. This reduced the amount of the split observed. In addition, Tris injection 

with BSA-Hb mixture was simulated on the computer. In the case when the sample 

injection zone pH was not adjusted to match the leader pH, there was a clear split 

of the Hb zone, as observed during the experiments. When the sample was 

introduced into the terminator and the initial sample zone pH was manipulated with 

counterion concentration, the split was not observed. The results of computer 

simulation are shown in Figure 6.19. 

6.4 Scale Up and Modified Schemes 

There are two main strategies to scale up the preparative electrophoretic 

instruments. The first technique is to increase the volume of the processing fluid by 
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Figure 6.19 Simulation of Tris as a spacer in the cationic ITP of BSA-Hb. 

Simulation results show that Tris migrates within the Hb zone, leading to appearance 
of splitting in the Hb zone into 3 parts, 2 Hb parts with the center part diluted by 
presence of Tris. (Alb in figure = BSA) 
System: Leader: 10 mM Sodium Acetate + Acetic Acid, pH 5.0 

Terminator: 10 mM Acetic Acid, pH 3.4 
Sample: 0.3 mM BSA + 0.4 mM Hb 
Spacer: 50 mg Tris 

Operation: 20 A/m2 constant, no CF, cathode is at the right. 
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increasing the physical dimensions of the instrument. Such efforts in the direct 

scaling of the separation chamber volume of RIEF type of instruments have been 

highly successful (Bier and Egen, 1979). The details have been discussed earlier in 

Chapter 2 (2.5.2). Direct scale up of the separation chamber volume without the use 

of screens is not easily feasible. Hence the RF3 apparatus cannot be scaled up in 

this manner. However, it is possible to increase the hold up volume in the RF3 

instruments by increasing the external recycling volume. 

Alternatively the throughput of the process can be increased by converting the 

batch process into a semi-continuous operation. Two distinct operating modes were 

tried in this present study. These can be described as the Sequential Injection mode 

and the Feed-and Bleed Operation mode. 

6.4.1 Sequential Injection Mode 

In the normal batch operation as described in Chapter 4 (Section 4.3.1), the 

injected sample initially migrates towards the opposite polarity. When the front 

reaches the detector channel it is immobilized and at steady state, the eF, recycling, 

and current are all stopped and the fractions are collected. Since the migration of 

the front is a time-dependent phenomenon the following modified scheme was 

implemented. After immobilization of the sample at the detector location, the 

sample is withdrawn continuously through a recycle tube with a pump. At the same 

time another bolus of the sample is injected into the separation chamber. The timing 

is suitably adjusted such that the complete withdrawal of the first bolus gives 
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sufficient time for the migration of the second bolus towards the detector. 

Multicomponent samples can be handled automatically, by passing the withdrawal 

stream through a fraction collector with an online UV monitor. This is shown 

schematically in Figure 6.20. Such operation can increase the throughput of the 

instrument. 

Instead of multiple injections of the same sample, different samples can be 

injected with minimal cross contamination. A representative experiment was 

performed with the cationic buffer system C1 (Tab. 6.3). The leader was 5 mM 

Sodium Acetate + Acetic Acid, pH 5.0, and the terminator, 10 mM Acetic Acid, pH 

3.39. The operating conditions were constant current at 40 mAo Three samples were 

processed one after the another. First a Hb sample was injected, followed by human 

plasma sample and then again by a Hb sample. There did not appear to have been 

any cross contamination between the subsequent samples. 

Additional instrumentation and control improvements can enhance the 

performance of this modified mode of operation. An additional UV monitor can 

detect the receding boundary of the front and would then help in spacing the 

subsequent sample injection. This would also aid in the automation of the multiple 

injections. 

6.4.2 Feed-and-Bleed Semi-Continuous RITP 

In most practical protein purifications only one component of the sample 

mixture is important. Modified scheme discussed here can enhance the performance 
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Figure 6.20 Schematic of the Sequential Injection Mode. 
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After immobilizing the protein bands of sample (Sl) at the detector, the proteins are 
withdrawn by bleeding a channel. During this time, a second bolus of sample (S2) is 
injected. Timing is adjusted so that when the first sample is completely withdrawn, 
the second bolus approaches the detector. A fraction collector can segregate the 
different components collected in each sample. 
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of the fractionation if the desired component is either the fastest or the slowest 

species in the matrix. The Feed-and-Bleed mode utilizes the key benefits of ITP 

process if the target component is the fastest species. The advantages are that the 

concentration of the lead component follows Kohlrausch adjustment and is not 

diluted, and the spacer zone lengths can also be manipulated using the ITP 

principles. If the target component is the slowest component then a reverse scheme 

needs to be used. This scheme offers an opportunity to scale up the throughput by 

about 10 to 50 times. 

A critical component of such process development is the selection of a 

suitable operating pH. A schematic of the Feed-and-Bleed operating scheme for the 

cationic lead component is shown in Figure 6.21. The pH is selected such that the 

target component is cationic and migrates towards the cathode. The other 

components are anionic or neutral at that pH and move towards the anode or are 

pushed by the application of CF. As in the batch operations, the leading front is 

immobilized at the detector channel by applying computer controlled CF. The 

sample injection is continuous, and when sufficient amount of target protein is 

accumulated at the detector channel, the product withdrawal is started. This is 

accomplished using a peristaltic pump, and bleeding a recycling channel near the 

detector channel. 

In most experiments, the detector was at channel #39 and withdrawal at #38. 

The slower components are collected by bleeding a channel near the terminator end 

(channel #2). After the initial withdrawal is started, a dynamic flow equilibrium is 
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counterfl ow pump 

product pump 

Figure 6.21 Schematic of the Feed-and-Bleed continuous operation mode. 

The feed is injected continuously at the center of the separation chamber. The pH 
is selected such that only the target component moves towards the leader, the other 
components are of the opposite charge. The target component is immobilized at the 
detector channel and withdrawn continuously. The other components are washed out 
by CF and are collected as the second continuous stream. 
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maintained by balancing the injection, CF, and the withdrawal flowrates. A multiport 

peristaltic pump simplifies the flowrate balancing required between the input and the 

output streams. Each tube of this pump has the same volumetric flowrate, so 

discrete increase in flowrate can be achieved by simply using more tubes, and 

balancing the number of pump tubes maintains the flow equilibrium. Connecting the 

outlet tubes in reverse allows the use of a single muItiport pump for all the inlet and 

outlet streams. 

Separations using this scheme can also be optimized using spacers. This is 

useful if a sharp pH cutoff is not achieved solely by selecting an appropriate buffer 

system. Use of spacers then ensures that the contamination would be with a easily 

separable spacer and not other protein components. Computer simulations were 

used to select appropriate buffers to separate BSA and Hb using this modified 

scheme. Operating pH was sought between 4.8 and 7.0, the respective isoelectric 

points (pI's) of BSA and Hb. A preliminary list of buffers was compiled based on 

the buffer selection criteria presented by Bocek et al. (1988), [Table 10-2, p 188]). 

The cationic buffers considered for such schemes were included in the Table 6.2. 

The buffers C2-C4 in Tab. 6.2 were used for this purpose. Buffer C2 was used 

experimentally. 

The buffer system that performed well on the computer was (C2): Leader, 10 

mM NaOH + MES to pH 6.0, terminator, 10 mM EACA + MES, pH 5.0. Figure 

6.22 shows the simulated concentration profiles of the two proteins, BSA and Hb. 

As expected for cationic migration Hb moves towards the cathode, however, BSA 
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Figure 6.22 Simulations of BSA-Hb in ITP buffers suitable for Feed-and-Bleed 
continuous separation. 

BSA (= Alb) being negatively charged in the system moves towards the anode, while 
Hb being cationic moves towards the cathode and forms an ITP adjusted zone. The 
dashed line shows the pH profile at 60 min. Each successive concentration profile 
is offset by 1 mM. 
System: Leader: 10 mM Sodium Acetate + MES, pH 6.0; Terminator: 10 mM 
EACA + MES, pH 5.0. Sample: initial concentration, 0.3 mM BSA + 0.4 mM Hb. 
Simulation parameters: 20 A/m2 constant, cathode is at the right, no CF. 
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being anionic moves in the opposite direction. Hb can be seen to form the 

Kohlrausch adjusted concentration, but BSA on the other side does not form self 

sharpening boundaries. BSA moves in a zone electrophoretic mode. 

Experiments were performed in the modified RITP apparatus using this new 

scheme. Mixture containing 900 mg BSA and 600 mg Hb in 90 mI leader was 

injected at the center of the separation chamber, at the rate of approximately 0.3 mIl 

min with a syringe pump. Hb was allowed to migrate towards the cathode, and an 

immobilizing CF was applied when the front reached the detector channel. The CF 

effluent was collected as BSA washed out with the CF. Figure 6.23 displays a 

photograph taken during the experiment. Hb stream was collected through a channel 

close to channel #39 and BSA was collected either through the CF effluent port #1 

or channel #5. Characterization of the streams show that pure fractions are 

obtained. There were no apparent problems in processing larger loads using such 

a scheme. This particular run was operated for 7 hours. 

This modified pH scheme was applied to cationic separation of human plasma. 

The buffer system was kept the same as in the previous experiment. Results for 

batch experiment are discussed here, and the performance in the semi-continuous 

operation is expected to be similar. Two spacers GABA and TPA were also injected 

with the sample, to further enhance the resolution. The UV analysis of the collected 

fractions is shown in Figure 6.24. The negative fractions are the CF effluent 

aliquotes taken at fixed time periods. The JgG fraction, as expected, migrated 

towards the cathode and the other proteins moved towards the anode by themselves 
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Figure 6.23 Photographs showing the experimental separation of BSA-Hb using 
Feed-and-Bleed continuous mode. 

The top and bottom photographs show the separation chamber and the bubble trap 
respectively. Sample is injected continuously at the center (channel 18). Red 
colored Hb band moves towards the cathode at the right (channels 33-36 in the 
bottom photo), but the blue-stained BSA being anionic at the operating pH moves 
towards the left (seen in channels 1-7 in bottom photo). The BSA band in the 
separation chamber is very close to the electrode hence it is not seen in the 
photograph. Both streams are withdrawn continuously. 
System: Leader: 10 mM NaOH + MES, pH 6.0; Terminator: 10 mM EACA + 
MES, pH 5.0. Sample: 45 mL human plasma ( ~ 900 mg protein) + 600 mg Hb in 
90 mL. Injection rate ~ 0.2 mL/ min. Operation: Constant current 40 rnA, total run 
time ~ 7 h, CF was turned on after the first 50 min. 
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Figure 6.24 Cationic separation of human plasma proteins using a pH suitable for 
Feed-and-Bleed continuous operation. 

Although suitable for continuous operation, results shown are for a batch operation. 
The negative fractions (-10 to 0) are the CF effluent samples collected periodically 
through the experiment. Fractions (#1-#48) were collected along the separation 
length after the end of the experiment. Injection was into Channel #19. 
System: Leader: 10 mM NaOH + MES, pH 6.0; Terminator: 10 mM EACA + 
MES, pH 5.0. Sample: 3 cc Hyland Cryo Free Plasma ( ~ 100 g protein) + 
Bromophenol Blue + Spacers (50 mg GABA + 100 mg TP A). Operation: Constant 
current 40 rnA, Voltage 170 V to 440 V, cathode is at the right, total run time 3 h, 
with the last 1.5 h with CF. 
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or due to the CF. The analytical gel showed that the pH split was reasonably 

successful in this plasma separation but a much sharper pH cutoff is needed to get 

increased purity of the IgG. 

Paralleling our efforts, Caslavska and Thormann (1992) have also explored 

Feed-and-Bleed operation in their RITP apparatus, using different buffer systems. 

Of relevance are also the experiments of Sloan (1987) that explored saturation of the 

sample in the chamber followed by bleeding of the products. 

6.5 Summary 

In this chapter the experimental results have been presented for separation 

of BSA-Hb mixture and purification of HSA and IgG from human plasma. Gly-Gly 

acts as an effective spacer in anionic separation of BSA-Hb mixture. In separating 

HSA from human plasma, the optimal mode is to add large amounts of spacer and 

applying high CF to wash the slower fractions. In cationic separations, TP A and 

GABA act as good spacers in the buffer systems used. The two modified schemes, 

the Sequential Injection Mode and the Feed-and-Bleed Mode were discussed for 

scale up and continuous operation. These methods can significantly increase the 

throughput of the process. 

The next chapter presents some experimental results of Capillary 

Electrophoresis (CE), and addresses the application of our computer model in 

simulating CE results. 
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CHAPTER 7. CAPILLARY ELECI'ROPHORESIS 

7.1 Introduction 

Capillary Electrophoresis (CE) has gained rapid popularity in recent years as 

a high resolution, fast analytical technique. There is also considerable interest in 

using computers to simulate CE, as evident from articles on the subject [Hirokawa 

(1983), Dose and Guiochon (1991), Poppe (1992), Ermakov (1992)]. The generalized 

electrophoretic model, described in Chapters 3 and 5, is ideally suited to simulate CE 

due to its flexibility in accommodating all chemical species. The FLOW version of 

the simulation package, which incorporates counterflow (CF), was used to simulate 

CE with electroosmotic flows (EOF). The flow profile of EOF in open capillaries 

is closer to plug-flow than to PoiseuiIle flow (Grossman, 1993), hence the effect is 

mathematically similar to the application of a uniform CF. 

The direction of EOF is usually towards the cathode; hence the electro

migration is in the same direction in cationic separations. However, in anionic 

separations, EOF is opposite to the direction of electromigration. In most anionic 

applications, EOF is dominating and components move in the direction opposite to 

electromigration. This mode is termed reverse anionic migration by Beckers et al. 

(1991a), and its key advantage is the simultaneous analysis of anionic and cationic 

species in a single run. Reverse cationic modes, though not naturally occurring, are 

also feasible if the EOF direction in cationic separations is reversed by using 

additives, coatings, or direct control. 
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The following definitions are used in this chapter. The observed mobility, 

00bs [m2/V.s], is the mobility of a charged species calculated on basis of the actual 

migration times. Analogously we can define "neutral mobility" 0eol [m2/V.s] based 

on the migration times of a neutral marker. This subtracted from 00bs gives the net 

mobility, 0MI [m2/V.s], which is the mobility at a particular pH and dissociation. 

The ionic mobility, 0Um' is the value for fully ionized species and is the quantity 

tabulated in the literature. This can also be obtained experimentally by dividing 0MI 

with the degree of dissociation. 

This chapter presents the experimental and modeling data for CE of selected 

compounds conducted in buffers of different pH values. The experimental results 

were conducted in the Zone Electrophoretic mode in the capillaries, commonly 

termed as Capillary Zone Electrophoresis (CZE). The varying conditions in the 

experiments represent the range from cationic separations at low pH values, to 

reverse anionic migrations at high pH values. The computer model was then used 

to simulate selected experiments. The migration times, 0obs' and 0MI can be closely 

predicted using the experimentally measured (Jeol as an input. 

7.2 Experimental Results 

All CZE experiments were carried out on the Beckman Instruments (Palo 

Alto, CA) PlACE 2000TM capillary electrophoresis apparatus, which was made 
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available to us by Dr. R. D. Jasensky of the Macromolecular Structure Facility. A 

capillary of 47 cm total length, with 40 cm effective length to the detector was used. 

The applied voltage varied between 12.5 KV and 17.5 KV. Mesityl Oxide (MO) was 

used as the neutral marker in most experiments, while Phenol or Benzene was used 

in some of the earlier work. 

7.2.1 Experimental Results at pH 2.5 

The buffer used for these experiments was 25 mM Sodium Hydroxide adjusted 

to pH 2.5 with Phosphoric acid. This low pH buffer generates negligible EOF, and 

is therefore recommended for analytical cationic applications where EOF is 

undesirable [McCormick (1988)]. The sample comprised 15 mM each of two amino 

acids: Histidine (His) and Phenylalanine (Phe). At pH 2.5, His (pI = 7.59, pKl = 

6.00, pK2 = 9.17) is fully dissociated, but Phe (pI = 5.48, pKl = 1.83, pK2 = 9.13) 

in contrast, has a degree of dissociation of only 0.18. Either Benzene or Phenol was 

used as the neutral marker for these experiments. Table 7.1 lists the migration times 

and mobilities for the experiments at pH 2.5. At 17.50 KV, the average migration 

times were: His 6.17 min, Phe 23.57 min and the neutral species, Phenol, 60.57 min 

respectively. The migration times in this cationic separation are high because of the 

negligible EOF. A representative experimental result, corresponding to Exp. 11 in 

Tab. 7.1 is shown in Figure 7.1. A ramp in the baseline before the neutral peak is 

probably a response to the change in refractive index. The average 0net of His was 

2.63 x 10-8 (m2 IV.s), and for Phe it was 0.51 x 10-8 (m2 IV.s). The experiments 



Table 7.1 Results of Experiments at pH 2.5 
- - - ~- - - _ .. _- - -- - - -- -~ - -- ----- ~--

Mobility, (xlO+8 m2/V.s) 

Migration time, min Observed Mobility, Net Mobility, 

Exp. Voltage °obs 0net = (0 0/1$ - 0eo) 
# KV 

His Phe Neutral(a) His Phe Neutral His 

°eo! 

1 12.50 8.56 32.36 - 2.93 0.77 0.30(b) 2.63 

2 17.50 5.89 21.63 - 3.04 0.83 0.30(b) 2.74 

3 17.50 6.01 23.21 - 2.98 0.77 0.30(b) 2.68 

4 17.50 6.05 23.88 - 2.96 0.75 0.30(b) 2.66 

5 17.50 6.06 24.55 - 2.95 0.73 0.30(b) 2.65 

6 17.50 6.22 24.98 - 2.88 0.72 0.30(b) 2.58 

7 17.50 6.41 19.37 - 2.79 0.92 0.30(b) 2.49 

8 17.50 6.01 - - 2.98 - 0.30(b) 2.68 

9 17.50 6.33 20.93 60.00 2.83 0.86 0.30 2.53 

10 17.50 6.10 19.62 59.00 2.94 0.91 0.30 2.63 

11 17.50 5.98 21.65 62.70 2.99 0.83 0.29 2.71 

(a) Benzene was used as a neutral marker in Exp. 9 and Phenol was used in Exp. 10 and 11. 
(b) The average of the 0eol values in Exp. 9-11 are used for calculations in Exp. 1-8. 
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Figure 7.1 Representative experimental result for the CZE separation at pH 2.5. 

Absorbance profile at 214 run is indicated as function of the migration time. The 
buffer used was 25 mM Sodium Hydroxide adjusted to pH 2.5 with Phosphoric acid. 
Sample comprised 15 mM Histidine (His) and 15 mM Phenylalanine (Phe). Phenol 
was used as the neutral marker. The total capillary length Lc was 47 cm, with the 

effective length to the detector Ld of 40 cm. The operating voltage was 17.50 KY. 
(This is Exp. 11 in Tab. 7.1). 
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were conducted under varying composition and conditions, which included: presence 

of a protein standard, presence and amount of organic neutral marker, and the 

voltage. The values closest to the average were without the protein sample. The 

amount of organic neutral marker or the voltage did not seem to make much 

difference in the 0eol value for this particular system. Computer simulation of a 

representative separation at pH 2.5 is presented later in Section 7.3. Close 

predictions of the migrations times were obtained. 

7.2.2 Experimental Results at pH 5.0 

In most experiments at pH 5.0, the EOF was sufficiently high to enable 

separation in the reverse anionic mode. Simultaneous separation of one anionic 

component, p-Amino Benzoic Acid (PABA) (pI = 3.63, pKl = 2.41, p~ = 4.85) and 

two cationic components, p-Alanine-I-Histidine (p-Ala-I-His) (pI = 8.13, pKl = 6.83, 

pK2 = 9.51) and His, was achieved in this system. MO was used as the neutral 

marker. The buffer used for these experiments was 10 mM Sodium Acetate adjusted 

to pH 5.0 with Acetic acid. The sample comprised 0.7 mM p-Ala-I-His, 0.6 mM His, 

1.6 mM MO and 0.3 mM PABA. Table 7.2 compiles the migration times and 

mobilities of the experiments conducted in this buffer system. Figure 7.2 shows a 

representative scan of an experiment at pH 5.0 (Exp. 12 in Tab. 7.2). The migration 

order was His, p-Ala-His, MO, and PABA, with the migration times of 2.62, 2.71, 

4.09 and 7.00 min respectively. The resolution between His and p-Ala-I-His is 

unsatisfactory at this pH. Simulation in Section 7.3 gives a good prediction of these 



Table 7.2 Results of Experiments at pH 5.0 

Migration time, min 

Exp. Voltage 
# KV 

p-Ala-His His MO PABA 

12 17.0 2.71 2.62 4.09 7.00 

13 17.0 2.75 2.66 4.19 7.30 

14 17.0 2.75 2.66 4.20 7.31 

15 17.0 2.82 2.72 4.33 7.65 

Mobility, (xl0+8 m2/V.s) 

Observed Mobility, Net Mobility, 
Q

obs Q Mt = (QOAt - Qeo) 

p-Ala-His His MO PABA p-Ala-His His PABA 
Q eo! 

6.80 7.03 4.51 2.63 2.29 2.52 -1.88 

6.70 6.93 4.40 2.52 2.30 2.53 -1.88 

6.70 6.93 4.39 2.52 2.31 2.54 -1.87 

6.54 6.78 4.26 2.41 2.28 2.52 -1.85 

-00 
\0 
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Figure 7.2 Experimental results of CZE at pH 5.0. 
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Absorbance profile at 254 nm is plotted as function of migration time. The buffer 
used was 10 mM Sodium Acetate adjusted to pH 5.0 with Acetic acid. Sample 
comprised 0.7 mM I3-Alanine-I-Histidine (I3-Ala-I-His), 0.6 mM His, 1.6 mM Mesityl 
Oxide (MO) and 0.3 mM p-Amino Benzoic Acid (PABA). Operating parameters: 
Voltage = 17.0 KV, Lc = 47 em, and Ld = 40 cm. (This is Exp. 12 in Tab. 7.2). 
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experimental results. 

7.2.3 Experimental Results at pH 6.0 

The carrier electrolyte at pH 6.0 gave a good baseline resolution of the 

sample components. The sample composition and operating conditions were the 

same as in the experiment in Fig. 7.2. The buffer comprised 10 mM NaOH adjusted 

to pH 6.0 with MES. Table 7.3 gives the numerical data for experiments at pH 6.0 

and Figure 7.3 shows results of one such experiment (Exp. 17 in Tab. 7.3). The 

migration order from the fastest to the slowest components was ,B-Ala-His, His, MO 

and PABA. Their migration times were 2.33, 2.52, 2.95, and 5.53 min respectively. 

7.2.4 Experimental Results at pH 6.2 

The carrier electrolyte pH was changed marginally from 6.0 to 6.2, to study 

the effect of this small change on the CZE separation. The buffer used for these 

experiments was 10 mM NaOH adjusted with MES to pH 6.2. Tables 7.4-5 present 

the migration times and mobilities of the experiments at pH 6.2. 

Figure 7.4 shows a representative separation in this buffer. This corresponds 

to Set a - Exp. 23 in Tab. 7.4. The sample comprised 0.28 mM ,B-Ala-I-His, 0.24 mM 

His, 0.64 mM MO and 0.16 mM PABA. The sample was pressure injected at about 

0.5 psi for 5 s and the corresponding amounts injected were 9, 8, 20 and 12 pmoles 

of ,B-Ala-I-His, His, MO and PABA respectively. Good baseline resolution of the 

sample components is obtained, with a minor improvement in the resolution of His 



Table 73 Results of Experiments at pH 6.0 
~----- -- -- --

Mobility, (xlO+8 m2 jV.s) 

Migration time, min Observed Mobility, Net Mobility, 

Exp. Voltage Cobs ° net = (Oobs - 0eo) 

# KV 
fj-Ala-His His MO PABA fj-Ala-His His MO PABA fj-Ala-His His PABA 

° eo! 

16 17.0 2.31 2.49 2.93 5.45 7.98 7.40 6.29 3.38 1.69 1.11 -2.91 

17 17.0 2.33 2.52 2.95 5.53 7.92 7.31 6.25 3.33 1.66 1.06 -2.92 

18 17.0 2.38 2.55 3.06 5.60 7.74 7.22 6.02 3.29 1.72 1.20 -2.73 i 

~ 
\0 
N 
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Figure 7.3 Representative results for CZE experiment pH 6.0. 

Absorbance at 254 nm is shown as function of migration times. The sample 
composition and operating conditions were similar to those in Fig. 7.2. The buffer 
system was 10 mM NaOH adjusted to pH 6.0 with 2-(N-Morpholino)Ethane 
Sulphonic Acid (MES). (This is Exp. 17 in Tab. 7.3). 



Table 7.4 Results of Experiments at pH 6.2 

I I II 
Mobility, (xlO+8 m2/V.s) 

Migration time, min Observed Mobility, II Net Mobility, 

Exp. Voltage ° Db: OM = (Oob: - OeD) 
# KV 

,a-Ala-His His MO PABA ,a-Ala-His His MO PABA ,a-Ala-His His PABA 

OeD/ 

I Set a. 

19 17.0 2.33 2.56 3.09 5.87 7.91 7.20 5.96 3.14 1.95 1.24 -2.82 

20 17.0 2.26 2.47 2.96 5.43 8.15 7.46 6.23 3.39 1.92 1.23 -2.83 

21 17.0 2.22 - 2.91 5.23 8.30 - 6.34 3.52 1.96 - -2.82 

22 17.0 2.18 2.37 2.80 4.92 8.45 7.77 6.58 3.75 1.87 1.19 -2.83 

23 17.0 2.19 2.38 2.81 4.96 8.42 7.74 6.56 3.72 1.86 1.18 -2.84 

24 17.0 2.14 2.35 2.76 4.76 8.61 7.84 6.68 3.87 1.93 1.16 -2.81 

Set b. 0.01-0.11% Hydroxy Propyl Methyl Cellulose (HPMC) was added to the sample 

25 17.0 2.13 2.32 2.73 4.68 8.65 7.94 6.75 3.94 1.90 1.19 -2.81 

26 17.0 2.14 2.33 2.74 4.70 8.61 7.91 6.73 3.92 1.88 1.18 -2.81 

27 17.0 2.16 2.35 2.77 4.77 8.53 7.84 6.65 3.86 1.88 1.19 -2.79 

28 17.0 2.21 2.41 2.83 5.02 8.34 7.65 6.51 3.67 1.83 1.14 -2.84 

29 17.0 9.21 14.97 - - 2.00 1.23 - - - - -

II 
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~ 
\0 
~ 



Table 75 Results of Experiments at pH 6.2: II 
-- .. _-

I I I 
Migration time, min 

Exp. Voltage 
# KV 

p-Ala-His His MO PABA 

I Set c. 

30 17.0 6.11 8.10 17.09 -
31 17.0 2.52 2.80 3.42 7.30 

32 17.0 2.34 2.59 3.10 5.96 

33 17.0 2.34 2.58 3.09 5.94 

34 17.0 2.32 2.54 3.02 5.55 

35 17.0 2.27 2.50 2.96 5.46 

I Set d. 

36 17.0 3.65 4.27 6.02 -
37 17.0 3.54 4.12 5.74 -
38 17.0 3.63 4.27 6.02 -
39 17.0 3.41 3.96 5.41 -
40 17.0 2.87 3.26 4.14 -

Mobility, (xlO+8 m2/V.s) 

Observed Mobility, Net Mobility, 

Cobs CMf = (Cobs - Ceo) 

p-Ala-His His MO PABA p-Ala-His His PABA 
Ceol 

3.02 2.28 1.08 - 1.94 1.20 -
7.31 6.58 5.39 2.52 1.92 1.19 -2.87 

7.88 7.12 5.95 3.09 1.93 1.17 -2.86 

7.88 7.14 5.96 3.10 1.92 1.18 -2.86 

7.94 7.26 6.10 3.32 1.84 1.16 -2.78 

8.12 7.37 6.23 3.38 1.89 1.14 -2.85 

5.05 4.32 3.06 - 1.99 1.26 -
5.21 4.47 3.21 - 2.00 1.26 -
5.08 4.32 3.06 - 2.02 1.26 -
5.40 4.65 3.41 - 1.99 1.24 -
6.42 5.67 4.45 - 1.97 1.22 -

I 

I 

I 

I 

I 

~ 
\0 
VI 
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Figure 7.4 Representative experimental results for reverse anionic CZE at pH 6.2. 

Absorbance at 254 nm is shown as function of the migration time. The electrolyte 
used for this experiment was 10 mM NaOH + MES, pH 6.2. The sample comprised 
0.28 mM p-Ala-I-His, 0.24 mM His, 0.64 mM MO and 0.16 mM PABA. Operating 
parameters: Voltage = 17.0 KV, Lc = 47 cm, and Ld = 40 cm. (This is Exp. 23 in 

Tab. 7.4 and in Figs. 7.5-7.6). 
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and I3-Ala-I-His in comparison to experiments at pH 6.0. The migration order and 

migration times at 17.00 KV were: I3-Ala-I-His, 2.19 min, His 2.38 min, MO 2.81 min, 

and PABA 4.96 min respectively. 

A viscosity modifier, Hydroxy Propyl Methyl Cellulose (HPMC), was added 

to some samples (Set b - Exp. 25-29 in Tab. 7.4) to increase the viscosity and thereby 

reduce EOF. Experiments 25-29 show the effect of increasing the amount of HPMC 

from 0.01 % to 0.11 %. The EOF in Exp. 29 was nearly zero, and hence was not 

measured. This suppression of EOF using HPMC is widely used in capillary IEF. 

Prior to the next set of experiments (Set c), the capillary was rinsed for 2 min by 0.1 

N NaOH, followed by 2 min wash with DI water and finally a 4 min rinse by the pH 

6.2 buffer. Since this was not sufficient to regain the high EOF without HPMC in 

(Set c - Exp. 30 in Tab. 7.5) a harsher wash (Chapter 4, Section 4.5.2) was used. This 

comprised 10 min rinse by 0.1 N NaOH, 10 min wash with DI water, 10 min rinse by 

0.1 N HCI, 10 min rinse by water and finally a 10 min wash with pH 6.2 buffer. This 

rinsing protocol comprised 10 min rinses of 0.1 N NaOH and 0.1 N HCI, interspersed 

with 10 min DI rinses, and finished with a 10 min wash of the buffer. Experiment 

31 shows the improved results. 

The experiments 36-40 (Set d) in Tab. 7.5 were conducted after the capillary 

was used for experiments at pH 5.0 (Exp. 12-15, Tab. 7.3). There is considerable 

difference between the migration times obtained in Set d (Exp. 36-40 in Tab. 7.5) as 

compared to those for the experiments in Sets a-c (Exp. 19-35). The change in 

operating pH from 5.0 to 6.2 in this set of experiments, changed the capillary 
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conditioning and is the main reason for the differences in the migration times. The 

experiments in Sets a-d cover a range of experiments, performed under conditions 

of varying sample amounts, viscosity modifiers, and capillary conditioning. These 

experiments were conducted over a period of few days. Due to these varying factors 

and run to run deviations, there is considerable fluctuation in the migration times of 

the neutral marker and other species, as seen in Figure 7.5. However, when 0eol 

values are subtracted from the corresponding 00lAf values, the resultant 0nel values 

for each component are surprisingly constant, as shown in Figure 7.6. This 

consistency can be observed for experiments at other pH values discussed in this 

chapter. Similar results have been shown by other researchers [Beckers et al. 

(1991a), Vespalee (1992)], and is the prime reason that allows the use of 0nel as a 

criterion in identifying species, even in complex matrices. 

Controlled conditioning and rinsing protocols must be maintained to obtain 

uniform operating conditions. This seems to be a major limitation in using a single 

capillary for a range of experiments. Most manufacturers recommend using a 

separate capillary for each buffer system in use, to minimize the day to day variations 

in capillary surface conditioning. Practical CZE analysis is usually performed with 

high buffer concentrations, of the order of 100 mM. Our experiments, which were 

conducted at lower concentrations of 10-25 mM to enhance EOF, may have 

increased the system sensitivity to EOF fluctuations. 
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Figure 7.5 Summary of the net mobilities for experiments at pH 6.2. 

The experiment numbers are same as those in Tab. 7.4 and 7.5. Experiments 19-24 
(Set a), Exp. 30-35 (Set c) and Exp. 36·40 (Set d) were conducted without any 
additives. Hydroxy Propyl Methyl Cellulose (HPMC) was added to the samples in 
Exp. 25-29 (Set b). The electroosmotic flow (EOF) was nearly zero in Exp. 29, hence 
the migration time of MO (neutral) and PABA were too high to be measured. The 
EOF in Set c (Exp. 30) did not match that in Set a, till a strong wash was applied 
(Exp. 31-35). Set d experiments were conducted after few experiments at pH 5.0. 



-co 
+ o ...... 

7 

6 

5 

4 

~ 3 
t>. ..., .-;C 2 
o 
S 

1 

o 

200 

MO 

----------~-~~~ ....... 
PABA 

His 

20 22 24 26 28 .30 .32 34 36 38 40 

Experiment number 

Figure 7.6 Summary of the net mobilities for experiments at pH 6.2. 

The neutral (MO) mobility was measured under a variety of conditions, and hence 
shows a great variance in the values. The details of the experiments are given in Fig. 
7.5 and Tables 7.4-7.5. The dotted lines represent the theoretical net mobilities for 
the indicated components. Parameters for these calculations are compiled in 
Appendix A. 
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7.2.5 Experiments at pH 7 

This was the highest pH tried for CZE experiments in this work. The stock 

solution for 100 mM pH 7.0 Phosphate buffer was prepared by mixing 39 mL of 0.02 

M Monobasic Sodium Phosphate (NaH2P04.H20) with 61.0 mL of 0.02 M Dibasic 

Sodium Phosphate, and the volume adjusted to 200 mL with de-ionized water (DI) 

[Stoll and Blanchard (1985)]. This solution was diluted 10 times to get a 10 mM 

Phosphate buffer for most pH 7.0 experiments. The sample for these experiments 

was similar to that for the experiment in Fig. 7.2. The migration times and mobilities 

are compiled in Table 7.6 and a representative experimental scan (Exp. 46) is shown 

in Figure 7.7. The migration times of ,e-Ala-His, His, MO and PABA were 2.73, 

3.00, 3.16, and 6.55 min respectively. The migration order was the same as that for 

experiments at pH 6.2. The baseline resolution between the peaks of ,e-Ala-I-His and 

His was better at pH 7.0 in comparison to experiments at other pH, however the 

EOF consistency in consecutive experiments was the poorest at this pH. 

7.3 Comparative Computer Simulations of CE with EOF 

The FLOW version of the model was used in simulating the CE experiments. 

The neutral species mobility based on experimentally determined EOF velocity is 

required as the input for the model. Other input parameters include: the operating 

variables, like the capillary length and running voltage, and pertinent physico

chemical data of the sample and buffer components, such as their ionic mobilities 

and dissociation characteristics. All the CZE simulations have been performed under 



Table 7.6 Results of Experiments at pH 7.0 
- --

Mobility, (xlO+8 m2/V.s) 

Migration time, min Observed Mobility, Net Mobility, 

Exp. Voltage °obs 0llet = (Oobs - 0eo) 
# KV 

,a-Ala-His His MO PABA ,a-Ala-His His MO PABA ,a-Ala-His His PABA 

°eol 

41 17.0 - 3.06 3.17 6.64 - 6.03 5.81 2.77 - 0.22 -3.04 

42 17.0 - - 3.11 - - - 5.93 - - - -
43 17.0 3.21 3.51 3.95 10.25 5.74 5.20 4.67 1.80 1.07 0.53 -2.87 

44 17.0 - - 3.56 8.78 - - 5.18 2.10 - - -3.08 

45 17.0 2.83 3.13 3.30 7.24 6.51 5.89 55.8 2.55 0.93 0.31 -3.03 

46 17.0 2.73 3.00 3.16 6.55 6.74 6.14 5.83 2.81 0.92 0.31 -3.02 

47 17.0 2.66 2.87 2.98 5.72 6.93 6.42 6.18 3.22 0.75 0.24 -2.96 

48 17.0 2.57 - 2.86 5.41 7.17 - 6.44 3.41 0.73 - -3.03 
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Figure 7.7 Representative results for CZE experiment at pH 7.0. 
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I 

3.00 hi s 

Absorbance at 254 nm is shown as function of migration times. Sample composition 
and operating conditions were similar to those in Fig. 7.4. Phosphate buffer at pH 
7.0 was used. (This is Exp. 46 in Tab. 7.6). 
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constant voltage conditions. The separations could be optimized by varying the input 

parameters. 

The relative direction of EOF depends upon the polarity of the separation, 

it is in the same direction as electromigration in cationic CE, but it is in the opposing 

directions in anionic separations. The EOF velocity profile is assumed to be plug

flow, rather than a more complex profile. This is a valid assumption for open 

capillaries that are in use today (Grossman, 1993). This approximation makes it 

possible to apply our one-dimensional model to simulate CEo Our previous results 

of CF in Chapter 5 show that such a uniform flow does not affect the formation of 

profiles in ITP or cause additional distortion of the concentration profiles (Deshmukh 

and Bier, 1993). 

The output data of the computer model are the concentration of all 

components, the pH, conductivity across the separation length at any given time 

point. The current density is also available as a function of the separation time. For 

CE, the data are converted to concentration scan at a particular detector location, 

using an utility program called MKSCAN. The FORTRAN code of this program is 

listed in Appendix B. The actual migration times of components are extracted from 

this scan as the time points corresponding to the peak maxima. 

The operating voltage and current density values in practical CE applications 

are very high, leading to numerical instabilities in simulating real dimensions and 

operating parameters. Hence the experimental variables were scaled down to obtain 

the same quantitative output in the simulations. Details are presented here for 
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simulating the representative experiment at pH 6.2 discussed in Section 7.2.4 (Exp. 

23, Tab. 7.4). 

The 0eo! is maintained equal to the experimental value, and the other 

parameters are scaled down according to the values shown in Tab. 7.7. The voltage 

was reduced 100 fold to 170 V, and the total capillary length and length to the 

detector are scaled down 10 fold. The experimental EOF velocity of 2.373 x 10-3 

mIs, is reduced 10 fold in the simulations to maintain the same 0eo/" This maintains 

the same relative driving force of the experiment in the simulation, and allows the 

model to make the predictions close to the real migration characteristics. Literature 

values of the relevant physico-chemical parameters that were used in the model are 

listed in Appendix A. The dissociation data are from Robinson and Stokes (1959) 

and the 0ion data are from Longsworth (1953) and Hirokawa et al. (1993). 

Figure 7.8 shows the corresponding results obtained by computer simulation. 

The same buffer system that was used in the experiments was used in the 

simulations, but in contrast to the experimental sample composition, equal 

concentration (1 x 10-2 mM) and amount (2.7 J.Lmoles) was used of all components. 

The concentration profiles shown in Fig. 7.8 have not been corrected for the varying 

extinction coefficients of the components. Table 7.8 compares the corresponding 

experimental and simulation data. The simulated and experimental values are quite 

close, considering that the input variables in the simulation are the literature values 

of the 0ion' Unfortunately, there is a shortage of reliable mobility and dissociation 
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Table 7.7 Scaling of the Operating Parameters for Simulating CZE Experiments 

Total Length of Capillary, Lc (cm) 

Starting Location (cm) 

Detector Location (cm) 

Migration Length, Ld (cm) 

Voltage, (V) 

Current Density,Cl) (AI m2) 

Electroosmotic Velocity, veo! 

( x 10-3 m/s) 

Neutral Species Mobility, OeD! 

( x 10-8 m/s) 

Experiment Scaling Simulation 

47.0 

0.0 

40.0 

40.0 

17,000 

3078 

2.37 

6.56 

0.1 

0.1 

0.01 

0.1 

----> 1.0 

4.7 

0.47 

4.47 

4.0 

170 

268 

0.237 

---->6.56 

(1) This is the starting current density when the appropriate constant voltage is 
applied. 
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Figure 7.8 Comparative simulation for CZE experiment at pH 6.2. 

Concentration is shown as function of the migration time. The electrolyte was same 
as that used for the experiment in Fig. 7.4. The initial sample concentrations was 1 
x 10-2 mM for all the components: (1) p-Ala-l-His, (2) His, (3) MO and (4) PABA. 
Refer to Tab. 7.7 for details of the operating parameters. 
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Table 7.8 Comparison of Experimental and Simulated Data for pH 6.2 
Experiment 

components 

Migration Times, 
tm , min 

Observed Mobility, 
00lAs (x 10+8 m2/V.s) 

Net Mobility, 

0MI = 00lAs - 0eol 

(x 10+8 m2/V.s) 

Ionic Mobility, 

0ion (x 10+8 m2/V.s) 

% error tm, 

(Ref. experimental tm ) 

% error ° ion' 
(Ref. simulation 0ion) 

Experimental Simulation 

1 2 3 4 1 2 3 4 

2.19 2.38 2.81 4.96 2.20 2.42 2.83 5.41 

8.42 7.74 6.56 3.72 8.38 7.62 6.56- 3.41 

1.86 1.18 0eDI -2.84 1.87 1.11 0eol -3.10 

2.30 3.05 0eDI -2.97 2.30- 2.85- 0eol -3.28-

o 0 o 9 

o 7.0 -9.5 

Asterisk (*) marks the values that are input into the model: the ionic mobilities are 
the literature values, and the neutral mobility (Oeo/) is set same as the experimental 
value. 
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constant values. In spite of these conditions the error is less than 10%, confirming 

the usefulness of the model. 

Although the thermal effects have been neglected in our model, the close 

predictions, even at the high voltage of 17.0 KV, suggest that these effects do not 

play a major role in the experiments discussed here. All sample components were 

input as gaussian peaks with specific concentrations, without making an attempt to 

mimic the realistic injection pattern. 

In this system, PABA showed the maximum error between the simulated and 

experimental migration times. A possible source for the error is the accuracy of the 

literature value of 0ion that has been used. This could also be partially due to the 

ionic strength, pH fluctuations from run to run, or improper rinsing steps. Obviously, 

the species migrating countercurrent to the direction of EOF will be most affected 

by the actual value of EOF or by possible other dispersive forces acting on this 

particular component, such as adsorption. As EOF is quite dependent on capillary 

pretreatment, the inclusion of a neutral marker, such as MO, in every experiment is 

essential. 

Comparative simulations of experiments at other operating pH are also 

presented here. The maximum error between the experimental and simulated 

migration times in most cases was less than 10%. Figure 7.9 shows comparative 

simulation of a pH 2.5 experiment. The reference experimental migration times for 

His, Phe, and neutral species were 6.17, 23.6, and 60.6 min respectively. The 

corresponding simulated values for His and Phe are 5.85 and 23.4 min respectively. 
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Figure 7.9 Computer simulation of CZE separation at pH 2.5. 

The concentration is plotted as function of migration time. The electrolyte used was 
same as that in Fig. 7.1, and the operating voltage was 175 V. Sample comprised 0.1 
mM each of His, Phe and the neutral species. Other parameters: Lc = 4.7 cm, andLd 
= 4.0 cm. 
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Thus the error was within 7% of the experimental values. 

Literature value of 0eol' 4.75 X 10-8 (m2 I V.s) [Beckers et a1. 1991a], was used 

to simulate the separation at pH 5.0 (Figure 7.10). The migration times with this 

simulation were 2.52 min, 2.66 min, 4.06 min and 6.51 min for His, I3-Ala-l-His, MO, 

and PABA respectively. These values give a maximum error of only 11 % with 

reference to the experimental results given in Section 7.2.2. The reason for this good 

agreement is that the actual experimental 0eol of 4.5 x 10-8 (m2/V.s) was close to 

the value used in simulations. Thus, in favorable cases the computer model can be 

used to set up preliminary simulations based on literature values of 0eol' 

7.4 Applications and Future Enhancements of the Model 

This model can be used as a predictive tool to determine the separability of 

components under particular conditions. A separation can be optimized in the 

following manner. Experimental results are needed to measure the EOF values at 

the separation pH. If the dissociation data and 0ion are unknown, then more 

experiments are needed to determine these quantities. The simulation package can 

be used to determine the migration order, migration times, and separability of 

various components at that pH. More experimental data are required to optimize 

for pH. If modification of EOF is acceptable in the experimental protocol, then the 

simulation can be used to determine the magnitude of optimal EOF. Various EOF 

modifying techniques discussed earlier (Chapter 2), can then be used to 
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Figure 7.10 Computer simulation of CZE separation at pH 5.0. 

The sample comprised 0.1 mM each of His, p-Ala-I-His, MO (neutral) and PABA. 
The electrolyte was same as that used for experiment in Fig. 7.2. Operating 
parameters: Voltage = 170 V, Lc = 4.7 cm, and Ld = 4.0 cm. The input for OeD! 

was 4.75 x 10-8 (m2
/ V.s), which was extracted from the literature [Beckers et al. 

(1991)]. 
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experimentally obtain this value of EOP. It is also very easy to use the model to 

determine the suitability of operating in the reverse anionic mode or using additives 

to operate in the reverse cationic separation modes. 

In collaboration with Dr. W. Thormann, the FLUX model has been modified 

to include a time variant flow [Thormann et aI. (1993), Mosher et aI. (1993)]. 

Although any time function can be simulated, as a first try the simple equation of the 

form, VCF = (7;) + (7;)t +(13)t2 (Chapter 3, Eq. 3.23) was used. This is important 

in obtaining an accurate description in ITP separations, where, the effective EOF 

value changes with time, as the terminator displaces the leader in the capillary 

[Beckers et aI. (1991b)]. This model can be used to demonstrate IEF coupled with 

migration due to EOF [Thormann et aI. (1993)]. In the present model, the 

experimental value of EOF must be available for each operating pH and ionic 

strength conditions. The predictive utility of the model could be increased by 

introducing a simple correlation for the variation of EOF with pH and ionic strength. 

This would give a first estimate of the effect of these key parameters on a particular 

separation. However, experimental 0eo! values would still be required for more 

accurate modeling. 

In addition, the injection modes should be modified to match the experimental 

modes as incorporated by Dose and Guiochon (1992). A preliminary revision has 

been tried to emulate the experimental injection sequence. A pressure injection of 

samples is followed by changing of buffers at the inlet, to model the shift of sample 
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vial to the electrolyte buffer. A command file is needed for each physical operation, 

such as pressure injection, change of buffers and elution modes. 

7.5 Summary 

In this chapter, capillary electrophoretic experimental and simulation results 

under a variety of conditions have been presented. The experimental results re

emphasis good reproducibility of net mobility of various compounds in different 

sample matrices. The simulation results are hence very close to the experimental 

results, when the experimental value of the EOF velocity is used as a basis. 

Unfortunately, there are no means to accurately measure the EOF, thus it needs to 

be determined by direct experimentation for a particular column conditioning, pH 

and ionic strength conditions. Under the constancy of these conditions, the model 

can be used effectively to optimize the separation of various components. The 

separation of additional components in the matrix can be verified. The model can 

easily simulate the reverse anionic and reverse cationic modes. 
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CHAPTER 8. MODELING THE RITP APPARATUS: PART 1. 
ANALYSIS OF TRANSIENT BEHAVIOR 

8.1 Introduction 

In this chapter the effect of recycling on the transient behavior of 

electrophoretic separations is analyzed for the Recycling Isotachophoresis (RITP) 

apparatus. The previously-developed electrophoresis models (MODEL-I,ll and 

FLOW) considered spatial variations of the dependent variables in the direction of 

the imposed electric field, but ignored the role of the vertical recycling flow. As a 

consequence, the transient behavior of the RITP apparatus was not adequately 

represented. For example, the models over-estimated by an order of magnitude the 

migrational rate of the concentration fronts that are characteristic of ITP separations. 

Although the relatively simple calculations shown in Chapter 5 (Section 5.3.1) can 

be used to estimate the migration rate for recycling experiments on the basis of the 

one-dimensional results, the analysis presented in this chapter gives a more rational 

and direct approach. It will be shown here that these existing models can be 

modified to account for the influence of recycling. The modifications are introduced 

so as to accommodate the distinctive features of the experimental apparatus, namely 

the rapid recycling and remixing of the streams in the recycle tubes. As will be seen, 

the simulation results compare favorably with experimental measurements on a 

representative separation. 

The presentation is organized as follows. First a mathematical description of 

the RITP process is presented. Then the connection is made between this modified 
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Figure 8.1 Simplified schematic of the RITP separation chamber; the recycling 
loop is not shown. 

The velocity vz(y) is due to recycling and vz(y) is associated with the counterflow 
(CF). 
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model and the previous FLOW model. Finally the model is applied to a real system 

and the results of the simulation are discussed. 

8.2 Mathematical Formulation 

The sketch of the experimental apparatus shown in Figure 8.1 defines terms 

to be used in this chapter. Since the electric field is applied in the lateral direction, 

it is the effective direction of the electrophoretic separation. Therefore, the total 

lateral length of the separation chamber (column) a is also referred as the separation 

length in this chapter. In the analysis, the parabolic shape of the recycling flow and 

the counterflow (CF) profiles is neglected; instead the flows are taken to be uniform 

and independent of y. Though a completely rigorous analysis would include the 

parabolic flow profiles, their effect on the transient behavior of the RITP device is 

subordinate to the influence of those factors that are considered. The effect of the 

y-dependence of the velocity profiles on the steady state resolution of RITP is 

analyzed later in Chapter 9. 

The course of separation in the RITP apparatus is depicted in Figure 8.2. The 

evolution of the ITP profiles within a layer of fluid is shown as the layer moves 

vertically through the apparatus. The electric field is confined to the separation 

chamber so ITP occurs only while the fluid is in the chamber. As a layer exits the 

top of the separation chamber, it is sectioned into recycling tubes (channels), where 

mixing of the components predominates. The recycle tubes enter the bottom of the 

separation chamber at the same lateral locations from which they emerge at the top 
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Figure 8.2 Schematic of the evolution of ITP profiles in the RITP apparatus. 

Concentration profiles are shown for a fluid layer starting at the bottom of the 
chamber (1). There is electromigration of the front between Leader (L) and the 
Terminator (T) as the fluid travels vertically in the separation chamber. Note that 
the lateral migration has been exaggerated for this schematic. At the top of the 
chamber (2), the fluid is compartmentalized into 48 recycle tubes (3). There is 
complete mixing over the cross-section of each recycle tube, and the concentration 
profiles at the end of the recycle path are shown by panel (4). This profile re-enters 
the bottom of the separation chamber and the separation process is continued. 
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of the separation chamber. However, due to homogenization in the recycle tubes, 

the concentration profile re-introduced at the bottom differs from that removed at 

the top. The cyclic passage of the fluid through the separation chamber is continued 

until a satisfactory fractionation is achieved. 

To evaluate the spatio-temporal concentration changes within the chamber, 

consider the conservation equation for each component i: 

As noted, the variations of Vx and Vz with y have been neglected. Electromigration 

is considered only in the lateral direction, since there is no imposed electric field in 

the y or z directions. The factor v ZJ)L/ Dl is a Peelet number that characterizes the 

magnitude of the convective solute flux in the z-direction relative to the diffusive 

solute flux in that direction. Since v ZJ)L/ Dl is 0(108
), diffusional fluxes in the z-

direction are neglected hereafter. 

There are at least two methods to determine the transient solute 

concentrations that vary across the x and z directions. The direct approach would be 

to solve Eq. 8.1 as a two-dimensional, time-dependent partial differential equation 

to obtain the concentration as a function of x, z and t. Here we present an 

alternative method that straightforwardly transforms Eq. 8.1 into a one-dimensional, 

time-dependent problem which can be solved with a model quite similar to those 
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used previously. To transform Eq. 8.1, one considers a moving frame of reference, 

translating with the vertical recycle velocity. The details of the analysis are given in 

the following sub-section. 

8.2.1 Translation of the Frame of Reference 

Consider the generalized conservation equation in vector form: 

(8.2) 

The velocity vector ji and position vector i are measured with respect to the 

stationary (laboratory) frame of reference. Accordingly, 

- .. -"-X=Xi+ZK (8.3) 

where x and z are coordinates in the laboratory frame, and i and k are unit vectors 

in these respective directions. Similarly, the velocity vector in the fixed frame of 

reference can be expressed as: 

v = vi + vI (8.4) 

where v,r and Vz are the velocity components in the x and z directions. Note the 

notation for the first term in Eq. 8.2 is used to emphasize that the partial time 

derivative is taken with the position in the laboratory frame of reference held fixed. 



221 

Our intention is to re-write the conservation equation for a new frame of 

reference~ which moves at a constant velocity relative to the laboratory frame. Let 

T denote the position vector and V· the fluid velocity in the moving frame. The 

coordinate transformation between frames is given by 

T = X - (V - V·)t (8.5) 

where the components of vectors in the translating frame are: 

_. A {' 

X =x·i +z·/t (8.6) 

and the relative velocity between the moving and the stationary frames is V - ji*. 

The chain" rule can be used to evaluate the transient concentration changes in the 

new (moving) frame based on the corresponding values in the stationary frame of 

reference. Therefore, 

(8.7) 

if vi is the velocity at which the moving frame migrates relative to the stationary 

frame, i.e. V - V* = vl. Since the moving frame does not migrate in the x-direction 

relative to the stationary frame of reference, the magnitude of the x-component of 

the fluid velocity in these two frames is the same. Hence, 
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(8.8) 

Spatial gradients are unaltered by the frame's translation, thus 

(8.9) 

where ~ is gradient operator in the moving frame of reference. 

Substituting Eq. 8.7-8.9 into the LHS of Eq. 8.4 yields, 

(8.10) 

The LHS of Eq. 8.10 applies to the laboratory frame of reference, and the RHS 

indicates the equivalent expression when changes are measured in a frame of 

reference that moves with the vertical recycle velocity vt.t The expression indicates 

that in such a reference frame, the total time derivative involves spatial gradients 

only in the x-direction. Because the terms on the right hand side of Eq. 8.1 and 8.2 

vary only in x, they are not affected by the change of reference frame considered 

here. 

The complete conservation equation reads 

(8.11) 

when considered in a frame of reference moving with the vertical velocity of the 

fluid. The expression in scalar form is: 
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ac, ac, a~ ac, ;PC, 
+ v- = z;0-- + DJ-at . % ax j t ax ax · ax2 

(8.12) 

where, for convenience, the asterisks on the variables have been suppressed. 

Equation 8.12 is analogous to the one dimensional governing equation in our original 

model (Eq. 3.21), which has been discussed in Chapter 3. The one-dimensional 

simulation from Chapter 3 is therefore useful here, albeit not without several 

modifications. The key difference is that in the present case we are moving with the 

vertical velocity of the fluid; the position in the laboratory frame of reference can be 

calculated from Eq. 8.5. 

The application of Eq. 8.12 in practical simulations is described in Section 8.3. 

In addition to Eq. 8.12, auxiliary relations for ionic equilibria, charge balance and 

electroneutrality (Chapter 3: Eqs. 3.3-4, and 3.8) are required. Since these relations 

are unaltered by the change in frame of reference, they are not recounted in this 

chapter. To integrate Eq. 8.12, we need initial and boundary conditions, which are 

discussed next. 

8.2.2 Initial and Boundary Conditions 

The initial condition (time t = 0 min) is similar to that used for the one-

dimensional models (MODEL-I,ll, FLOW) in Chapter 3 (Eq. 3.18). The initial 

concentration of all components along the x-axis is known, hence 
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(8.13) 

where c/o(x) is the initial concentration distribution of each component i. 

As will be explained in detail in Section 8.3, the separation in the RITP 

apparatus is simulated as a series of initial value problems. The following convention 

will be used to denote the relevant time parameters. The cycle number is denoted 

as ne , and the time at the start of this cycle is represented as tnc , which corresponds 

to time t = (ne - l)te . The time per unit cycle te is the sum of ts and tR , the 

residence times in the separation chamber and the recycle loop, respectively. The 

time when the fluid in cycle ne is at the top of the separation chamber is therefore 

Equation 8.13 applies at the beginning of the first cycle (ne = 1). The 

condition at the inception of cycle ne > 1 is based on the concentration exiting the 

top of the separation chamber at time t = tnc -1 + ts in the previous cycle. This 

initial condition is expressed by the" following equation: 

Ci (_ .. ) x=o 

NT-i (8.14) cj(x, tnc ) = BO l + E (B1•l +1 - B1l) H(x -Xl) O<x<a 
I. . 

1-1 

Cj(+ .. ) x=a 
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where H is the Heaviside function defined later (Eq. 8.17}, x1 = wk 

(k = 0, 1, 2, ... ,NT) is the width spanned by k recycle tubes, NT is the total number 

of recycle tubes (channels), w = (a/ NT) is the breadth of each tube, and a is the 

total lateral length of the separation chamber. The concentrations at x = 0 and 

x = a are dictated by the boundary conditions imposed at the lateral edges of the 

separation chamber, viz. 

c1(0,t) = ct<-·> 
ci(a,t) = ci<••> 

(8.15) 

where c;<-·> and ci<••> are constant for each component i. Equation 8.15 corresponds 

to experimental conditions, since, at the two ends of the separation chamber, the · 

concentrations of all components are steady with time. The coefficient B1•1 in Eq. 

8.14 represents the average concentration of component i that emerges from recycle 

tube k at time t = tnc _ 1 + t s. Accordingly: 

k = 1,2, ... ,NT (8.16) 

As is clear from Eq. 8.16, the concentrations in Eq. 8.14 are related to those of the 

previous cycle, i.e. cycle nc - 1. The Heaviside function H(x-x1) in Eq. 8.14 is 

defined here by: 
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H(x-xJ = {:12 (8.17) 

The value of H = 1/2 at x = It is used to determine concentrations at these points 

because they are situated at the margin between regions drained by neighboring 

recycle ports. 

The use of these initial and boundary conditions in the computer simulations 

will be elaborated in the next section. 

8.3 Simulation of the Recycling Feature 

In a frame of reference that moves with the recycle velocity, the RITP process 

is similar to one-dimensional ITP, as Eq. 8.12 indicates. Consequently the separation 

in RITP can be simulated as a series of initial value problems, with each problem 

corresponding to one cycle in the recycling apparatus. Simulation of each cycle 

closely follows the application of the one-dimensional model as discussed in Chapter 

3. In the numerical scheme, the separation length a is discretized into N G 

unifonnly-spaced grid points (or NG - 1 segments). Selection of a convenient 

numerical grid is discussed later in this section. 

Figure 8.3 depicts the sequence of steps in the computer model that represent 

the RITP process. The development of the concentration profiles for a layer of fluid 

is followed, beginning at the base of the separation chamber and migrating with the 
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Figure 8.3 Representation of the RITP apparatus for simulation of the recycling 
feature. 

The process is simulated as series of initial value problems. At time =0, the frame 
of reference for simulations is at the bottom of the separation chamber. The 
subsequent cycles are indicated in the schematic. 
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vertical velocity of the layer. Equation 8.12 governs the evolution of the solute 

profiles in the separation chamber. Application of the computer model follows the 

four-step sequence below: 

Step (i) The initial distribution of all components is setup in accordance with 

the initial condition in Eq. 8.13. Other parameters are imput as described in Chapter 

3. 

Step (ii) The one-dimensional model (FLOW) is run for time ts' which is the 

period the fluid layer spends in the separation chamber. This accounts for the 

separation process within the separation chamber. The output of this step 

corresponds to the concentration profiles obtained as the fluid layer exits the top of 

the separation chamber. 

Step (iii) Concentration profiles from step (ii) are imput to the program 

A VO-SINT, which evaluates the integrals in Eq. 8.16 based on the concentrations 

obtained in step (ii). The initial condition for the next cycle are thus established by 

Eq.8.14. For the RITP apparatus, NT = 48, so the computer program computes the 

average concentrations in 48 intervals across the entire lateral length. The average 

concentration on each of these intervals is given by the coefficients Bl,k calculated 

through Eq. 8.16. 

A new variable, ~ = (x -Xk _ 1)/w, is introduced in Eq. 8.16 to facilitate the 

numerical integration. The transformed equation for BI,k is: 



1 

Bj,l: = !Cj(Xt _1 +W~,tllC -I + tS)d~ 
o 
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(8.18) 

The integral in Eq. 8.18 in turn was solved numerically using a 6 point Newton-Cotes 

closed-form integration formula [Carnahan, Luther, and Wilkes (1990)]. For six 

equally-spaced points corresponding to ~ = 0, 0.2, 0.4, 0.6, 0.8 and 1, Eq. 8.18 

becomes 

1 B =-
i,l: 288 (8.19) 

k = 1,2, ... ,NT 

The BjI; values are then combined with Eq. 8.14, and 8.17 to obtain the entire 

concentration profile at time t = tllC , corresponding to the concentration at the end 

of cycle nc - 1. This step completes one cycle of the recycling loop. 

To solve Eq. 8.12 numerically, a uniformly-spaced mesh is laid down such that 

an integral number of grid points is allocated per recycle port. It follows that the xI: 

values are grid points, and to evaluate Eq. 8.19, there are four grid points interposed 

between xI: _ 1 and xI:' This grid arrangement is shown schematically in Figure 8.4. 

The total number of grid points NG = 5NT + 1. The total number of recycle tubes 
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in the experimental apparatus is 48. Accordingly, NT = 48 for all the simulations 

presented in this chapter. 

Step (iv) The output from step (iii) is imput as the initial condition at t = tnc 

for the next pass (cycle nc) in the RITP apparatus. Steps (ii), (iii) and (iv) of the 

simulation are repeated until the end of the separation is reached. 

Figure 8.5 shows the results from an application of this simulation scheme. 

The leader ion in this system was 5 mM cr and the terminator ion was 10 mM p

Amino Benzoic Acid (PABA). Both the leader and terminator buffers were adjusted 

to pH 6.0 with the counterion Histidine (His). The separation was run at constant 

operating voltage of 40 V. The residence time in the separation chamber (ts) was 

0.09 min, the residence time in the recycling loop ( t R) was 0.63 min, and the time per 

cycle (te> was 0.72 min. Profiles are shown for t = 245.5 min, at which time the 

leader-terminator front crosses the detector position, and nc = 341 cycles. The 

position of the leader-terminator boundary or front is defined as the x-location where 

the concentrations of the leader and terminator ions are equal. The distinct step

wise profiles on the left hand side of the terminator profile are due to the 

homogenization in the recycle tubes. The steps are less obvious in the other portions 

of the concentration profile, although there are 48 such steps that span the lateral 

length of the chamber. The next section presents a comparison of simulation results 

with the experimental measurements. 
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Figure 8.5 Representative simulation with the improved computer model 
including recycling and re-mixing features. 

Concentration profiles of the leader ion cr (L) and the terminator ion PABA (T) 
are shown at time 245.5 min, which corresponds to cycle number 341, when the 
leader-terminator boundary reaches the detector. Simulation parameters: Residence 
time in separation chamber, ts = 0.09 min, residence time in the recycle tubes, tR 

= 0.63 min, and time per cycle, tc = 0.72 min. Simulations were run at constant 
voltage = 40 V, initial current density = 30.68 A/m2

, and no counterflow (CF) was 
applied. Number of grid points = 241. System: Leader: 5 mM HCl + His, pH 6.0; 
terminator: 5 mM PABA + His, pH 6.0. 
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8.4 Comparison with Experimental Results 

An experiment is considered here for comparison with results of the computer 

simulations. The leader comprised 5 mM HCI adjusted to pH 6.0 with His, and the 

terminator was 5 mM PABA also adjusted to pH 6.0 with His. The experimental 

results at the end of 34 min, when the leader-terminator front reaches a detector 

channel, are shown in Figure 8.6. Only the terminator ion (PABA) concentrations 

are shown, as the leader ion (Cr) concentrations could not be measured directly. 

The leader-terminator front at t = 0 was located at the interface of channel 0, i.e. 

the terminator side electrolyte chamber, and channel 1. The detector was placed in 

channel (recycle tube) 39. The typical placement of the buffers and detectors in the 

RITP apparatus has been presented graphically in Chapter 4 (Fig. 4.4). In the 

simulations discussed next, the initial leader-terminator boundary was placed at 0.3 

cm and the detector was set at 5.6 cm, so that the effective migration distance was 

the same as in the experiments. To isolate the effect of recycling, no CF was 

applied. 

Figure 8.7 shows the results of simulation with the FLOW model when no 

recycling was considered, i.e. the process was simulated entirely as an one

dimensional process. The front reached the detector in 3.00 min, which is an order 

of magnitude faster than the experiments. The initial leader and terminator ion 

concentration profiles are also shown in the figure. This initial condition is the same 

as that used for the other simulations shown subsequently. Table 8.1 lists some of 

the operating parameters used in comparing simulations with experiments. 
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Figure 8.6 Representative RITP experimental result. 

The symbols indicate experimentally determined terminator ion (PABA) 
concentrations, and the line is a cubic-spline curve fit to these data. The profile is 
shown at time 34 min. The Kohlrausch adjusted concentration is 2.7 mM. 
Separation was performed under constant voltage of 400 V, and no CF was applied. 
Leader: 5 mM HCI + His, pH 6.0, terminator: 5 mM PABA + His, pH 6.0. 
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Figure 8.7 Simulation results without incorporating the recycling feature. 

The profile at t = 3.0 min indicates the concentrations of the leader (L) cr and 
terminator (T) PABA when the leader-terminator boundary reaches the detector. 
The adjusted concentration is 3.6 mM. Simulations were run at constant voltage = 
400 V, initial current density = 306.77 A/m2

, number of grid points = 241, and no 
CF was applied. The buffer system is same as for Fig. 8.5. 
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Table 8.1 Input Parameters to Simulate Experiments in the RITP Apparatus 

Voltagea 

Starting current density 

Final current density 

Residence times 

in separation chamber, ts 

in recycle tubes, t R 

Time for one cycle, te 

Lateral length of the chamber, a 

Effective migration distance 

Starting position of the front 

Detector position 

Experiments 

400 V 

266 A/m2 

133 A/m2 

0.09 min 

0.63 min 

0.72 min 

6.5 cm 

5.28 cm 

Ocm 

5.28 cm 

Simulations 

400 V 

306 A/m2 

149 A/m2 

0.09 min 

0.63 min 

0.72 min 

6.5 cm 

5.28 cm 

0.33 cm 

5.61 cm 

a Experiments as well as simulations were performed under constant voltage 
conditions. 
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A simulation that incorporates recycling, but which omits the effect of re-

mixing in the recycle tubes, is shown in Figure 8.8. Change of the concentration 

profile in the recycle tubes is ignored, so that the only effect of the residence time 

in the recycle tubes is to cause a delay of tR per cycle. This is physically similar to 

the situation where there are an exceptionally large number of recycle tubes in a 

given lateral length, Q. The front migrated to the detector in 23.76 min in the 

simulation and the figure shows the outlet concentration at the end of the cycle (nc 

= 33). Furthermore, the thickness of the boundary, i.e. the width of the overlap 

between the terminator and leader zones, is much sharper than that inferred from 

the experimental profile in Fig. 8.6. Though the simulation underpredicts the front 

migration time by approximately 30%, these results represent a significant 

improvement over those obtained in the absence of recycling. 

Note, to obtain the effect of remixing at each cycle, the concentration at the 

end of each cycle must be considered as the output concentration. The simulation 

results are therefore computed only for integral numbers of cycles. Since the front 

may cross the detector between two cycles, (nc - 1) and nc' the migration time must 

be considered as a mean of the times at the end of these cycles, and an error of ± 

1/2 cycle or ± tc /2 min must be included with the computed migration times for all 

simulations involving recycling. Therefore, the migration time is (tnc + tnc +!)/2 ± tc/2, 

where, tnc and tnc+! denote time at the end of cycles (nc - 1) and nc respectively. 
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Figure 8.8 Simulations incorporating the effect of recycling, but without re-mixing. 

Concentration profiles at 23.76 min are shown, when the front reaches the detector. 
This corresponds to the output at the end of 33 cycles. The adjusted concentration 
is 3.6 mM. Initial condition is the same as that for Fig. 8.7. The simulation 
parameters are the same as for Fig. 8.5, except that here the operating voltage is 400 
V, and the starting current density is 306.8 A/m2. 
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A third simulation includes the effect of re-mixing, as described earlier (Figure 

8.3 and Section 8.2.2). The lateral length of 6.5 cm is considered to be split into 48 

recycle tubes. During the time the fluid is in the recycle tubes, it is assumed that 

there is complete mixing over the cross-section of each tube. The results of the 

simulation are shown in Figure 8.9, where the profiles are given at the end of 33 

cycles in the RITP apparatus (I = 23.76 min), at which point the front reaches the 

detector. Note that mixing in the recycle tubes does not alter the migration time 

from that predicted in the previous simulation (Tab. 8.2). The main effect of the re

mixing is to broaden the leader-terminator boundary, as can be seen by comparing 

the profiles near x = 5.5 cm in Figs. 8.8 and 8.9. This is due to the homogenization 

of the profiles in the cross-section of the recycle tubes, and increases with higher 

number of cycles as discussed at the end of the section. Qualitatively the broadening 

of the leader-terminator agrees with the experimental profile in Fig. 8.6; the sharp 

leader-terminator boundary predicted in the absence of mixing in the recycle loop 

(Fig. 8.7) is not consistent with the experimental observations. 

The concentration profiles with re-mixing show significant spatial oscillations. 

This is due to sharp concentration gradients generated between neighboring recycle 

tubes by homogenization in the tubes. A lower driving voltage reduces the spatial 

oscillations in the simulations, as can be seen in Figure 8.5. 

Finally, it is noted that the average value of the Kohlrausch adjusted 

concentration of the terminator, 3.68 mM, is only slightly higher than the case 

without and re-mixing (3.60 mM, Fig. 8.7). 
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Figure 8.9 Simulations showing the effect of recycling and re-mixing in the recycle 
tubes. 

For re-mixing, 48 recycling tubes were considered in the lateral length of the 
separation chamber. Complete mixing was carried out within each recycle tube in 
the duration tR • The average concentration in the terminator adjusted zone is 3.7 
mM. All other parameters are as for Fig. 8.8. 
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Table 8.2 lists the migration times to the detector as predicted by the 

simulations. Clearly there is marked improvement in the agreement between the 

experimental and predicted results when recycling is considered. The remaining 

discrepancy between the experiments and the simulation presumably stems from the 

simplified representation of the recycle loop that has been employed here. Features 

of the recycle loop that have not been accounted for include the effects of the bubble 

trap (Chapter 4, Fig. 4.3). The bubble trap affects the transient nature in the RITP 

apparatus because the bubble trap is similar to a continuous stirred tank reactor, and 

involves a hold up and mixing of the liquid after it exits the chamber. The role of 

the bubble trap will be a subject for future work. 

That mixing in the recycling tubes does not significantly affect the migration 

rate of the leader-terminator front is, at first glance, surprising. The Kohlrausch 

principles help explain this results. The time spent by the fluid in the separation 

chamber is the same in recycling simulations, with or without re-mixing. As discussed 

earlier (Section 8.1), the re-mixing simply homogenizes the fluid within the recycle 

tubes. In the simulations, the leader zone far ahead of the leader-terminator 

boundary is sufficiently wide that, even after re-mixing, there remains a leader zone 

at the original concentration throughout the separation process. According to the 

Kohlrausch principles, the velocity of the leader-terminator boundary depends only 

on the composition of the leading zone far away from the leader-terminator 

boundary. Therefore, the re-mixing does not affect the migration time of the front. 

Results in Fig. 8.10 and 8.5 show that there is considerable zonal broadening 
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Comparison of the Experimental and Simulated Migration Times for 
the Front in Recycling Experiments 

Experiments: 

Simulations: 

Voltage same as experiments (400 V): 

no recycle 

with recycle, no re-mixing 

with recycle, with re-mixing 

Low voltage: (40 V) 

with recycle and re-mixing 

Migration timea 

34 min 

3.0 min 

23.40 ±. 0.36b min 

23.40 ±. 0.36b min 

245.1 ±. 0.36b min 

a This is the time taken by the leader-terminator boundary to reach the detector. 
b This error is the time for 1/2 cycle, 1/2 te , which arises as we only consider 
integral values of the number of recycle passes. 
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Figure 8.10 Simulation at low voltage (40 V) with recycling but without re-mixing. 

The buffer system is same as that for Fig. 8.6. The simulation was conducted at 
constant voltage of 40 V, and no CF was applied. 
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due to re-mixing. Note in Fig. 8.10 that there is negligible zonal overlap when re-

mixing is omitted from the simulations. Figures 8.7 and 8.10 show results from 

similar simulations, though they are obtained for different operating voltages. The 

boundary width is narrow in both these simulations, with a minor increase in width 

due to reduced voltage in Fig. 8.10. This shows that in the examples presented, 

lower currents/voltages do not contribute substantially in broadening zonal 

boundaries. On the other hand, there is a significant difference in boundary widths 

when two simulations with re-mixing are run at different voltages 40 V (Fig. 8.5) and 

400 V (Fig. 8.9). The lower-voltage simulation shows pronounced broadening of the 

boundary. Since diffusional effects alone do not cause significant broadening of the 

boundary, it follows that zonal broadening due to re-mixing is enhanced mainly by 

the increase in the number of cycles required to bring about the same separation. 

8.5 Summary 

This chapter has shown a method of simulating recycling and re-mixing in the 

RITP apparatus. Significant improvement is obtained in the transient simulation of 

the process. For the particular. apparatus conditions and experimental case 

considered, simulations show that re-mixing does not significantly affect the migration 

times in the apparatus. The re-mixing strongly affects the zonal dispersion in the 

RITP apparatus. The main factor that influences the dispersion due to re-mixing is 

the number of cycles made in the recycle loop. In principle, this model can also be 

used to study the effect of parameters such as ts' tR, their ratio tsltR' tc ' and the 
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number of recycle tubes per separation length NTa -1. 

In this chapter the parabolic flow profile of the imposed CF was not 

considered and a simplified plug-flow type flat velocity profile was employed. The 

next chapter considers the effect of this parabolic flow profile on the ITP separations 

in the RITP apparatus. 
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CHAPTER 9. MODELING THE RITP APPARATUS: PART 2. DISPERSIVE 
EFFECTS OF COUNTERFLOW ON STEADY STATE ITP PROFILES 

9.1 Introduction 

In Chapter 5, the effect of a uniform counterflow (CF) on the ITP 

concentration profiles was examined. It was shown that the concentration profiles 

in multicomponent simulations are not affected by application of a uniform CF, 

though there are exceptions at high magnitudes of CF, which in some cases lead to 

washout of slower components (Section 5.3.4). 

However, experiments [Everaerts et al. (1976)] show that imposition of a 

pressure-driven CF with a fully-developed parabolic velocity profile dramatically 

increases solute dispersion in capillary ITP. Increased dispersion leads to greater 

overlap between adjacent zones, thereby reducing resolution. A related effect has 

been described by Saville (1990), who analyzed the dispersion due to electroosmosis 

in closed-capillary ITP. In this chapter the effect of parabolic pressure-driven CF is 

investigated for RITP. The analysis follows Saville's approach and shows that 

parabolic flows increase dispersion in the lateral direction. 

At steady state, the CF velocity balances the electromigration and diffusion 

of components, so the concentration fronts do not translate. As explained in Chapter 

8, under normal experimental conditions, the fluid removed by each recycle tube is 

homogenized before it is reintroduced to the separation chamber. Provided a 

sufficient number of recycle tubes are used, however, the mixing produces 

concentration variations in the z-direction that are quite minimal. The characteristic 
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concentration gradient in the z-direction is, at steady state, 

(9.1) 

where &;1 ax is the characteristic concentration in the x-direction, a and L are the 

lateral and vertical chamber dimensions, respectively, and NT is the number of 

recycle ports. Clearly the concentration gradient in z becomes negligible as NT 

becomes large. Thus 

&. 
lim -' = 0 

N=HloOz 
T 

(9.2) 

and recycling simply returns the fluid from the top to the bottom of the separation 

chamber without significantly altering the concentration profile. Since it is necessary 

that NT > > 1 in order for the RITP apparatus to work, steady-state concentration 

variations with z can be neglected. As a consequence, the problem, which is to 

describe the effect of the Poiseuille CF velocity profile on the steady ITP 

concentration profiles, becomes quite tractable. 

In this chapter, the presentation of the analysis begins with the fundamental 

conservation equations in Section 9.2. Then in Section 9.2.2, using an approach due 

to Taylor (1953), the equations are averaged in the y-direction. Since the fractions 

collected in the experiments indeed consist of spatially-averaged concentrations, it 

suffices to proceed in such a way. The effect of the Poiseuille flow is shown to be 
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equivalent to an enhanced diffusion (dispersion) of the solutes in the direction of the 

separation (i.e. the lateral or x-direction). Finally, implications of the analysis are 

discussed. 

9.2 Mathematical Analysis 

The conservation equation for each component i is: 

The nomenclature is the same as that used in Chapters 3 and 8, and is summarized 

in Appendix D. The electric field is applied in the x-direction, hence there is 

negligible electromigration in the y or z-directions. The PecIet number in the z 

direction, [= Lvw/(RTnJe)], is 0(108
), hence the vertical diffusive flux can be 

neglected in comparison to the other terms in Eq. 9.3. 

Under steady state conditions, because the number of recycling tubes is large 

(Eq. 9.2), Eq. 9.3 reduces to 

2 ac. _ at%> ac j RT &C j RT &Cj 
v;co(l - y )-' - z.Q.-- + -0.- + -0.- (9.4) ax I I ax ax e I ax2 e I ay2 

The concentration is then only a function of x and y, or c
j 
= c

j 
(x,y). As stated in 

Chapter 3, the complete description of the electrophoretic process requires additional 
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equations for ionic equilibria (Eq. 3.6-7), charge transport (Eq. 3.3), and 

electro neutrality (Eq. 3.4). These equations depend on local concentration 

distributions, hence their forms are not directly affected by the change in flow 

conditions. Therefore, it is sufficient to modify only the conservation equation for 

the new flow configuration. 

The initial condition and the boundary conditions in x are same as those listed 

in Chapter 3 (Eq. 3.18-19). Since there is no flux through the walls of the apparatus, 

the boundary conditions in yare: 

acol -' =0 
ay = ±b 

(9.5) 

9.2.1 Scale Analysis 

Equation 9.4 can be placed in a scaled form by a transformation of the type: 

Dimensional quantity = (Characteristic quantity) x (Non-dimensional quantity) 

That is, 

y = by 
vx(y) = v xo (1 - y2) 

(9.6) 
-c = Co c j 

x = x x c _ 

and <I> = <I> <I> o 

In these relationships, v , Q , C , and <I> (= RT' e) are the characteristic values 
xo 0 0 0 , 
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of the CF velocity, mobility, concentration, and potential, respectively. The 

remaining parameters, x and b are the characteristic lengths in the x and y-direction, 
c 

respectively. Overbars denote dimensionless quantities. Substituting Eq. 9.6 into Eq. 

9.4 gives 

Whereupon, multiplying Eq. 9.7 through by x 2f(fJ. cl» 'c yields 
C 0 oJ 0 

(9.8) 

with, 

(9.9) 

Here p is the Peclet number in the x-direction and A is an aspect ratio. 
t! 

The time scale of diffusion in the y-direction, when compared to the 

corresponding time scale for lateral migration in the x-direction, indicates the extent 

to which concentration profiles are distorted by the parabolic flow profile. 

Therefore, the characteristic length x must be of the same order of magnitude as 
C 

b. Using the relationship x = b implies that A = 1, and p is 0(10). However, the 
C t! 

use of symbols x and A is continued in the following analysis to maintain the 
C 
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generality of the equations. 

9.2.2 Averaging in the y-Direction 

A solution to Eq. 9.8 is carried out in a manner similar to that employed by 

Saville (1990) and Taylor (1947, 1953). 

Consider the following series expansion of the concentration 

(9.10) 

where <c.> is the concentration averaged across the y-direction, viz. 
I 

(9.11) 

and the series extends in inverse powers of p . Note that Eq. 9.10 is not the average 
e 

concentration, but merely an expansion around the average concentration. The 

function gj is chosen to be dependent only on y, and its form is deduced below. The 

expression in Eq. 9.10 has been selected for its suitability in averaging across y. 

Equation 9.10 is substituted into Eq. 9.8, and, since p has a typical value that 
e 

is large, only the leading terms are retained, with the higher order terms in 1/ p 
e 

neglected, i.e. 
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(9.12) 

Prior to averaging Eq. 9.12, the explicit form of the function gjG) must be 

determined. To achieve steady state, migration of the ITP zones in the x-direction 

is counterbalanced by the imposition of the CF. The form of gj G) is chosen so as 

to balance the diffusive term in the y-direction against the distortion of the 

concentration profile caused by the dominant convection term. Hence the two 

underlined terms in Eq. 9.12 are equated, viz. 

(9.13) 

This second order differential can be solved for gj with the addition of two boundary 

conditions. 

Since the flow profile is parabolic, with no distinction between the two walls 

of the apparatus at y = ±. 1, there is symmetry in the RITP apparatus across the y-

direction. This gives the first boundary condition needed to solve Eq. 9.13, viz. 
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- =0 dg j l 
dY -=0 

(9.14) 

The second condition is obtained from integrating series expansion in Eq. 9.10, viz. 

(9.15) 

Equation 9.13 thus yields 

(9.16) 

Equation 9.16 is then substituted into Eq. 9.12, and the resulting equation is 

averaged with respect to y. The only term that needs to be considered in detail is 

that containing the parabolic velocity profile, which is the second term on the left 

hand side of Eq. 9.12. Averaging with respect to y, 

2 '"\2-
4 p~ u-<C? 

- ---------'-
105 A,2Q. a'i2 

I 

The complete averaged form of the conservation equation (Eq. 9.10) is, 

(9.17) 

4 p2 - &<c.> _ - a~ a<C? - &<c.> ___ e_O. I _ z.O .--= ___ - + Q. I (9.18) 
105 A,20~ • a"i2 I I ax ax I ax 2 

I 

or, 
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[ 
2]--.2-4 P - cr<c.> + 1 + __ e_ a. I 

105 i..20; I a'i2 
(9.19) 

Equation 9.19 is the final form of the equation that we seek. It indicates that the 

averaged conservation equation governs a steady state similar to that described by 

the one-dimensional equation that was used in Chapter 3. However, here there is 

an increased effective lateral diffusivity, as reflected by the term in brackets. This 

result is consistent with the analysis of Saville (1990) and shows that, at steady state, 

the Poiseuille flow term contributes to increased dispersion of the ITP zones. 

9.3 Discussion 

Important design parameters can be deduced from the analysis in the last 

section. To keep the dispersion to a minimum, the factor p; Ii.. 20; should be 

minimized. Using Eq. 9.9, this factor can be explicitly stated as: 

(9.20) 

Equation 9.20 elearly affirms that the relevant lateral length scale in this situation is 

b, as discussed in Section 9.2.1. The corresponding Peelet number is thus bv I D .. 
Xl) I 

The dispersive effects of imposed Poiseuille flows is stronger when this Peelet 

number is higher; conversely at lower values of the Peelet number, the parabolic flow 
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does not significantly broaden the sample zones. 

The magnitude of this term in LHS brackets in Eq. 9.20 is 4 for the typical 

experimental conditions, hence the effective dispersivity is 5 times with counterflow 

with parabolic flow than that without flow. The characteristic length over which the 

zone is spread by diffusion is O(D/v
xo

)' thus the parabolic flow increases this width 

by a factor of 5, to a magnitude of 5 x 10-5 m. This is higher than the case without 

flow effects, however, it is of the same order of magnitude of the typical experimental 

conditions under consideration. In addition, the lateral width spanned by a single 

recycle tube in the experimental apparatus is ca. 1.35 x 10-3 m, hence this increased 

dispersion due to flow may not be observed in the experimental device. 

Although the effect of mixing in recycle tubes has not been included in this 

analysis, it is instructive to compare the typical boundary widths predicted here with 

those obtained in RITP simulations that account for re-mixing. These widths 

obtained in Figs. 8.5 and 8.9 are in the range of 0.2 cm to 1.0 cm. Thus the 

dispersion due to pressure driven CF is therefore not significant when compared to 

the influence of mixing in the recycle tubes. 

9.4 Summary 

This chapter shows that the effect of pressure driven CF on ITP is mainly to 

increase the effective diffusivity in the lateral (x) direction. This leads to broadening 

of the boundary between adjacent zones in ITP. However, it is also shown that, this 
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broadening is not significant for typical experimental conditions in the RITP 

apparatus. Hence the analysis in Chapter 5, which is applicable for imposed flows 

with plug-flow velocity profile, may be adequate for most cases. 

In the next chapter all previous chapters are summarized and some 

conclusions are drawn. Possible avenues for future work in this area would also be 

discussed. 



257 

CHAPTER 10. CONCLUSIONS AND FUTURE WORK 

10.1 Conclusions 

This dissertation presents an analysis of the applicability of Isotachophoresis 

(ITP) for the preparative separation and purification of some important plasma 

proteins. It has been demonstrated that ITP can be used to isolate a single 

component from the human plasma on a reasonably large scale. This required 

gaining an understanding of the effect of the complex flow patterns prevailing in the 

Recycling Isotachophoresis (RITP) apparatus through experiments, analytical 

transport modeling and computer simulations. Thus, it is hoped that the dissertation 

will help to advance the usage of ITP for protein separation relying on the inherent 

characteristics of the process. As a result, it may lead to a more logical scale up of 

recycling ITP instruments. 

Some of the salient results are summarized as follows: 

I. Application of the RITP apparatus for protein separations 

1. Separation of human plasma proteins 

The RITP apparatus was effectively used in separating Human Serum 

Albumin (HSA) and gamma-Globulins (IgG) from human plasma. ConventionalITP 

optimization techniques were used to select a suitable buffer system, pH, and spacers. 

The aim was restricted to purifying HSA in anionic separation and IgG in cationic 

separation systems. Bovine Serum Albumin (BSA)-Hemoglobin (Hb) mixture was 
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used as a model system to test operational parameters. In the anionic separations 

the leader buffer consisted of 10 mM Hel adjusted to pH 8 with 

tris(Hydroxymethyl)-Aminomethane (Tris), and the terminator buffer comprised 10 

mM J3-Alanine (J3-Ala) adjusted to pH 9.2 also with Tris. Glycyl-Glycine (Gly-Gly) 

was an effective spacer in the model system as well as for plasma, enhancing the 

separation of the desired proteins. The HSA fractions purified from the plasma were 

quite pure, with little evidence of other contaminating proteins. 

A suitable buffer system for cationic separations had the leader buffer 

comprise 10 mM NaOH, adjusted to pH 5 with Acetic Acid, and the terminator 

buffer contain only 10 mM Acetic Acid, pH 3.4. Tetra Pentyl Ammonium (TP A) and 

y-Amino Butyric Acid (GABA) were found to be good spacers increasing the 

separability of BSA from Hb. These two spacers performed also best for the 

purification of IgG from the human plasma. The purity of the IgG fractions obtained 

was lower than that of HSA in the anionic separation and showed evidence of 

contamination by other proteins. Better selection of spacers or leader-terminator 

buffers may improve purity. 

2. Use of the simulation model to optimize the selection of spacers 

Since plasma protein properties are not available in sufficient details, the 

BSA-Hb model system was used in computer simulations aiming at optimization of 

the separations. Unfortunately, the protein mobility calculations used in the 

simulations have their own limitations, causing discrepancy between computer 
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predictions and experimental data. The model is more reliable when dealing with 

simpler, low molecular weight compounds. Thus, computer predictions need be 

complemented by actual experiments. As an example, in the anionic system the Gly

Gly spacer worked well experimentally but did not work well in the simulations. In 

the cationic system, the computer prediction of TPA correlated well with the 

experimental separation of the Hb-BSA mixture. 

3. Innovations in the separation of a single component from plasma 

In one novel approach, counterflow (CF) was utilized to selectively wash out 

slower components, thus improving the separation of the fastest sample component 

in the plasma matrix. This was effective in the anionic experiments and pure 

fractions of HSA were obtained from human plasma. 

A further improvement was the adjustment of the pH of the system so as to 

divide the proteins into two fractions, a cationic one and an anionic fraction. This 

was applied successfully in optimizing cationic purification of IgG from human 

plasma. The cationic buffer system comprised the leader buffer at pH 6.0 and the 

terminator buffer at pH 5.0. As a result, IgG was cationic and other plasma 

components became anionic or weakly cationic. Use of strong CF washed out most 

of the proteins other than IgG. Two spacers, TPA and GABA, were added to 

enhance resolution. Although good purification was obtained, further sharp cutoff 

is needed to completely eliminate the contamination of other proteins in the IgG 

fractions. This manipulation of operating pH helps in the Feed-and-Bleed 
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continuous operation mode discussed later. 

4. Modification of the operating procedures for scale up and continuous processing 

Two new strategies have been demonstrated: Sequential Injection and Feed

and-Bleed methods. The sequential injection method allows processing of multiple 

samples in cyclic fashion and improves the processing throughput by 10-50 times. 

Very little cross-contamination between subsequent samples was obtained. 

Feed-and-Bleed continuous operation was shown in combination with modified 

pH selection. This mode is optimal for continuous purification of the fastest or the 

slowest sample fraction. This was shown by using continuous separation of Hb from 

BSA-Hb mixture. A prototype cationic serum separation was demonstrated in the 

batch mode, which could be used for continuous purification of the IgG fraction. 

This method has the advantages inherent in ITP, namely the use of spacers and 

concentration adjustment. A 50 fold scale up of the amount of protein processed was 

shown. Intermediate components cannot be purified using such a scheme, however 

the use of two instruments in tandem could make this possible. 

II. Study of the effect of flows on the ITP process: 

1. The effect of CF on the transient development of ITP profiles 

Our experiments have shown that the steady state ITP profiles are similar with 

and without CF, provided a plug-flow prevails. CF does affect concentration profiles 
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of ions close to the membranes at the ends of the separations chamber in a favorable 

manner, by decreasing ion polarization. Polarization is the result of the membranes 

having some inherent charge, thus affecting the transport of all ions. As a result, 

experimental profiles with CF are closer to the theoretical concentration profiles, due 

to reduction of polarization. 

1.a Development of the numerical model to simulate CF 

The existing simulation model for the electrophoretic transport processes was 

successfully modified through incorporation of a convective flow term. This version 

of the simulation is named as the FLOW model. The flow can be either co- or 

counter-current to the direction of electromigration. The program can also deal with 

CF as a time-dependent variant. 

1.b Application of the numerical model to experimental results 

This model has been used to predict the ITP adjusted properties with and 

without CF. The simulation results corroborate the experimental results that CF 

does not affect the adjusted concentrations in ITP. The model is one-dimensional, 

thus can simulate only plug-flow. The simulations are in agreement with 

experimental results, although the progress of the separation is faster by an order of 

magnitude in comparison to the RITP experiments. A correction based on the 

residence times of the fluid inside and outside the chamber, give migration time 

values that are comparable to the experimental values. Further discrepancies in the 
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velocity predictions and the profiles at the lateral ends of the separation chamber, 

are mainly due to the polarization effects at the membranes. The agreement is 

satisfactory in view of the complexity of the experimental apparatus. 

2. The use of the FLOW model in optimizing separations 

In multi-component simulations, an appropriate CF applied before steady state 

is reached, can selectively wash out slower components of the mixture. This has been 

used to optimize the separation of HSA in anionic ITP of human plasma, by washing 

out all other protein fractions. 

3. Application of CF modeling in Capillary Zone Electrophoresis (CZE) 

One major practical application of the FLOW model is its ability to simulate 

electroosmosis in Capillary Electrophoresis (CE). This modified model makes it 

possible to obtain prediction of CZE migration characteristics within 10% error. 

Modes like reverse cationic and reverse anionic migration can be easily simulated. 

More complex separation protocols, like ITP in conjunction with CZE or Isoelectric 

Focusing (lEF) in combination with Electroosmotic Flow (EOF) displacement, could 

also be simulated using this model as a framework. 

Unfortunately, there was a numerical error in the model, giving rise to a 0.3 

% internal error between the parameters that are specified and their values after 

simulation. The cause of this error has not been identified or eliminated. 
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4. Effect of recycling in the RITP apparatus 

A better predictive model can be obtained by considering the effect of the 

recycling flow in modeling the transient behavior of the ITP. Our analysis shows that 

the development of profiles is similar to the one-dimensional simulations, except for 

a shifted time frame in the RITP apparatus. This presented a closer representation 

of the RITP separation. The remixing of the fluid across each recycle tube, does not 

affect the migration time of the front, however, it leads to an additional dispersion 

of the boundary between adjacent zones. As expected, the effect is enhanced when 

lower operating voltages are used. The modified computer simulation gives a more 

rational and direct prediction of the transient development of ITP profiles in the 

RITP apparatus. Further improvement in the model can be achieved by accounting 

for the effect of the bubble trap on the transient behavior of the RITP apparatus. 

5. Effect of parabolic flow profile of CF on steady state ITP profiles 

An analysis of the effect of the parabolic velocity profile of eF, shows that CF 

gives rise to additional dispersion in the direction of electromigration. The net result 

is an increased inter-zonal broadening of the steady state concentration profiles. A 

similar additional dispersion should prevail during transient recycling. It is significant 

that this dispersion is much smaller than the characteristic width of the recycle ports 

in the RITP apparatus. This is a probable explanation for the similarity of 

experimental results with and without CF. It also justifies the applicability of our 

one-dimensional model for the prediction of a complex experimental procedure. 
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10.2 Future Work 

Isotachophoresis is the least utilized variant of all electrophoretic processes. 

This dissertation illustrates in part the reason for it. ITP is a complex process which 

needs to be custom-optimized for each application. The instrumentation is equally 

complex and the prospects are rather dim for scaling to an industrially meaningful 

throughput. At present, the brightest prospects for ITP is in combination with 

capillary electrophoresis. 

Our experimental set-up could be improved by using a proportional controller 

for regulation of CF. In principle, also, each recycling channel should have a UV 

monitor to obtain complete distribution of the proteins including the frontal and 

terminating boundaries. 

Much further work would be needed to advance our Feed-and-Bleed or 

multiple injection schemes. In particular, cascading multi-instrument assemblies 

could be explored. 

In simulating CE, the injection sequence needs to be modified to emulate the 

experimental protocol. It should also be possible to incorporate a simplified 

temperature correlation to improve the accuracy of the model. Improved estimation 

techniques for protein mobilities from amino acid composition and sequence are 

needed. 

The description of the characteristics of a recycling mode of operation with 

superimposed CF or electroosmotic flow presented a challenging problem. Further 

work in this direction could probably result in improved instrumentation and 
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The understanding and modeling of the 

hydrodynamics of complex interacting flow patterns is certainly a daunting task. 
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APPENDIX A. COMPONENT PARAMETERS USED IN THE COMPUTER 
SIMULATIONS 

Table A.l Mobility and Dissociation Constants of Non-Protein Components 

Species(1) Ionic mobility pK1' pK2 
(xl0+8)(m/s)/(V /m) 

Na+ 5.19 -
cr 7.91 -

Acetate 4.12 4.76 

TBA 1.8 -

TPA 1.6 -
I3-Ala 3.63 3.6, 10.19 

Asn 3.23 2.02, 8.8 

GIn 2.97 2.17, 9.13 

Tris 2.41 8.30 

Cacodylate 2.31 6.21 

His 2.85 6.0, 9.17 

PABA 3.28, 3.23(2) 2.41,4.85 

MES 6.15 2.50 

I3-Ala-I-His 2.30 6.83, 9.51 

Gly-Gly 3.077 3.15,8.25 

Phe 2.741 1.83, 9.13 

neutral marker(S) 1.00 12 

(1) Refer to Appendix D for abbreviations. (2) This value was used as input for 
simulations in Chapter 5. (S) These properties were used in Chapter 7 to simulate 
a neutral marker in capillary electrophoresis. 
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Table A.2 Data Used to Model Protein Mobility 

I Bovine Serum Albumin (BSA) II Hemoglobin (Hb) I 
I D, = 5.94 X 10-7 (rn2/s) II D, = 6.8 X 10-7 (m2/s) I 

pH Valence pH Valence 

3.0 58 3.0 68.5 

3.3 44.5 3.5 43.5 

3.5 35.5 4.5 25.5 

3.8 22.0 6.0 10.25 

4.0 13.0 8.0 -10.25 

4.1 8.0 9.0 -20.5 

4.3 3.0 10.0 -30.75 

4.8 0.0 11.0 -50.0 

5.4 -4.0 11.5 -63.5 

5.8 -6.1 

6.8 -12.2 

7.8 -18.3 

8.8 -24.4 

10.0 -32.0 

11.1 -48.0 

11.5 -64.0 

D, = Diffusion Coefficient, m/s 
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APPENDIX 8: FORTRAN CODES OF SELECTED PROGRAMS USED IN 
THE SIMULATIONS 

The following pages list the important programs that were modified for the research 
presented in the dissertation. The original programs had many co-authors from our 
research group, some of whose names are included in the program headings. My 
specific changes are marked in these listings. A glossary of programs mentioned in 
the dissertation is presented below. Tables B.1 - B.4 gives codes for the highlighted 
programs, RFLUX3, GENTRANS.FOR, MKSCAN.FOR and A VG-SINT, 
respectively. 

Glossary of Computer Model Versions and Programs: 

AVG-INT This program averages the concentration within the recycle tubes 

FLOW Best available version of the computer model incorporating convective 
flows and using the Linderstrom-Lang model for protein mobility 

FLUX3 Original fortran program containing subroutines that calculate flux of 
different species 

MKPLT An utility fortran program that outputs formatted data comprising 
concentrations along the entire separation length at a given time point 

MKSCAN An utility fortran program that outputs the concentration at a 
particular location in the separation length, thus simulating a detector 
output 

MODEL-I Original computer model, with protein mobility based on the Debye
Huckel-Henry theory 

MODEL-II Computer simulation with the Linderstrom-Lang modification for 
protein mobility 

RFLUX3 Modification of FLUX3 program incorporating convective flows 
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Table B.1 FORTRAN Code for the Program RFLUX3.FOR 

******************************************************************************* 
subroutine difeql 

******************************************************************************* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

This program has been modified by Ranjit R. Deshmukh to incorporate 
convective flows in the model. This is a key subroutine that calculates the 
component flux at any given time point. Specific changes are indicated. 

zero flux boundary conditions - fern formulation 
this subroutine calculates the right hand side of 
the galerkin equations calling appropriate subroutines 
to perform specific calculations 

authors: pat maynard, mike stock,aly graham 
last revised 6/8/84 

modified Oct. 87 DD 
modified Jun. 1992 for counterflow Ranjit R. Deshmukh 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

* ******************************************************************************* 
INCLUDE 'globals.cmn' 

integer point,pntbck,pntfwd,pntlft,pntrht 

c ------- Remove negative concentrations with conservation of Mass 
if( sm) call smooth 

c ------- if using constant voltage instead of constant current, 
c ------- calculate average conductivity 

if( conv) then 
reso = 0.0 
do 10 i = I, n 

10 reso = reso + delxl «rk(i) + rk(i+I»/2.0) 

cur = con vol 1 reso 
end if 

* calculate the species at the first 3 points along column 

call get( I , I ) 
call param( I ) 

* 
call get(2,2) 
call param(2) 

* 
call clcflx( 1,2, I ) 

* * initalize storage pointers 
pntbck = 3 
point = I 
pntfwd = 2 
pntlft = 2 



pntrht = I 
* 

do 200 I = 2,n 
* * update pointers 

* 
* 

itemp = pntbck 
pntbck = point 
point = pntfwd 
pntfwd = itemp 
itemp = pntlft 
pnUft = pntrht 
pntrht = itemp 

call get(1 + I,pntfwd) 
call param(pntfwd) 

call clcflx(point,pntfwd,pntrht) 

* check for left boundary 
* 

if(1 .eq. 2) then 
* calculate derivative at first point by direct method 

c 

105 
* 

do 105 m = I,ncom 

First order approx ( more stable than second) 
gnr(m) = f1ux(m,pntlft)*addelx*2.0 

continue 

call putd( I) 

endif 

do 110 m = I,ncom 
110 gnr(m) = (flux(m,pntrht) - f1ux(m,pntlft» * addelx 

call putd(1) 
call putv(1-1 ,pntbck) 

* 
200 continue 

* 
* calculate derivatives at last point by direct method 
* <note that boundary approximation is second order> 
* 

do 220 m = I,ncom 
220 gnr(m) = -f1ux(m,pntrht)*addelx*2.0 

call putd(npl) 

* store boundary parameters 

call putv(n,point) 
call putv(np I ,pntfwd) 

* 
return 
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end 

****************************************************************************** 
* subroutine clcflx(point,pntfwd,pntrht) * 
****************************************************************************** 
* * 
* this calculates the gradients (times mobilities) of neutral and * 
* charged species. * 
* ******************************************************************************* 

INCLUDE 'globals.cmn' 
dimension pch(5) 
integer pntbck,point,pntfwd,pntrht 

c ------- water species 
wdwc(l) = wwc(l )*(wc( I ,pntfwd)-wc(l ,point»*delxr 
wdwc(2) = wwc(2)*(wc(2,pntfwd)-wc(2,point»*delxr 

sum = wdwc(l )-wdwc(2) 

c ------- Ampholytes 
do 10 j = I,iam 

wdamn(j) = wamn(j)*(amn(j ,pntfwd )-amn(j ,poin t) )*delxr 
do 20 k = 1,2 

20 wdamc(j,k) = wamc(j,k)*(amc(j,k,pntfwd) 
& -amc(j,k,point»*delxr 

sum = sum + (wdamc(j, 1 )-wdamc(j,2» 
10 continue 

c ------- Weak acid 
do 30 j = I,iaw 

wdawn(j) = wawn(j)*(awn(j,pntfwd)-awn(j,point»*delxr 
wdawc(j) = wawc(j)*(awc(j,pntfwd)-awc(j,point»*delxr 
sum = sum-wdawc(j) 

30 continue 

c ------- Weak base 
do 50 j = I,ibw 

wdbwn(j) = wbwn(j)*(bwn(j,pntfwd)-bwn(j,point»*delxr 
wdbwc(j) = wbwc(j)*(bwc(j,pntfwd)-bwc(j,point»*delxr 
sum = sum+wdbwc(j) 

50 continue 

c ------- Strong acid 
do 70 j = I,ias 

wdtas(j) = wtas(j)*(tas(j,pntfwd)-tas(j,point»*delxr 
sum = sum-wdtas(j) 

70 continue 

c ------- Strong bases 
do 90 j = l,ibs 

wd tbs(j) = wtbs(j)*( tbs(j ,pn tfwd)- tbs(j ,point) )*delxr 
sum = sum+wdtbs(j) 

90 continue 

avph = (tph(pntfwd) + tph(point»/2.0 



c ------- Proteins 
do 100 j = I,ips 

wdtps(j) = wps(j)*(tPs(j,pntfwd)-tps(j,point» 
*delxr 
pch(j) = findch(avph,j) 
sum = sum + wdtps(j) * pch(j) 

100 continue 

c ------- peptides 
do 95 j = I,ipep 

wdpep(j) = wpep(j)*( tpep(j ,pntfwd)- tpep(j ,poin t»*delxr 
chofp = pepch(avph,j) 
if(chofp**2.0 .Ie .. 001) chofp = 0.0 
sum = sum + chofp*wdpep(j) 

95 continue 

c ------- Calculate the "voltage" 
if( con v )then 

dphi = -(cur+sum)/«rkr(point) + rkr(pntfwd»/2.0) 
else 

dphi = -(eta+sum)/«rkr(point) + rkr(pntfwd»/2.0) 
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****************************************************************************** 
* FOLLOWING SECTION MODIFIED BY RANJIT R. DESHMUKH * 
* TO SIMULATE COUNTERFLOW * 
* Specific lines marked between leaders Crrrrrrrrr * 
****************************************************************************** 

Crrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
C 
* Calculate the flux 

j=O 

c---input cf in m/s at the start of the run -----------------
pe=0.038ge I 0 

* This section can be activated to enable time dependent on/off for 
the counterflow----modified Ranjit Deshmukh 

*----------------
c 
c 
c 
c 

if (t.gt.12) then 
cf=7.5e-3 

else 
cf=O.O 

c endif 
*---------------
C 
Crrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 

c ------- Ampholytes 
do 110 i = I,iam 

j = j+1 
avgn = (amn(i,pntfwd) + amn(i,point»/2.0 



avgp = (amc(i, I ,point) + amc(i, I ,pntfwd»/2.0 
avgm = (amc(i,2,point) + amc(i,2,pntfwd»/2.0 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
<:ONAM=<:F*PE*(A VGM+A VGP+avgn) 

flux(j,pntrht) = (wamc(i,l)*avgp 
-wamc(i,2)*avgm)*dphi + <:ONAM 
+wdamc(i, I )+wdamc(i,2)+wdamn(i) 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
110 continue 

c ------- weak acid 
do 120 i = I,iaw 

j = j+1 
avgn = (awn(i,point) + awn(i,pntfwd»/2.0 

avgm = (awc(i,point) + awc(i,pntfwd»/2.0 
<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 

conwa=PE*<:F*(avgm + avgn) 
flux(j,pntrht) = -wawc(i)*avgm*dphi+wdawc(i)+wdawn(i) 

+ conwa 
adda=-wawc(i)*avgm*dphi 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
120 <:ONTINUE 

c ------- weak base 
do 130 i = I,ibw 

j = j+1 
avgn = (bwn(i,point) + bwn(i,pntfwd»/2.0 

avgp = (bwc(i,point) + bwc(i,pntfwd»/2.0 
<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 

conwb=PE*<:F*(avgp + avgn) 
flux(j,pntrht) = wbwc(i)*avgp*dphi+wdbwc(i)+wdbwn(i) 
+ conwb 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
130 continue 

c ------- Strong Acids 
do 140 i = I ,ias 

j = j+1 
avgm = (tas(i,point) + tas(i,pntfwd»/2.0 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
consa=PE*<:F*avgm 

flux(j,pntrht) = -wtas(i)*avgm*dphi+wdtas(i)+consa 
<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
140 continue 

c ------- Strong Base 
do 150 i = I,ibs 

j = j+1 
avgp = (tbs(i,point) + tbs(i,pntfwd»/2.0 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
consb=PE*<:F*avgp 

flux(j,pntrht) = wtbs(i)*avgp*dphi+wdtbs(i)+consb 
adda=wtbs(i)*a vgp*dphi 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
150 continue 
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c ------- Proteins 
do 155 i = I,ips 

j = j+1 
avgp = (tps(i,point) + tps(i,pntfwd»/2.0 
avtup = ( tup(i,point) + tup(i,pntfwd»/2.0 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
conpro=PE*<:F*(avgp) 

flux(j,pntrht) = pch(i)*avtup*avgp*dphi + wdtps(i)+ 
conpro 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
155 continue 

c ------- Peptides 
do 160 i = I,ipep 

j = j + I 
avgp = (tpep(i,point) + tpep(i,pntfwd»/2.0 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
conpep=PE*<:F*(avgp) 

fJux(j,pntrht) = pepch(avph,i)*wpep(i)*avgp*dphi 
+ wdpep(i)+conpep 

<:rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
160 continue 

return 
end 

subroutine putd(index) 
IN<:LUDE 'globals.cmn' 

integer point, index 

do 10 i = I,ncom 
10 gn(index,i) = gnr(i) 

return 
end 

subroutine putv(index,point) 
IN<:LUDE 'globals.cmn' 

integer point, index 

ph(index) = tph(point) 
rk(index) = rkr(point) 

do 10 i = I,ips 
10 up(i,index) = tup(i,point) 

return 
end 
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Table B.2 FORTRAN Code for the Program GENTRANS.FOR 

****************************************************************************** 
* Modified by Ranjit Deshmukh to allow input parameters for * 
* counterflow------ Oct. 1991 * 
* * * Modified for time-dependent counterflow ---Oct. 1992 * 
* * 
* * ****************************************************************************** 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

Generalized Transient Simulation of Electrophoretic Processes 
(gentrans). Version 7 (the number 7 is completely aritrary 
since earlier versions were not numbered or even kept tract of 

This is the main simulation program for I dimensional 
simulation. It reads from the following files: 

- [deshmukh.USR.INPUT]save.init : input information about 
components and simulation conditions 

- [deshmukh.USR.INPUT]initial.dat 
initial concentrations 

It creates the following files: 
- .[deshmukh.USR.INPUT]initial.cnt : 

an initial.data file for continuation of run 
- tmp.tot : 

unformatted file containing concentrations of 
components at time points stipulated in 
save.ini 

- tmp.kap : 
unformatted file with conductivity 

- tmp.ph : 
unformatted file with ph 

- tmp.hdr: 
ascii file with echo of input and messages 

Coded by Douglas Dewey Nov. 87 
This is yet another evolution from earlier versions by: 

AI Graham 
Pat Maynard 
Mike Malvick 
John Walker 

Variations from earlier versions: 
- choice between ief and itp boundary conditions 

handled in one program instead of linking different 
files to created the correct version 

- peptides can be simulated - ampholytes can have 
more that three species 

- code is being cleaned up but control flow is same 

- the protein model include the debye-huckly mobility 
correction 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
>0: 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 



* 
* 

- smoothing out of negative concentrations is an opt. 
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* 
* ****************************************************************************** 

program main 
INCLUDE 'globals.cmn' 

c -------- write header 
wr i te(* , * )'* ** ** ** ** * ************************** ****** ************* ***********' 
write(*,*)'* *' 
write(*, *)' * Generalized Transient Simulation Program *, 
write(*, *)' * *, 
write(*,*)' * Version 7 *' 
write(*, *)' * Jan. 1988 *, 
write(*, *)' * consolidated ief itp iex boundarys *' 
write(*, *)' * generalized ampholyte (peptides) *, 
write(* ,*), * and protein modeling (DH mobility cor *, 
write(*, *)' * smoothing *, 
write(* ,*)' * 3pnt central differencing *, 

write(*, *)' * *' 
write(*, *)' * March 1992 counterflow model. ranjit deshmukh *' 
write(*,*), **************************************************, 
write(*, *) 

c ------- open files for output 
open(unit=4,fiIe='tmp.ph' ,status='UNKNOWN', 

& blocksize=O,form='unformatted') 
open(unit= 7 ,file='tmp.tot' ,status='UNKNOWN', 

& blocksize=O,form='unformatted') 
open(unit=8,file='tmp.kap',status='UNKNOWN', 

& blocksize=O,form='unformatted') 
open(unit= I, file='tmp.hdr' ,status='UNKNOWN') 

*********----------modified by Ranjit R. Deshmukh ------------****** 
c This steps are sufficient for a constant flow 
* 
c print *,'input the velocity in (m/s), 
c read (* ,*) cf 
*********-----------------------------------------------------****** 

* 
*********----------modified by Ranjit R. Deshmukh ------------****** 
c Modification for Time-dependent counterflow (CF) 
* 

print * ,'This version inputs the CF as the following function' 
print *,' CF = aCF + bCF(t) + cCF(t*t) , 
print * ,'input aCF in (m/s), 
read(*,*) acf 
print * ,'input bCf' 
read(* ,*) bcf 
print * ,'input cCf' 
read(*, *) ccf 

*********-----------------------------------------------------****** 

c ------- make a table containing the henry function 
c protein mobility correction required this function so 
c values will be interpolated from this table 

call cr8hen 



c -------- get input and initialize 
call inital 

if(tmax .Ie. O.O)tmax = 1.0 
if( npoint .Ie. 0 .or. npoint .gt. 2000)npoint = 10 1 
comint = tmax jfloat(npoint-I) 
if( dtmax .Ie. 0.0 .or. dtmax .gt. comint)dtmax = comint 
if( dt .Ie. 0.0 .or. dt .gt. comint)dt = comint 
if( dtmin .Ie. 0.0 .or. dtmin .gt. dtmax)dtmin = dtj 16.0 

c ------- call the time stepping controller 
call run 

c ------- save data for use as ic of continuation 
call save 

c ------- done 
close(unit=4,status='keep') 
close(unit=7,status='keep') 
close(unit=8,status='keep') 
close(unit= 1 O,status='keep') 
close(unit= 15,status='keep') 
close(unit=2,status='keep') 
close(unit= 1 ,status='keep') 

write(*,*), Gentrans - normal termination' 

stop 
end 
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Table B.3 FORTRAN Code for the Program MKSCAN.FOR 

******************************************************************* 

* 
* 
* 
* 
* 
* 

This program is developed to generate a scan of component concentrations 
at a particular mesh point/distance and tabulate the values with 

time. This program is based on the previously developed program 
called MKPLT. 

* designed 04/1992 ranjit r. deshmukh 
******************************************************************* 

******************************************************************* 
PROGRAM plotd 

******************************************************************* 

* 
CHARACTER UNFOR*30, FORM*30, MARK*3, FMTl*30, FN*I 
character FMT* I O,ubor* 1 ,rbor* 1 ,anscal* I ,ans* 1 ,anscx* 1 
DIMENSION Y(40105),X(40105),COMP( 115,4000 I ),CSEL(40001, 130) 

common /rec I / ncol,ncgrid,nrowl,nrgrid, 
* nogrid,nplt,nor,ymax,ymin 

common /recl/ xmax,xmin 
common /rec2/ FMT,form,ubor,rbor,anscal,anscx 
common /Iabel/ unfor 
common /info/ nsel(20),tsel(20),nt,npcom,iscpt 

100 I continue 

* 
* INTERACTIVE BLOCK 

* 
DO 888 1=1,5 

888 WRITE(*,*) 

* 

WRITE(*, *)' Multi timept get' 
WRITE(* ,*)' Beginning new plot .. .' 

WRITE(*, *)' Enter name of unformatted file' 
READ (*,1) UNFOR 
FORMA T(A20) 

FORM='[deshmukh.USR.RUNAREA.DATAjSIMUPLOT' 

* OPEN FORMATTED AND UNFORMATTED FILES. 

* 
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* 
* 
* 
* 
* 
* 
* 

OPEN( UN IT=9, FI L E=UNFOR, FOR M='UNFORMA TTED', 
ST A TUS='UNKNOWN') 

OPEN(UNIT= I O,FILE=FORM,ST ATUS='UNKNOWN') 



WRITE(*,*) 'How many components in unformatted file? <=' 
READ (*,*) NCOM 

WRITE(*, *) 'How many segments in unformatted file? <=' 
READ (*,*) NSEG 

write(* ,*) 'Segment at which you want to scan? <=' 
read (*,*) iscpt 

21 continue 
write(*,*) 'How many components to be plotted? <=' 
read(* ,*) npcom 

WRITE(* ,'(a)') , Enter which components are to be plotted:' 
WRITE(* ,'(a)') , I - For yes' 
WRITE(* ,'(a)')' 0 - For no' 

icount = 0 
DO 22 I =I,NCOM 

WRITE(*,'(fall,II,a8),), Component #',1 
*,'? <=' 

READ(* ,*)NSEL(I) 
if( nsel(i) .eq. 1 ) icount = icount + I 

22 continue 

if( icount .ne. npcom)then 
write(*, *)' Number of components selected does not' 
write(*, *)' match number for plot, reenter' 
goto 21 
endif 

WRITE(*, *)'How many time points <=' 
READ(* ,*)NT 
WRITE(*, *),Enter time points: ' 
DO 33 I=I,NT 
WRITE(* ,'(fa 16,12,a7)')' 

*Time point #',I,'? <=' 
33 READ(*,*) TSEL(I) 

write(* ,*) 'Enter: xmax ,xmin <=' 
read(*, *) xmax,xmin 

xinrc = (xmax-xmin)/NSEG 
x(I)=xmin 
do 989 j=2,NSEG+ 1 

989 x(j) = x(j-I) + xinrc 
xscan= xinrc*iscpt 

NN = 0 
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NOR = NSEG+I 
LIMIT = NOR *NCOM 
NPL T = npcom*NT 

c ------- Scan once over data to figure out what offset should be used 
write(*, *)' Beginning initial scan of data .. .' 

ifound = 0 
range = 0.0 
ymax = 0.0 
ymin = 9.e9 

50 I read(9,end=599)mark,time,(y(i),i=l,limit) 

c ------- If time is not selected go to next time point 
if( intsel(time) .eq. 0) goto 50 I 

550 

554 

ifound = ifound + I 

do 550 j = I,nor 
incr = (ncom*j) - ncom 
do 550 k = I,ncom 

tmax = 0.0 
tmin = 9.e9 

nn = incr+k 
comp(k,j) = y(nn) 

continue 

do 555 k = I,ncom 
if( nsel(k) .eq. I )then 

do 554 j = I,nor 

endif 

if(comp(k,j) .It. tmin) tmin = comp(k,j) 
if(comp(k,j) .gt. tmax) tmax = comp(k,j) 

continue 

555 continue 
trange = tmax - tmin 
if( tmax .gt. ymax) ymax = tmax 
if( tmin .It. ymin) ymin = tmin 
if( trange .gt. range) range = trange 

write(*,*)'Range at time ',time,' = ',trange 

goto 501 
599 continue 

write(*,*) 
write(* ,*)'Number of selected time points found in file = ' 

&,ifound 
if( ifound .eq. O)then 

write(* ,*)'No selected time points found starting over.' 
goto 1001 
endif 
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* 
* 
* 

if( ifound .ne. nt)then 
write(* ,*)' Number of time points found' 

write(*, *)' does not equal' 
write(* ,*)' the number selected' 
write(*, *)' Enter:' 
write(*, *)' I - to continue with those found' 
write(*, *)' 2 - to start over' 
read(* ,*)i 
if( i .eq. 2)goto 100 I 
nt = ifound 
nplt = npcom*nt 
endif 

rewind(9) 

write(* ,*) 
write(*, *)' Maximum range = ',range 
write(*, *)' Max value = ',ymax 
write(*,*)' Min value = ',ymin 
write(* ,*) 

xoff = 1.2*range 
write(* ,'(a)')' Enter offset. Enter a negative' 

write(*,'(a,lx,lpeI5.6),)' number to use default of ',x off 
read(* ,*)xi 
if( xi .ge. 0) xoff = xi 
write(*, *)'offset used = ',xoff 

write(*,*) 
WRITE(* ,*)' Enter scaling constant <=' 
READ(*,*) SCALE 

READ UNFORMATTED FILE UNTIL END-OF-FILE IS REACHED. 

ntime = 0 
nc = 0 

2 READ(9,END=IOO)MARK,TIME,(Y(I),I=I,LIMIT) 

* 
DO 44 I =I,NT 

IF(TIME .LE.(TSEL(I)+1.0E-3) .AND. 
*TIME .G E.(TSEL(I)-I.OE-3 »THEN 

incr = 0 
ntime = ntime + I 

write(*,*), time = ',time 

DO 200 J = I,NOR 
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INCR = (NCOM· J) - NCOM 
DO 200 K = I,NCOM 

NN = INCR+K 
COMP(K,J)= Y(NN) 

200 CONTINUE 

c 

DO 66 JJ= I ,NCOM 
IF (NSEL(JJ) .EQ. I) THEN 

NC =NC + I 
DO 77 KK=I,NOR 

c·········------------Modified by Ranjit R. Deshmukh------------········· 
c 

CSEL(KK,NC)= (COMP(JJ,KK) + «JJ-l)·xoff»·SCALE 
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c·········----------------------------------------------------- •••••••••• 
continue 
END IF 

66 CONTINUE 
ENDIF 

44 CONTINUE 

• 

if(ntime .eq. nt) goto 51 
GOT02 

WRITE FORMATTED FILE. 

c·**·**·****----------Modified Ranjit R. Deshmukh---------*******··*· 
c 
51 write(*, *) 'writing formatted file' 

M=I 
do 56 ijk = I,NT 
mo=m -I +npcom 
print *, 'm=', m, 'mo=', rno 
print·, 'nt=', nt 
kkk = iscpt + I 
write(lO,55) x(kkk), tsel(ijk), (csel(kkk,jjj), jjj=M,mo) 

55 format (I p30e9.2) 
M=M+NPCOM 

56 continue 
* 
c***········--------------------------------*········· •• 
• EXIT. 
* 
100 CLOSE(UNIT= IO,ST A TUS='keep') 

CLOSE(UNIT=9 ,ST A TUS='keep') 

stop 
end 

function intsel(tirne) 



* 
10 

common /info/ nsel( 17),tsel(I 7),nt,npcom,iscpt 

intsel=O 

do 10 i=1 ,nt 
if(time.le.(tsel(i)+ I.Oe-3 ).and.time.ge. 

(tsel(i)-1.0e-3» intsel = 1 
continue 

return 
end 
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Table 8.4 FORTRAN Code for the Program A VG-SINT 

PROGRAM avereg 
******************************************************************** 

* 
* 
* 
* 
* 
* 

* 
* 
* 
* 
* 
* 
* 

This simulates the mixing in recycle tubes, the number of 
segments used to average can be specified as variable isegs 

first and last segments retain original conc. 

Modified by Ranjit R. Deshmukh, 10/13/93 

default: Grid points = 240, grid points per recycle tube = 5, 
number of tubes = 48 

INPUT: Any unformatted file 
Time pt., dt (any number) 
isegs:= ( number of segments you want averaged) 

* OUTPUT: avereg.cnt:= (formatted intial.cnt equivalent) 
* avereg u.cnt-(unformatted file, suitable for splot) 
******************************************************************** 

* 

* 

CHARACTER MARK *3,NFILE*20,FMC*2,FMT*20 
DIMENSION Y(l00l,17),X(l001), ros(lOOI, 17), tos(1001,17), 

$ bos(l 00 1,17), vos(l 00 1,17) 
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write(*,*) ,***************************************************, 
write(*,*)'* THIS IS A UTILITY PROGRAM DESIGNED TO SIMULATE *, 
write(*,*)'* RECYCLING TUBES AND AVERAGES CONC.IN DISCRETE *, 
write(*,*)'* SEGMENT BLOCKS *, 
write(*, *) ,***************************************************, 
write(*,*) 
write(*,*) 

c WRITE(*,*)' Enter filename:' 
c READ(*,'(a)') NFILE 

OPEN(UNIT =9 ,FIL E='[ desh mukh. usr. inpu t]ini tial.cn t' , 
$ status='old' ,form='formatted') 

OPEn(UNIT= 7 ,FILE='[ deshmukh.usr.runarea]tmp.tot', 
$ ST A TUS='OLD' ,FORM='UNFORMA TTED') 

open(unit= II ,file='[deshmukh.usr.runarea]tmp-a.tot', 
$ status='new' ,form='unformatted') 

WRITE(*,*) 
read(9,242) mark,tempt,dt 
time = tempt 

242 format(a3,lp2eI5.6) 

c WRITE(*,*) , Enter time point' 
c READ (*,*) TIME 



c write(*,*) 'input the time increment' 
c read(* , *) tadd 

DT=1.0e-5 
tch=I.O 
tadd=0.63 
tch = time + tadd 

WRITE(*,*) 

c WRITE(*,*) , Enter # of components & # of segments' 
c READ(*,*) NCOM,NSEG 

ncom=3 
nseg=240 
width=O.O 

c*********----------Modified by Ranjit Deshmukh----------************ 
c 
c WRITE(*,*) 'input the width of Segments' 
c read (*, *) isegs 
cc write(*,*)'IF YOU WANT END SEGMENTS AS ORIGINAL .... enter I' 
c write(*,*)'if not enter ....... 2' 
c read(* ,*) kpts 

isegs=S 
kpts=1 

c**************---------------************** 

* 

* 

WRITE(*,'(/ A)'} , *** OPENING init.msh ***, 
OPEN(UNIT=S,FILE='[deshmukh.usr.input]init.msh' ,ST A TUS='OLD') 

READ(5, '(A3, I P2E IS.6)'} MARK 

* READ IN MESH 

NPI = 0 
100 READ(S,'(lPEIS.6)"END=200) XTMP 

NPI = NPI + I 
X(NPI) = XTMP 
GO TO 100 

* 
200 CLOSE(unit=S, status='keep') 

* 
10 read(7 ,end= I ,err= I )mark,tempt,«y(i,j),j= I ,ncom),i= I ,nseg+ I) 

IF(TIME .EQ. -I) GO TO 10 
IF(TEMPT .LE. (TIME + I.OE-OS) .AND. TEMPT 

*.GE. (TIME - 1.0E-05»THEN 
WRITE(*,*) 
WRITE(*,*)' TIME POINT READ WAS ',TEMPT 

c tch = tempt + tadd 
write(*, *)'time point final was', tch 
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CLOSE(UNIT=7,STATUS='KEEP') 
ELSE 
GO TO 10 
END IF 
OPEN(UNIT = 1 O,FILE='[ deshmukh. usr .input]initial.dat', 

* STATUS='old') 
c***********-----------Modified by Ranjit Deshmukh-----------*********** 
c cat=O 
c ino=int( NSEGjisegs) 
c do 666 jk=I,ncom 
c cat=O 
c is=1 
c avg=O 
c do 555 irs= I, ino 
c cat=O 
c avg=O 
c do 444 its = I,isegs 
c cat = cat + y (is,jk) 
c is = is +1 
c444 continue 
c avg= cat j (f1oat(isegs» 
c is = is - (isegs) 
c do 333 ir= I, isegs 
c y(is,jk) = avg 
c is = is +1 
c333 continue 
c555 continue 
c666 continue 

c IF(kpts .eq. I) go to 999 
c IF(kpts .eq. 2) go to 888 

WIDTH = 1.0 
dwidth=5.0*(width)/288.0 
avgd =0.0 
do 34 jj= I,ncom 
avgd=O.O 
ros( I,jj) = y( 1 ,jj) 
ros(nseg+ I,jj) = y(nseg+ I, jj) 

c**** This step calculates the numerical intergral of the concentrations, within 
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the width of each recycle tube (default of 5 segments is shown) using a Newton-Cotes 
6 point formulla 

c 
do 33 i=I,nseg-4,5 
avgd=O.O 

vos(i,JJ)=(dwidth)*( 19.0*y(i,jj) + 75.0*y(i+ I ,jj)+ 
$ 50.0*y(i+2,jj) + 50.0*y(i+3,jj) + 75.0*y(i+4,jj) + 
$ 19.0*y(i+5,jj» 



avgd = vos(i,jj)/5.0 
bos(i,jj) = avgd 
bos(i+I,JJ) = avgd 
bos(i+2,jj)=avgd 
bos(i+3,jj)=avgd 
bos(i+4,jj)=avgd 
bos(i+5,jj)=avgd 

c do 32 ic=I,5 
c bos(i+ic,jj) = bos(i,jj) 
c32 continue 
c vos(i,jj)=O.O 

avgd=O.O 
c print*, i, avgd 
33 continue 

34 continue 

999 do 777 jk=l,ncom 

123 

bos( I ,j k )=ros( I ,j k) 
bos(nseg+ I ,jk)=ros(nseg+ I ,jk) 

tos( I, I )=0.0 
tos( 1 ,ncom)=O.O 

do 123 ime= I ,nseg 
tos(ime+ I ,jk)= ( bos(ime,jk) + bos(ime+ I ,jk) )/2.0 
y(ime,jk) = tos(ime,jk) 
continue 

y( I ,jk)=ros( I ,jk) 
y(nseg+ I ,jk)=ros(nseg+ I ,jk) 

777 continue 

c*********-------------------------*******c 
c 
888 WRITE (lO,20) MARK,Tch,DT 

20 FORMAT(A3,IP2EI5.6) 
do 102 i=l,nseg+1 

102 WRITE (10,'( I p 18e 15.6)')x(i),(y(i,j),j= I ,ncom) 
write( II) mark, tch, «y(i,j),j= I ,ncom),i= I ,np I) 
c1ose(unit= II, status='keep') 
goto 101 

WRITE(*,*)' END OF FILE, TIME POINT NOT FOUND' 
c!ose(unit=9, status='keep') 

101 STOp 
END 
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APPENDIX C: SELECTED NUMERICAL OUTPUT 

The following pages give selected input and output data for the representative 

isotachophoretic (ITP) separation of Glycyl-Glycine (Gly-Gly) and Asparagine (Asn), 

discussed in Chapter 3 [Section 3.4, Figure 3.1 and Table 3.1-3.2]. Table C.1 is the 

direct output of the log file, tmp.hdr. The numerical data in Tables C.2-6 were 

obtained using the utility program MKPLT. Tables C.2-4 were derived from the 

concentration file, tmp.tot. Tables C.S and C.6 give the numerical values that were 

extracted from the pH (tmp.pH) and conductivity (tmp.kap) files respectively. 



Table C.I 
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The tmp.hdr File for the Representative ITP Simulation (Separation 
of Gly-Gly and Asn) 

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
Generalized Transient Electrophoresis Simulation 

Version 7 
This version is modified by Ranjit R. Deshmukh 
for COUNTERFLOW APPLICA nON 
latest modification: March, 1992 
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 

The applied initial counterflow in (m/s) is:
O.OOOOOOOE+OO 
Ncom N Xlen Xj Tmax 

5 100 0.04 -10.0 40.0 

Amph # I 
KI 3.600000 
K2 10.19000 
Mob neut 3.6279999E-08 
Mob chrg 3.6279999E-08 3.6279999E-08 

Amph # 2 
KI 3.150000 
K2 8.250000 
Mob neut 3.0770000E-08 
Mob chrg 3.0770000E-08 3.0770000E-08 

Amph # 3 
KI 2.020000 
K2 8.800000 
Mob neut 3.2279999E-08 
Mob chrg 3.2279999E-08 3.2279999E-08 

Weak B I 
K 8.300000 
Mob neut 2.4100000E-08 
Mob chrg 2.4100000E-08 

Strong A I 
Mob 7.9099998E-08 

Boundary Conditions 
Comp I -> 
Comp 2 -> 
Comp 3 -> 
Comp 4 -> 
Comp 5 -> 

Real water mobilities used. 
Smoothing used. 
Constant imposed current 

2 
2 
2 
2 
2 

100 
100 
100 
100 
100 
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Numerical Output for the Representative ITP Simulation (Fig. 3.1): 
Concentration of Sample Components 

x : Separation Length, cm 
GG: Concentration of Glycyl-Glycine (Gly-Gly), mM 
N : Concentration of Asparagine (Asn), mM 
Offset of 12 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, cm GG N GG N GG N GG N 
======================================================================== 
O.OOE+OO O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+OI 2.40E+OI 3.60E+OI 3.60E+OI 
4.00E-02 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+OI 2.40E+01 3.60E+01 3.60E+OI 
8.00E-02 O.OOE+OO O.OOE+OO 1.20E+0 1 1 .20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
1.20E-0 1 O.OOE+OO O.OOE+OO 1 .20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
1.60E-01 O.OOE+OO O.OOE+OO 1.20E+OI 1.20E+OI 2.40E+OI 2.40E+01 3.60E+01 3.60E+OI 
2.00E-01 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+OI 2.40E+OI 2.40E+OI 3.60E+OI 3.60E+OI 
2.40E-0 1 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
2.80E-0 1 O.OOE+OO O.OOE+OO 1 .20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
3.20E-OI O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+OI 2.40E+01 3.60E+OI 3.60E+01 
3.60E-0 1 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
4.00E-01 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+OI 3.60E+OI 3.60E+01 
4.40E-01 O.OOE+OO O.OOE+OO 1.20E+OI 1.20E+01 2.40E+OI 2.40E+OI 3.60E+OI 3.60E+OI 
4.80E-01 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+OI 2.40E+OI 2.40E+01 3.60E+01 3.60E+01 
5.20E-OI O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+OI 2.40E+01 3.60E+OI 3.60E+01 
5.60E-01 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+OI 3.60E+01 3.60E+OI 
6.00E-01 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+OI 2.40E+OI 3.60E+OI 3.60E+OI 
6.40E-01 7.28E-16 7.28E-16 1.20E+01 1.20E+01 2.40E+OI 2.40E+OI 3.60E+OI 3.60E+01 
6.80E-01 7.16E-10 7.16E-10 1.20E+OI 1.20E+01 2.40E+01 2.40E+OI 3.60E+01 3.60E+OI 
7.20E-01 5.57E-05 5.57E-05 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
7.60E-01 8.47E-02 8.47E-02 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.60E+OI 3.60E+Ol 
8.00E-OI 2.50E+00 2.50E+00 1.20E+01 1.20E+01 2.40E+OI 2.40E+01 3.60E+01 3.60E+OI 
8.40E-Ol 4.92E+00 4.92E+00 1.20E+Ol 1.20E+OI 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
8.80E-0 1 5.00E+00 5.00E+00 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
9.20E-01 5.00E+00 5.00E+00 1.20E+01 1.20E+01 2.40E+01 2.40E+OI 3.60E+01 3.60E+OI 
9.60E-01 5.00E+00 5.00E+00 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.60E+Ol 3.60E+01 
1.00E+00 5.00E+00 5.00E+00 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+OI 
1.04E+00 5.00E+00 5.00E+00 1.20E+01 1.60E+OI 2.40E+Ol 2.40E+01 3.60E+01 3.60E+OI 
1.08E+00 5.00E+00 5.00E+00 1.21 E+O 1 2.21 E+O 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
1.12E+00 5.00E+00 5.00E+00 1.41E+01 2.IIE+01 2.40E+01 2.40E+OI 3.60E+01 3.60E+OI 
1.16E+00 4.92E+00 4.92E+00 1.57E+01 1.85E+OI 2.40E+01 2.40E+OI 3.60E+01 3.60E+Ol 
1.20E+00 2.50E+00 2.50E+00 1.62E+OI 1.65E+01 2.40E+01 2.40E+01 3.60E+OI 3.60E+Ol 
1.24E+00 8.47E-02 8.47E-02 1.60E+0 1 1.52E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
1.28E+00 5.57E-05 5.57E-05 1.55E+01 1.44E+OI 2.40E+01 2.40E+01 3.60E+OI 3.60E+OI 
1.32E+00 7.16E-10 7.16E-10 1.51E+01 1.39E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
1.36E+00 7.98E-16 7.98E-16 1.48E+01 1.36E+Ol 2.40E+01 2.40E+01 3.60E+01 3.60E+Ol 
1.40E+00 O.OOE+OO O.OOE+OO 1.46E+01 1.35E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
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Table C.2 (Cont. .. ) 
x : Separation Length, cm 
GG: Concentration of Glycyl-Glycine (Gly-Gly), mM 
N : Concentration of Asparagine (Asn), mM 
Offset of 12 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, em GG N GG N GG N GG N 
======================================================================== 
1.44E+00 O.OOE+OO O.OOE+OO 1.45E+01 1.34E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
1.48E+00 O.OOE+OO O.OOE+OO 1.45E+01 1.32E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
1.52E+00 O.OOE+OO O.OOE+OO 1.47E+01 1.30E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
1.56E+00 O.OOE+OO O.OOE+OO 1.49E+01 1.27E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
1.60E+00 O.OOE+OO O.OOE+OO 1.52E+01 1.24E+01 2.40E+01 2.63E+01 3.60E+01 3.60E+01 
1.64E+00 O.OOE+OO O.OOE+OO 1.54E+Ol 1.22E+Ol 2.40E+01 2.77E+Ol 3.60E+01 3.60E+01 
1.68E+00 O.OOE+OO O.OOE+OO 1.56E+01 1.21E+01 2.40E+01 2.77E+01 3.60E+01 3.60E+Ol 
I.72E+OO O.OOE+OO O.OOE+OO 1.45E+01 1.20E+01 2.40E+01 2.77E+Ol 3.60E+01 3.60E+01 
1.76E+00 O.OOE+OO O.OOE+OO 1.25E+Ol 1.20E+01 2.40E+01 2.77E+01 3.60E+Ol 3.60E+Ol 
1.80E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+Ol 2.40E+Ol 2.77E+Ol 3.60E+01 3.60E+01 
1.84E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2. 77E+O 1 3.60E+0 1 3.60E+0 1 
1.88E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.40E+Ol 2.77E+Ol 3.60E+Ol 3.60E+Ol 
1.92E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.40E+01 2.77E+Ol 3.60E+01 3.60E+Ol 
1.96E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.77E+01 3.60E+01 3.60E+01 
2.00E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2. 77E+O 1 3.60E+0 1 3.60E+0 1 
2.04E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.42E+01 2.73E+01 3.60E+Ol 3.60E+01 
2.08E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.51 E+O 1 2.66E+0 1 3.60E+0 1 3.60E+0 1 
2.12E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.59E+01 2.58E+01 3.60E+01 3.60E+01 
2.16E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.64E+01 2.52E+Ol 3.60E+Ol 3.60E+Ol 
2.20E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.69E+01 2.48E+01 3.60E+Ol 3.60E+01 
2.24E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.72E+Ol 2.45E+01 3.60E+01 3.60E+01 
2.28E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.74E+01 2.43E+01 3.60E+Ol 3.60E+01 
2.32E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.75E+01 2.4IE+Ol 3.60E+01 3.60E+01 
2.36E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.76E+Ol 2.4IE+01 3.60E+01 3.60E+01 
2.40E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.76E+01 2.40E+01 3.60E+01 3.60E+01 
2.44E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.76E+Ol 2.40E+Ol 3.60E+Ol 3.60E+01 
2.48E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.76E+Ol 2.40E+Ol 3.60E+01 3.60E+01 
2.52E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.76E+Ol 2.40E+Ol 3.60E+01 3.61E+01 
2.56E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.76E+01 2.40E+01 3.60E+01 3.93E+Ol 
2.60E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.76E+Ol 2.40E+Ol 3.60E+01 3.97E+Ol 
2.64E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.77E+01 2.40E+Ol 3.60E+Ol 3.97E+Ol 
2.68E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.60E+0 1 2.40E+0 1 3.60E+0 1 3.97E+0 1 
2.72E+00 O.OOE+OO O.OOE+OO 1.20E+OI 1.20E+OI 2.44E+01 2.40E+OI 3.60E+Ol 3.97E+Ol 
2.76E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.97E+0 1 
2.80E+00 O.OOE+OO O.OOE+OO 1.20E+OI 1.20E+01 2.40E+01 2.40E+OI 3.60E+OI 3.97E+01 
2.84E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.40E+Ol 2.40E+Ol 3.60E+Ol 3.97E+Ol 
2.88E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+OI 2.40E+Ol 2.40E+OI 3.60E+Ol 3.97E+Ol 
2.92E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+Ol 2.40E+OI 2.40E+OI 3.60E+Ol 3.97E+01 
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Table C.2 (Cont ... ) 
x : Separation Length, cm 
GG: Concentration of Glycyl-Glycine (Gly-Gly), mM 
N : Concentration of Asparagine (Asn), mM 
Offset of 12 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, cm GG N GG N GG N GG N 
======================================================================== 
2.96E+00 O.OOE+OO O.OOE+OO 1.20E+OI 1.20E+OI 2.40E+OI 2.40E+OI 3.60E+OI 3.97E+01 
3.00E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.97E+0 1 
3.04E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+Ol 2.40E+Ol 2.40E+01 3.60E+Ol 3.93E+01 
3.08E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3. 76E+0 1 3. 79E+0 1 
3.12E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.91 E+O 1 3.66E+0 1 
3.16E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.40E+Ol 2.40E+Ol 3.95E+01 3.6IE+01 
3.20E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.40E+01 2.40E+01 3.96E+01 3.60E+01 
3.24E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+Ol 3.96E+Ol 3.60E+01 
3.28E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.40E+OI 2.40E+01 3.96E+Ol 3.60E+01 
3.32E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.96E+0 1 3.60E+0 1 
3.36E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.96E+0 1 3.60E+0 1 
3.40E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.96E+0 1 3.60E+0 1 
3.44E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.96E+01 3.60E+Ol 
3.48E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.96E+01 3.60E+01 
3.52E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.96E+0 1 3.60E+0 1 
3.56E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.96E+Ol 3.60E+Ol 
3.60E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.96E+0 1 3.60E+0 1 
3.64E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+Ol 3.76E+Ol 3.60E+01 
3.68E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+Ol 2.40E+01 2.40E+01 3.62E+01 3.60E+OI 
3.72E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
3.76E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+Ol 3.60E+Ol 3.60E+01 
3.80E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+01 2.40E+01 3.60E+01 3.60E+01 
3.84E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
3.88E+00 O.OOE+OO O.OOE+OO 1.20E+Ol 1.20E+01 2.40E+Ol 2.40E+Ol 3.60E+01 3.60E+01 
3.92E+00 O.OOE+OO O.OOE+OO 1.20E+01 1.20E+01 2.40E+Ol 2.40E+01 3.60E+Ol 3.60E+Ol 
3.96E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
4.00E+00 O.OOE+OO O.OOE+OO 1.20E+0 1 1.20E+0 1 2.40E+0 1 2.40E+0 1 3.60E+0 1 3.60E+0 1 
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The Numerical Output for the Representative ITP Simulation (Fig. 
3.1): Leader and Terminator Concentration 

x : Separation Length, cm 
L : Concentration of the Leader, cr, mM 
T: Concentration of the Terminator, p-Ala, mM 
Offset of 16 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, cm L T L T L T L T 
======================================================================== 
O.OOE+OO 1.00E+01 O.OOE+OO 2.60E+01 1.60E+Ol 4.20E+Ol 3.20E+01 5.80E+01 4.80E+01 
4.00E-02 I.OOE+O 1 O.OOE+OO 2.60E+0 1 1.60E+0 1 4.20E+0 1 3.20E+0 1 5.80E+0 1 4.80E+0 1 
8.00E-02 1.00E+Ol O.OOE+OO 2.60E+01 1.60E+Ol 4.20E+01 3.20E+Ol 5.80E+01 4.80E+01 
1.20E-Ol 1.00E+Ol O.OOE+OO 2.60E+Ol 1.60E+01 4.20E+Ol 3.20E+01 5.80E+Ol 4.80E+Ol 
1.60E-Ol 1.00E+Ol O.OOE+OO 2.60E+01 1.60E+Ol 4.20E+Ol 3.20E+Ol 5.80E+Ol 4.80E+Ol 
2.00E-Ol 1.00E+Ol O.OOE+OO 2.60E+Ol 1.60E+Ol 4.20E+Ol 3.20E+Ol 5.80E+Ol 4.80E+01 
2.40E-Ol 1.00E+Ol O.OOE+OO 2.60E+01 1.60E+Ol 4.20E+01 3.20E+Ol 5.80E+Ol 4.80E+01 
2.80E-Ol 1.00E+Ol O.OOE+OO 2.60E+Ol 1.60E+Ol 4.20E+Ol 3.20E+Ol 5.80E+01 4.80E+Ol 
3.20E-Ol 1.00E+Ol O.OOE+OO 2.60E+Ol 1.60E+Ol 4.20E+Ol 3.20E+Ol 5.80E+Ol 4.80E+Ol 
3.60E-Ol 1.00£+01 O.OOE+OO 2.60E+Ol 1.60E+Ol 4.20E+Ol 3.20E+Ol 5.80E+01 4.80E+01 
4.00E-Ol 1.00E+Ol O.OOE+OO 2.60E+Ol 1.60E+01 4.20E+Ol 3.20E+Ol 5.81E+Ol 4.80E+01 
4.40E-01 1.00E+01 O.OOE+OO 2.60E+Ol 1.60E+01 4.20E+01 3.20E+01 5.81E+OI 4.80E+Ol 
4.80E-0 1 I.OOE+O 1 O.OOE+OO 2.60E+0 1 1 .60E+0 1 4.21 E+O 1 3.20E+0 1 5.82E+0 1 4.80E+0 1 
5.20E-0 1 1.00E+0 1 O.OOE+OO 2.60E+0 1 1.60E+0 1 4.22E+0 1 3.20E+0 1 5.82E+0 1 4.80E+0 1 
5.60E-Ol 1.00E+Ol O.OOE+OO 2.6IE+Ol 1.60E+Ol 4.23E+Ol 3.20E+Ol 5.84E+Ol 4.80E+Ol 
6.00E-0 1 1.00E+0 1 O.OOE+OO 2.62E+0 1 1.60E+0 1 4.25E+0 1 3.20E+0 1 5.86E+0 1 4.80E+0 1 
6.40E-OI 1.00E+OI 7.28E-16 2.65E+OI 1.60E+Ol 4.27E+Ol 3.20E+Ol 5.88E+Ol 4.80E+Ol 
6.80E-OI 1.00E+OI 7.16E-1O 2.69E+OI 1.60E+OI 4.30E+Ol 3.20E+OI 5.90E+OI 4.80E+OI 
7.20E-OI 1.00E+OI 5.57E-05 2.74E+OI 1.60E+OI 4.34E+OI 3.20E+Ol 5.93E+OI 4.80E+OI 
7.60E-OI 9.83E+00 8.47E-02 2.8IE+OI 1.60E+01 4.38E+Ol 3.20E+OI 5.97E+OI 4.80E+OI 
8.00E-OI 5.00E+00 2.50E+00 2.87E+OI 1.60E+OI 4.42E+OI 3.20E+OI 6.00E+OI 4.80E+OI 
8.40E-OI 1.69E-OI 4.92E+00 2.92E+OI 1.60E+OI 4.46E+OI 3.20E+OI 6.02E+OI 4.80E+OI 
8.80E-OI I.l IE-04 5.00E+00 2.95E+01 1.60E+OI 4.49E+OI 3.20E+OI 6.04E+OI 4.80E+OI 
9.20E-01 1.43E-09 5.00E+00 2.96E+OI 1.60E+OI 4.50E+OI 3.20E+OI 6.05E+OI 4.80E+01 
9.60E-OI 1.60E-15 5.00E+00 2.95E+OI 1.60E+OI 4.50E+OI 3.20E+01 6.04E+OI 4.80E+OI 
1.00E+00 O.OOE+OO 5.00E+00 2.89E+OI 1.60E+OI 4.48E+OI 3.20E+OI 6.02E+OI 4.80E+OI 
1.04E+00 O.OOE+OO 5.00E+00 2.22E+OI 1.60E+OI 4.43E+Ol 3.20E+OI 5.99E+OI 4.80E+OI 
1.08E+00 O.OOE+OO 5.00E+00 1.76E+01 1.60E+OI 4.37E+OI 3.20E+OI 5.94E+Ol 4.80E+01 
1. 12E+00 O.OOE+OO 5.00E+00 1.64E+0 1 1.60E+0 1 4.29E+0 1 3.20E+0 1 5.88E+0 1 4.80E+0 1 
1.16E+00 O.OOE+OO 5.00E+00 1.6IE+OI 1.60E+OI 4.19E+OI 3.20E+OI 5.8IE+OI 4.80E+OI 
1.20E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 4.09E+OI 3.20E+Ol 5.74E+OI 4.80E+OI 
1.24E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.98E+OI 3.20E+OI 5.66E+OI 4.80E+OI 
1.28E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.88E+Ol 3.20E+OI 5.58E+OI 4.80E+OI 
1.32E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.79E+OI 3.20E+OI 5.5IE+OI 4.80E+OI 
1.36E+00 O.OOE+OO 5.00E+00 1.60E+0 1 1.60E+0 1 3.71 E+O 1 3.20E+0 1 5.45E+0 1 4.80E+0 1 
1.40E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+Ol 3.65E+OI 3.20E+OI 5.39E+OI 4.80E+OI 
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Table C.3 (Cont ... ) 

x : Separation Length, cm 
L : Concentration of the Leader, cr, mM 
T: Concentration of the Terminator, ,B-Ala, mM 
Offset of 16 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, cm L T L T L T L T 
======================================================================== 
1.44E+00 O.OOE+OO 5.00E+00 1.60E+0 I 1.60E+0 I 3.61 E+O I 3.20E+0 1 5.34E+0 I 4.80E+0 1 
1.48E+00 O.OOE+OO 5.00E+00 1 .60E+0 1 1.60E+0 I 3.58E+0 1 3.20E+0 1 5.30E+0 1 4.80E+0 1 
1.52E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+01 3.56E+OI 3.20E+OI 5.26E+OI 4.80E+OI 
1.56E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.44E+OI 3.20E+OI 5.23E+OI 4.80E+01 
1.60E+00 O.OOE+OO 5.00E+00 1.60E+01 1.60E+OI 3.26E+OI 3.20E+OI 5.20E+OI 4.80E+OI 
1.64E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.20E+OI 3.20E+OI 5.18E+OI 4.80E+01 
1.68E+00 O.OOE+OO 5.00E+00 1 .60E+0 1 1 .60E+0 1 3.20E+0 1 3.20E+0 1 5.1 7E+0 1 4.80E+0 I 
I.72E+OO O.OOE+OO 5.00E+00 1.60E+OI 1.60E+OI 3.20E+OI 3.20E+OI 5.16E+OI 4.80E+OI 
1.76E+00 O.OOE+OO 5.00E+00 1.60E+OI 1.95E+OI 3.20E+OI 3.20E+OI 5.15E+OI 4.80E+01 
1.80E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.09E+OI 3.20E+OI 3.20E+OI 5.14E+OI 4.80E+OI 
1.84E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+OI 3.20E+Ol 3.20E+Ol 5.13E+OI 4.80E+Ol 
1.88E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.20E+OI 5.13E+Ol 4.80E+OI 
1.92E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.20E+OI 5.13E+OI 4.80E+OI 
1.96E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.13E+0 1 4.80E+0 1 
2.00E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.20E+OI 5.13E+Ol 4.80E+OI 
2.04E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.20E+Ol 5.13E+OI 4.80E+OI 
2.08E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.13E+0 1 4.80E+0 1 
2.12E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.1 3E+0 1 4.80E+0 1 
2.16E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.10E+OI 3.20E+OI 3.20E+OI 5.13E+OI 4.80E+OI 
2.20E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.10E+OI 3.20E+OI 3.20E+OI 5.13E+Ol 4.80E+01 
2.24E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.10E+OI 3.20E+OI 3.20E+OI 5.13E+OI 4.80E+OI 
2.28E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.13E+0 1 4.80E+0 1 
2.32E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.20E+OI 5.13E+OI 4.80E+Ol 
2.36E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.1 3E+0 1 4.80E+0 1 
2.40E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+OI 3.20E+01 3.20E+OI 5.13E+01 4.80E+OI 
2.44E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+OI 3.20E+OI 3.20E+01 5.13E+01 4.80E+OI 
2.48E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 5.1 3E+0 1 4.80E+0 1 
2.52E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 4.96E+0 1 4.80E+0 1 
2.56E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 4.82E+0 1 4.80E+0 1 
2.60E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+01 3.20E+01 4.80E+01 4.80E+Ol 
2.64E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.20E+0 1 4.80E+0 1 4.80E+0 1 
2.68E+00 O.OOE+OO 5.00E+00 1 .60E+0 1 2.1 OE+O 1 3.20E+0 1 3.21 E+O 1 4.80E+0 1 4.80E+0 1 
2.72E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3.63E+0 1 4.80E+0 1 4.80E+0 1 
2.76E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.69E+Ol 4.80E+OI 4.80E+Ol 
2.80E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 1 3. 70E+0 1 4.80E+0 1 4.80E+0 1 
2.84E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+01 3.70E+OI 4.80E+OI 4.80E+OI 
2.88E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.10E+Ol 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
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Table C.3 (Cont...) 

x : Separation Length, cm 
L: Concentration of the Leader, Cl-, mM 
T: Concentration of the Terminator, ,B-Ala, mM 
Offset of 16 mM has been added to the concentrations at successive time 
points. 

======================================================================== 
o min 10 min 20 min 30 min 

======================================================================== 
x, cm L T L T L T L T 
======================================================================== 
2.92E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 4.80E+0 I 
2.96E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 1 4.80E+0 I 
3.00E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 4.80E+0 I 
3.04E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
3.08E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
3.12E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
3.16E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
3.20E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 4.80E+0 I 
3.24E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.IOE+OI 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+OI 
3.28E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 4.80E+0 I 
3.32E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+01 3.20E+01 3.70E+01 4.80E+01 4.80E+OI 
3.36E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 1 4.80E+0 I 4.80E+0 I 
3.40E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+01 3.20E+OI 3.70E+OI 4.80E+OI 4.80E+01 
3.44E+00 O.OOE+OO 5.00E+00 1.60E+OI 2.10E+01 3.20E+01 3.70E+01 4.80E+01 4.80E+01 
3.48E+00 O.OOE+OO 5.00E+00 1.60E+0 1 2.1 OE+O 1 3.20E+0 I 3. 70E+0 1 4.80E+0 I 4.80E+0 1 
3.52E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O 1 3.20E+0 1 3. 70E+0 1 4.80E+0 1 4.80E+0 1 
3.56E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+01 3.20E+01 3.70E+01 4.80E+OI 4.80E+01 
3.60E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.IOE+0 I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 4.80E+0 I 
3.64E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+OI 3.20E+01 3.70E+01 4.80E+OI 4.88E+OI 
3.68E+00 O.OOE+OO 5.00E+00 1.60E+01 2.IOE+01 3.20E+OI 3.70E+01 4.80E+OI 5.25E+01 
3.72E+00 O.OOE+OO 5.00E+00 1.60E+01 2.10E+01 3.20E+OI 3.70E+01 4.80E+01 5.30E+OI 
3.76E+00 O.OOE+OO 5.00E+00 1.60E+01 2.10E+01 3.20E+OI 3.70E+OI 4.80E+01 5.30E+01 
3.80E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 5.30E+0 I 
3.84E+00 O.OOE+OO 5.00E+00 1.60E+01 2.10E+01 3.20E+01 3.70E+01 4.80E+01 5.30E+01 
3.88E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 I 4.80E+0 I 5.30E+0 1 
3.92E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O 1 3.20E+0 1 3. 70E+0 1 4.80E+0 1 5.30E+0 1 
3.96E+00 O.OOE+OO 5.00E+00 1.60E+01 2.10E+01 3.20E+01 3.70E+01 4.80E+01 5.30E+01 
4.00E+00 O.OOE+OO 5.00E+00 1.60E+0 I 2.1 OE+O I 3.20E+0 I 3. 70E+0 1 4.80E+0 I 5.30E+0 I 
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Table C.4 The Numerical Output for the Representative ITP Simulation (Fig. 
3.1): Terminator Concentration (Tris) 

x : Separation Length, cm 
Offset of 16 mM has been added to the concentrations at successive time 
points. 

======================================================= 
x, cm o min 10 min 20 min 30 min 
======================================================= 
O.OOE+OO 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
4.00E-02 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
8.00E-02 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
1.20E-01 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
1.60E-01 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
2.00E-OI 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
2.40E-01 8.44E+00 1.12E+01 1.40E+01 1.68E+01 
2.80E-01 8.44E+00 1.12E+01 1.40E+0 1 1.68E+01 
3.20E-01 8.44E+00 l.l2E+01 1.40E+01 1.68E+01 
3.60E-01 8.44E+00 1.12E+01 1.40E+01 1.69E+01 
4.00E-01 8.44E+00 1.12E+0 1 1.40E+0 1 1.69E+OI 
4.40E-01 8.44E+00 1.12E+01 1.41E+01 1.69E+01 
4.80E-01 8.44E+00 1.12E+0 1 1.41 E+01 1.69E+01 
5.20E-OI 8.44E+00 1.12E+OI 1.41 E+OI 1.69E+01 
5.60E-01 8.44E+00 1.13E+OI 1.41 E+OI 1.69E+01 
6.00E-OI 8.44E+00 1.13E+0 1 1.41 E+01 1.69E+01 
6.40E-OI 8.44E+00 1.13E+0 1 1.41 E+OI 1.69E+01 
6.80E-01 8.44E+00 1.13E+0 1 1.41E+01 1.69E+01 
7.20E-OI 8.44E+00 1.12E+OI 1.40E+OI 1.68E+OI 
7.60E-01 8.42E+00 1.11 E+01 1.39E+01 1.67E+01 
8.00E-01 7.97E+00 1.09E+01 1.37E+Ol 1.65E+01 
8.40E-0 1 7.53E+00 1.06E+01 1.35E+01 1.64E+01 
8.80E-01 7.51E+00 1.04E+0 1 1.33E+01 1.62E+01 
9.20E-01 7.51E+00 1.03E+0 1 1.32E+01 1.60E+01 
9.60E-OI 7.51E+00 1.02E+OI 1.30E+Ol 1.58E+01 
1.00E+00 7.5IE+00 1.01 E+01 1.29E+01 1.57E+Ol 
1.04E+00 7.51E+00 9.48E+00 1.28E+Ol 1.55E+01 
1.08E+00 7.51 E+OO 9.15E+00 1.26E+01 1.53E+01 
1. 12E+00 7.51 E+OO 9.05E+00 1.25E+0 1 1.52E+01 
1.16E+00 7.51 E+OO 9.00E+00 1.24E+01 1.50E+01 
1.20E+00 7.5IE+00 9.00E+00 1.23E+01 1.49E+0 1 
1.24E+00 7.51 E+OO 9.00E+00 1.22E+01 1.48E+0 1 
1.28E+00 7.51E+00 9.00E+00 1.22E+01 1.47E+01 
1.32E+00 7.51E+00 8.97E+00 1.21 E+01 1.46E+01 
1.36E+00 7.51 E+OO 8.95E+00 1.21 E+01 1.45E+01 
1.40E+00 7.51E+00 8.94E+00 1.22E+01 1.45E+0 I 
1.44E+00 7.51E+00 8.95E+00 1.22E+Ol 1.46E+0 I 
1.48E+00 7.5IE+00 8.97E+00 1.22E+0 1 1.46E+Ol 
1.52E+00 7.5IE+00 8.98E+00 1.23E+OI 1.47E+OI 
1.56E+00 7.5IE+00 8.99E+00 1.22E+01 1.48E+01 
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Table C.4 (Cont ... ) 

x : Separation Length, cm 
Offset of 16 mM has been added to the concentrations at 
successive time points. 

======================================================= 
x, cm o min 10 min 20 min 30 min 
======================================================= 
1.60E+00 7.5IE+00 8.98E+00 1.20E+OI 1.49E+OI 
1.64E+00 7.5 I E+OO 8.98E+00 1.19E+OI 1.49E+0 I 
1.68E+00 7.5IE+00 8.97E+00 1.19E+OI 1.50E+0 I 
1.72E+OO 7.5IE+00 9.36E+00 1.19E+OI 1.50E+OI 
1.76E+00 7.51 E+OO 9.97E+00 1.19E+OI 1.51 E+OI 
1.80E+00 7.5IE+00 1.03E+OI 1.19E+OI 1.5IE+OI 
1.84E+00 7.5IE+00 1.03E+OI 1.19E+0 I 1.5IE+OI 
1.88E+00 7.5IE+00 1.03E+OI 1.19E+OI 1.5IE+OI 
1.92E+00 7.5IE+00 1.03E+01 1.19E+OI 1.51 E+OI 
1.96E+00 7.5IE+00 1.03E+01 1.19E+OI 1.5IE+OI 
2.00E+00 7.5IE+00 1.03E+OI 1.19E+01 1.51 E+OI 
2.04E+00 7.5IE+00 1.03E+0 I 1.19E+0 I 1.52E+0 I 
2.08E+00 7.5IE+00 1.03E+OI 1.18E+01 1.52E+OI 
2.12E+00 7.51 E+OO 1.03E+OI 1.18E+01 1.52E+01 
2.16E+00 7.5IE+00 1.03E+01 1.18E+01 1.52E+01 
2.20E+00 7.5IE+00 1.03E+0 1 1.18E+0 1 1.52E+01 
2.24E+00 7.5IE+00 1.03E+01 1.18E+01 1.52E+01 
2.28E+00 7.5IE+00 1.03E+OI 1.18E+0 I 1.52E+OI 
2.32E+00 7.5IE+00 1.03E+01 1.18E+OI 1.52E+OI 
2.36E+00 7.5IE+00 1.03E+01 1.18E+0 1 1.52E+01 
2.40E+00 7.5IE+00 1.03E+OI 1.18E+OI 1.52E+01 
2.44E+00 7.5IE+00 1.03E+0 I 1.18E+0 I 1.51E+01 
2.48E+00 7.5IE+00 1.03E+OI 1.18E+0 I 1.52E+01 
2.52E+00 7.51 E+OO 1.03E+OI 1.18E+0 I 1.50E+0 I 
2.56E+00 7.5IE+00 1.03E+OI 1.18E+01 1.47E+OI 
2.60E+00 7.51 E+OO 1.03E+OI 1.18E+OI 1.47E+01 
2.64E+00 7.51 E+OO 1.03E+OI 1.18E+01 1.47E+OI 
2.68E+00 7.5IE+00 1.03E+01 1.23E+OI 1.47E+01 
2.72E+00 7.5IE+00 1.03E+01 1.29E+0 I 1.47E+01 
2.76E+00 7.5IE+00 1.03E+01 1.31 E+OI 1.47E+01 
2.80E+00 7.5IE+00 1.03E+OI 1.31 E+O I 1.47E+OI 
2.84E+00 7.5IE+00 1.03E+01 1.31E+01 1.47E+01 
2.88E+00 7.51 E+OO 1.03E+01 1.31 E+OI 1.47E+01 
2.92E+00 7.5IE+00 1.03E+01 1.31E+01 1.47E+01 
2.96E+00 7.5IE+00 1.03E+OI 1.3IE+OI 1.47E+01 
3.00E+00 7.5IE+00 1.03E+01 1.31E+01 1.47E+01 
3.04E+00 7.5IE+00 1.03E+01 1.31 E+OI 1.47E+OI 
3.08E+00 7.5IE+00 1.03E+01 1.31E+01 1.46E+01 
3.12E+00 7.51E+00 1.03E+OI 1.31E+01 1.46E+Ol 
3.16E+00 7.51 E+OO 1.03E+01 1.31E+01 1.46E+0 1 
3.20E+00 7.5IE+00 1.03E+01 1.31 E+Ol 1.46E+OI 
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x : Separation Length, cm 
Offset of 16 mM has been added to the concentrations at 
successive time points. 

======================================================= 
x, cm o min 10 min 20 min 30 min 
======================================================= 
3.24E+00 7.5 1 E+OO 1.03E+01 1.31E+01 1.46E+0 1 
3.28E+00 7.5IE+00 1.03E+Ol 1.31E+01 1.46E+Ol 
3.32E+00 7.51 E+OO 1.03E+Ol 1.31 E+Ol 1.46E+0 1 
3.36E+00 7.5IE+00 1.03E+01 1.31E+01 1.46E+01 
3.40E+00 7.5IE+00 1.03E+01 1.31 E+OI 1.46E+01 
3.44E+00 7.5IE+00 1.03E+0 1 1.31E+01 1.46E+01 
3.48E+00 7.51 E+OO 1.03E+01 1.31 E+O 1 1.46E+01 
3.52E+00 7.5IE+00 1.03E+0 1 1.31E+01 1.46E+01 
3.56E+00 7.5IE+00 1.03E+01 1.31E+01 1.46E+01 
3.60E+00 7.5IE+00 1.03E+0 1 1.31E+01 1.46E+01 
3.64E+00 7.51 E+OO 1.03E+01 1.31E+01 1.52E+Ol 
3.68E+00 7.51 E+OO 1.03E+01 1.31 E+O 1 1.57E+0 1 
3.72E+00 7.5IE+00 1.03E+01 1.31E+01 1.59E+01 
3.76E+00 7.5IE+00 1.03E+01 1.31 E+Ol 1.59E+01 
3.80E+00 7.51 E+OO 1.03E+01 1.31E+01 1.59E+01 
3.84E+00 7.5IE+00 1.03E+01 1.31 E+OI 1.59E+01 
3.88E+00 7.51 E+OO 1.03E+01 1.31E+01 1.59E+01 
3.92E+00 7.5IE+00 1.03E+01 1.31E+01 1.59E+01 
3.96E+00 7.51 E+OO 1.03E+01 1.31E+01 1.59E+01 
4.00E+00 7.5IE+00 1.03E+01 1.31E+01 1.59E+0 1 
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Table C.S The Transient pH Values for the Representative ITP Simulation 

x: Separation Length, cm 
Offset of 2 has been added to pH values at successive time points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 

O.OOE+OO 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
4.00E-02 9.20E+00 1.12E+01 1.32E+01 1.52E+Ol 
8.00E-02 9.20E+00 1.12E+Ol 1.32E+Ol 1.52E+Ol 
1.20E-01 9.20E+00 1.I2E+Ol 1.32E+Ol 1.52E+Ol 
1.60E-Ol 9.20E+00 1.12E+Ol 1.32E+Ol 1.52E+Ol 
2.00E-Ol 9.20E+00 1.12E+01 1.32E+01 1.52E+Ol 
2.40E-Ol 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
2.80E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
3.20E-Ol 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
3.60E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
4.00E-01 9.20E+00 1.I2E+01 1.32E+0 1 1.52E+01 
4.40E-Ol 9.20E+00 1.12E+01 1.32E+01 1.52E+Ol 
4.80E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+0 I 
5.20E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
5.60E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
6.00E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
6.40E-01 9.20E+00 1.12E+0 I 1.32E+01 1.52E+0 1 
6.80E-01 9.20E+00 1.12E+01 1.32E+01 1.52E+01 
7.20E-01 9.20E+00 1.I2E+01 1.32E+0 1 1.52E+01 
7.60E-01 9.15E+00 1.12E+01 1.32E+01 1.52E+0 1 
8.00E-01 8.23E+00 I.IIE+OI 1.31E+01 1.5 I E+O 1 
8.40E-01 7.63E+00 1.11 E+01 1.31E+01 1.51E+01 
8.80E-01 7.61 E+OO 1.11 E+OI 1.31 E+OI 1.51E+01 
9.20E-01 7.61E+00 1.I1E+01 1.31 E+OI 1.51E+01 
9.60E-01 7.61 E+OO 1.11 E+OI 1.31E+01 1.51E+01 
1.00E+00 7.6IE+00 1.I1E+01 1.31 E+OI 1.5 I E+OI 
1.04E+00 7.61 E+OO 1.07E+01 1.31E+01 1.5 I E+OI 
1.08E+00 7.6IE+00 1.04E+01 1.31 E+OI 1.51E+01 
1.12E+00 7.61 E+OO 1.03E+01 1.31E+01 1.51 E+OI 
1.16E+00 7.6IE+00 1.02E+01 1.31E+01 1.51E+01 
1.20E+00 7.76E+00 1.03E+01 1.32E+01 1.52E+01 
1.24E+00 7.99E+00 1.03E+01 1.32E+01 1.52E+01 
1.28E+00 8.00E+00 1.04E+01 1.32E+01 1.52E+01 
1.32E+00 8.00E+00 1.05E+01 1.33E+01 1.52E+01 
1.36E+00 8.00E+00 1.05E+01 1.33E+01 1.52E+01 
1.40E+00 8.00E+00 1.05E+01 1.33E+01 1.52E+01 
1.44E+00 8.00E+00 1.06E+01 1.34E+0 1 1.53E+01 
1.48E+00 8.00E+00 1.06E+01 1.34E+01 1.53E+01 
1.52E+00 8.00E+00 1.06E+01 1.34E+01 1.53E+01 
1.56E+00 8.00E+00 1.05E+01 1.35E+01 1.53E+01 
1.60E+00 8.00E+00 1.05E+01 1.29E+01 1.53E+01 
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Table C.S (Cont..) 

x: Separation Length, cm 
Offset of 2 has been added to pH values at successive time points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 
1.64£+00 8.00£+00 1.05£+01 1.27£+0 I 1.54£+01 
1.68£+00 8.00£+00 1.05£+01 1.27£+01 1.54£+01 
1.72£+00 8.00£+00 1.07£+01 1.27£+01 1.54£+01 
1.76£+00 8.00£+00 1.03£+01 1.27£+01 1.54£+01 
1.80£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
1.84£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
1.88£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
1.92£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
1.96£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
2.00£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
2.04£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
2.08£+00 8.00£+00 1.00£+01 1.27£+01 1.54£+01 
2.12£+00 8.00£+00 1.00£+01 1.26£+01 1.54£+01 
2.16£+00 8.00£+00 1.00£+01 1.26£+01 1.54£+01 
2.20£+00 8.00£+00 1.00£+01 1.26£+01 1.54£+01 
2.24£+00 8.00£+00 I.OOE+OI 1.25E+OI 1.54E+OI 
2.28£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.32£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.36£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.40£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.44£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.48£+00 8.00£+00 1.00£+01 1.25£+01 1.54£+01 
2.52£+00 8.00£+00 1.00£+01 1.25£+01 1.55£+0 I 
2.56£+00 8.00£+00 1.00£+01 1.25£+01 1.48£+01 
2.60£+00 8.00£+00 1.00£+01 1.25£+01 1.47£+01 
2.64£+00 8.00£+00 1.00£+01 1.25£+01 1.47£+01 
2.68£+00 8.00£+00 1.00£+01 1.28£+01 1.47£+01 
2.72£+00 8.00£+00 1.00£+01 1.21 £+01 1.47£+01 
2.76£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
2.80£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
2.84£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
2.88£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
2.92£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
2.96£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
3.00£+00 8.00£+00 1.00£+01 1.20£+01 1.47£+01 
3.04£+00 8.00£+00 1.00£+01 1.20£+01 1.48£+01 
3.08£+00 8.00£+00 1.00£+01 1.20£+01 1.46£+01 
3.12£+00 8.00£+00 1.00£+01 1.20£+01 1.45£+01 
3.16£+00 8.00£+00 1.00£+01 1.20£+01 1.45£+01 
3.20£+00 8.00£+00 1.00£+01 1.20£+01 1.45£+01 
3.24£+00 8.00£+00 1.00£+01 1.20£+01 1.45E+OI 
3.28£+00 8.00E+00 1.00£+01 1.20E+OI 1.45£+01 
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Table C.S (Cant..) 

x: Separation Length, cm 
Offset of 2 has been added to pH values at successive time points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 
3.32E+00 8.00E+00 1.00E+Ol 1.20E+Ol 1.45E+01 
3.36E+00 8.00E+00 1.00E+01 1.20E+01 1.45E+Ol 
3.40E+00 8.00E+00 1.00E+Ol 1.20E+Ol 1.45E+01 
3.44E+00 8.00E+00 1.00E+01 1.20E+01 1.45E+Ol 
3.48E+00 8.00E+00 1.00E+01 1.20E+01 1.45E+Ol 
3.52E+00 8.00E+00 1.00E+01 1.20E+01 1.45E+01 
3.56E+00 8.00E+00 1.00E+01 1.20E+0 I 1.45E+01 
3.60E+00 8.00E+00 1.00E+01 1.20E+01 1.45E+0 I 
3.64E+00 8.00E+00 1.00E+01 1.20E+01 1.47E+01 
3.68E+00 8.00E+00 1.00E+01 1.20E+01 1.41E+01 
3.72E+00 8.00E+00 1.00E+01 1.20E+01 1.40E+Ol 
3.76E+00 8.00E+00 1.00E+Ol 1.20E+01 1.40E+01 
3.80E+00 8.00E+00 1.00E+01 1.20E+01 1.40E+Ol 
3.84E+00 8.00E+00 1.00E+01 1.20E+01 1.40E+01 
3.88E+00 8.00E+00 1.00E+01 1.20E+01 1.40E+0 I 
3.92E+00 8.00E+00 1.00E+Ol 1.20E+Ol 1.40E+Ol 
3.96E+00 8.00E+00 1.00E+01 1.20E+01 1.40E+0 I 
4.00E+00 8.00E+00 1.00E+Ol 1.20E+01 1.40E+0 I 



Table C.6 

302 

The Transient Conductivity Values for the Representative ITP 
Simulation 

x: Separation Length, em 
Offset of 0.06 S/m has been added to the conductivities at successive time 
points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 
O.OOE+OO 
4.00E-02 
8.00E-02 
1.20E-OI 
1.60E-OI 
2.00E-OI 
2.40E-OI 
2.80E-OI 
3.20E-OI 
3.60E-OI 
4.00E-OI 
4.40E-OI 
4.80E-OI 
5.20E-OI 
5.60E-OI 
6.00E-OI 
6.40E-OI 
6.80E-OI 
7.20E-OI 
7.60E-OI 
8.00E-OI 
8.40E-OI 
8.80E-OI 
9.20E-OI 
9.60E-OI 
I.OOE+OO 
1.04E+00 
1.08E+00 
1.12E+00 
1.16E+00 
1.20E+00 
1.24E+00 
1.28E+00 
1.32E+00 
1.36E+00 
1.40E+00 
1.44E+00 
1.48E+00 
1.52E+00 
1.56E+00 
1.60E+00 

5.75E-OI 
5.75E-OI 
5.75E-Ol 
5.75E-Ol 
5.75E-Ol 
5.75E-Ol 
5.75E-OI 
5.75E-Ol 
5.75E-Ol 
5.75E-OI 
5.75E-Ol 
5.75E-Ol 
5.75E-Ol 
5.75E-Ol 
5.75E-OI 
5.75E-Ol 
5.75E-Ol 
5.75£-01 
5.75E-Ol 
6.62E-Ol 
3.46E+00 
5.57E+00 
5.64E+00 
5.64E+00 
5.64E+00 
5.64E+00 
5.64E+00 
5.64E+00 
5.64E+00 
5.63E+00 
5.42E+00 
5.00E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 
4.98E+00 

6.57E+OO 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.57E+00 
6.58E+00 
6.58E+00 
6.58E+00 
6.58E+00 
6.58E+00 
6.59E+00 
6.60E+00 
6.61 E+OO 
6.62E+00 
6.63E+00 
6.63E+00 
6.62E+00 
6.62E+00 
6.61 E+OO 
6.59E+00 
7.07E+00 
7.57E+00 
7.73E+00 
7.76E+00 
7.71E+00 
7.60E+00 
7.46E+00 
7.35E+00 
7.26E+00 
7.20E+00 
7.17E+00 
7.16E+00 
7.17E+00 
7.19E+00 
7.21 E+OO 

1.26E+Ol 
1.26E+Ol 
1.26E+Ol 
1.26E+Ol 
1.26E+Ol 
1.26E+OI 
1.26E+Ol 
1.26E+Ol 
1.26E+01 
1.26E+01 
1.26E+01 
1.26E+Ol 
1.26E+01 
1.26E+OI 
1.26E+01 
1.26E+0 1 
1.26E+0 1 
1.26E+01 
1.26E+OI 
1.26E+Ol 
1.26E+01 
1.26E+OI 
1.26E+Ol 
1.26E+0 1 
1.26E+OI 
1.26E+01 
1.26E+OI 
1.26E+0 I 
1.25E+01 
1.25E+01 
1.25E+OI 
1.25E+01 
1.24E+OI 
1.24E+OI 
1.24E+OI 
1.24E+0 I 
1.23E+Ol 
1.23E+0 I 
1.23E+OI 
1.23E+OI 
1.27E+OI 

1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+OI 
1.86E+Ol 
1.86E+Ol 
1.86E+0 1 
1.86E+OI 
1.86E+OI 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+OI 
1.86E+Ol 
1.86E+Ol 
1.86E+Ol 
1.86E+OI 
1.86E+Ol 
1.86E+OI 
1.86E+Ol 
1.86E+01 
1.86E+OI 
1.85E+0 1 
1.85E+Ol 
1.85E+0 1 
1.85E+01 
1.84E+01 
1.84E+Ol 
1.84E+0 1 
1.84E+OI 
1.84E+Ol 
1.84E+Ol 
1.84£+01 
1.83E+0 1 
1.83E+OI 
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Table C.6 (Cont..) 

x: Separation Length, cm 
Offset of 0.06 Sim has been added to the conductivities at successive time 
points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 
1.64£+00 4.98£+00 7.23£+00 1.29£+01 1.83£+01 
1.68£+00 4.98£+00 7.25£+00 1.29£+01 1.83£+01 
1.72£+00 4.98£+00 6.99£+00 1.29£+01 1.83£+01 
1.76£+00 4.98£+00 9.65£+00 1.29£+01 1.83£+01 
1.80£+00 4.98£+00 1.09£+01 1.29£+01 1.83£+01 
1.84£+00 4.98£+00 l.l o£+o 1 1.29£+01 1.83£+01 
1.88£+00 4.98£+00 1.l0£+01 1.29£+01 1.83£+01 
1.92£+00 4.98£+00 l.l O£+O 1 1.29£+01 1.83£+01 
1.96£+00 4.98£+00 1.10£+01 1.29£+01 1.83£+01 
2.00£+00 4.98£+00 1.l0£+01 1.29£+01 1.83£+01 
2.04£+00 4.98£+00 1.l0£+01 1.29£+01 1.83£+01 
2.08£+00 4.98£+00 1.10£+01 1.30£+01 1.83£+01 
2.12£+00 4.98£+00 l.l O£+O 1 1.31£+01 1.83£+01 
2.16£+00 4.98£+00 1.l0£+01 1.31 £+01 1.83£+01 
2.20£+00 4.98£+00 1.l0£+01 1.32£+01 1.83£+01 
2.24£+00 4.98£+00 1.10£+01 1.32£+01 1.83£+01 
2.28£+00 4.98£+00 1.10£+01 1.32£+01 1.83£+01 
2.32£+00 4.98£+00 1.10£+01 1.32£+01 1.83£+01 
2.36£+00 4.98£+00 1.10£+01 1.32£+01 1.83£+01 
2.40£+00 4.98£+00 1.10£+01 1.32£+01 1.83£+01 
2.44£+00 4.98£+00 1.10£+01 1.33£+01 1.83£+01 
2.48£+00 4.98£+00 1.10£+01 1.33£+01 1.83£+01 
2.52£+00 4.98£+00 1.1 O£+O 1 1.33£+01 1.83£+01 
2.56£+00 4.98£+00 1.1 O£+O 1 1.33£+01 1.89£+01 
2.60£+00 4.98£+00 1.10£+01 1.33£+01 1.89£+01 
2.64£+00 4.98£+00 1.10£+01 1.33£+01 1.89£+01 
2.68£+00 4.98£+00 1.l0£+01 1.30£+01 1.89£+01 
2.72£+00 4.98£+00 1.10£+01 1.63£+01 1.89£+01 
2.76£+00 4.98£+00 1.10£+01 1.69£+01 1.89£+01 
2.80£+00 4.98£+00 1.10£+01 1.70£+01 1.89£+01 
2.84£+00 4.98£+00 1.10£+01 1.70£+01 1.89£+01 
2.88£+00 4.98£+00 1.10£+01 1.70£+01 1.89£+01 
2.92£+00 4.98£+00 1.1 O£+O 1 1.70£+01 1.89£+01 
2.96£+00 4.98£+00 1.10E+Ol 1.70£+01 1.89£+01 
3.00£+00 4.98£+00 1.10£+01 1.70E+Ol 1.89E+Ol 
3.04E+00 4.98£+00 1.10E+Ol 1.70E+Ol 1.89£+01 
3.08£+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.90£+01 
3.12E+00 4.98£+00 1.l0E+Ol 1.70E+Ol 1.92£+01 
3.16£+00 4.98E+00 1.10£+01 1.70£+01 1.92£+01 
3.20£+00 4.98£+00 1.10E+Ol 1.70£+01 1.92£+01 
3.24£+00 4.98£+00 1.10E+Ol 1.70£+01 1.93£+01 
3.28£+00 4.98£+00 1.10E+Ol 1.70E+Ol 1.93£+01 
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Table C.6 (Cont .. ) 

x: Separation Length, cm 
Offset of 0.06 S/m has been added to the conductivities at successive time 
points. 

====================================================== 
x, cm o min 10 min 20 min 30 min 
====================================================== 
3.32E+00 4.98E+00 I.IOE+Ol 1. 70E+0 1 1.93E+Ol 
3.36E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.93E+Ol 
3.40E+00 4.98E+00 1.10E+Ol 1.70E+0 1 1.93E+Ol 
3.44E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.93E+Ol 
3.48E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.93E+Ol 
3.52E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.93E+Ol 
3.56E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.93E+Ol 
3.60E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.92E+Ol 
3.64E+00 4.98E+00 1.10E+Ol 1.70E+Ol 1.94E+Ol 
3.68E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.25E+Ol 
3.72E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.29E+Ol 
3.76E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.30E+Ol 
3.80E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.30E+Ol 
3.84E+00 4.98E+00 1.10E+Ol 1. 70E+0 1 2.30E+Ol 
3.88E+00 4.98E+00 I.10E+01 1.70E+01 2.30E+01 
3.92E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.30E+Ol 
3.96E+00 4.98E+00 I.IOE+OI 1.70E+Ol 2.30E+Ol 
4.00E+00 4.98E+00 1.10E+Ol 1.70E+Ol 2.30E+01 



I3-Ala 

I3-Ala-I-His, I3-Ala-His 

Asn 

BSA 

CE 

CF 

CFE 

CTAB 

CZE 

d.c. 

DI 

EACA 

EOF 

GABA 

GIn 

Gly 

Gly-Gly 

His 

Hb 

HPEC 
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APPENDIX D. ABBREVIATIONS 

I3-Alanine 

I3-Alanine-I-Histidine 

Asparagine 

Bovine Serum Albumin 

Capillary Electrophoresis 

Counterflow 

Continuous Flow Electrophoresis 

Cetyl Ammonium Bromide 

Capillary Zone Electrophoresis 

Direct Current 

Deionized (water) 

Ethyl Ammonium Caproic Acid 

Electroosmotic Flow 

gamma-Amino Butyric Acid 

Glutamine 

Glycine 

Glycyl-Glycine 

I-Histidine 

Hemoglobin 

Hydroxypropyl Ethyl Cellulose 



HPMC 

i.d. 

IEF 

IgG 

ITP 

LE 

LHS 

MBE 

MEKC 

MES 

MO 

ODE 

OD 

o.d. 

PABA 

PDE 

pI 

RCFE 

RF3 

RHS 

RIEF 

RITP 
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Hydroxypropyl Methyl Cellulose 

Inner Diameter 

Isoelectric Focusing 

gamma-Globulins 

Isotachophoresis 

Leading Electrolyte 

Left Hand Side 

Moving Boundary Electrophoresis 

Micellar Electrokinetic Chromatography 

2-(N-Morpholino)Ethane Sulphonic Acid 

Mesityl Oxide 

Ordinary Differential Equations 

Optical Density (Absorbance units) 

Outer Diameter 

p-Amino Benzoic Acid 

Partial Differential Equations 

Isoelectric Point 

Recycling Continuous Flow Electrophoresis 

Recycling Free Flow Focusing 

Right Hand Side 

Recycling Isoeletric Focusing 

Recycling Isotachophoresis 



RPM 

SDS-PAGE 

TBA 

TE 

TPA 

Tris 

UV 

ZE 
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Revolutions Per Minute 

Sodium Dodecyl Sulphate
Polyacrylamide Gel Electrophoresis 

Tetra Butyl Ammonium Hydroxide 

Terminating Electrolyte 

Tetra Pentyl Ammonium Bromide 

tris (Hydroxymethyl)-Aminomethane 

Ultraviolet 

Zone Electrophoresis 



Roman Alphabet 

a 

b 

B'L 1,1< 

e 

f(I'r) 
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APPENDIX E. NOMENCLATURE 

total lateral length of the separation chamber (in the x
direction), m 

. 1 ? cross-sectIona area, m~ 

half slit width of the separation chamber (in the y-direction), m 

represent average concentrations of species i in recycle tube 
number k, mol/m3

, defined in Eq. 8.16 

characteristic concentration, mol/m3 

initial concentration of species i, mol/m3 

concentrations of species i at the ends of the separation 
chamber in the x-dimension, mol/m3 

concentration of species i, mol/m3
, dimensionless form 

total concentration of A in the adjusted zone of X, mol/m3 

ionic diffusivity of each species, m2/s. 

molar charge, 96500 e/mol 

electric field strength total, in zone L, V /m 

net flux of component i, mol/m2.s, dimensionless form 

Henry's function, varies asymptotically between 1.0 and 1.5 



F 

I 

L 

Faraday constant, 96487 A.s/mol 

function dependent only on y, defined by Eq. 9.16 

Heavyside function, defined by Eq. 8.17 

current, A 

current density per unit area, A/m2 

Boltzmann constant, = 1.38 x 10-23 J /K mol 

characteristic rate constant, 105 S-l 
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forward and reverse rate constants for dissociation of HA, S-l 

dissociation constant, mol/m3, dimensionless form 

width of a mixed zone and adjusted zone of A, m 

height of the separation chamber (in the z-direction), m 

total length of the capillary, length to the detector, m 

amount of component A, mol 

maximum capacity of separation column, mol 

number of cycles in the RITP apparatus 

total number of grid points in the numerical solution 

total number of segments (= NG - 1) in the numerical solution 



NT 

Pt: 

Q 

Tp 

R 

To 

-
Ti'Tj 

to 

I 

Ie 

tR 

ts 

tnc 

tup 

T 

1i' 12,7; 

~ 
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total number of recycle tubes 

( = exo Vxol RTD.) is the Peclet number in the x-direction 

amount of charge passed through a boundary, C 

effective protein radius, m 

gas constant, 8.314, Kg.m2/s2.K.mol 

characteristic rate of formation, (= ko c), mOI/m3.s 

rate of formation of species i, mol/m3.s, dimensionless form 

characteristic time, ( = ex/teRm)~ = 3.89 x 105 s 

time, s 

time per unit cycle in the RITP apparatus, (= ts + I
R

), min 

residence time in the recycle loop, min 

residence time in the separation chamber, min 

time at the start of cycle n , (= (n - 1) te ), min 
c c 

time for complete separation, s (Eq. 2.17) 

temperature, 298 K 

constants in time-dependent form of counterflow, Eq. 3.23 

transference number for component A, (= D.A/{0A + D.e», 
where C is a counterion 



v 

w 
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electroosmotic flow velocity, mls 

velocity, mls 

velocity of A in zone M, mls 

bulk velocity of species i, mis, dimensionless form 

velocity components in the x, y and z directions, m 

counterflow velocity, mls 

isotachophoretic steady state velocity, mls 

characteristic velocity, 1 x 10-5 mls 

characteristic velocities in the x and z directions, m 

volumetric displacement due to a moving boundary between 
zones L and A, m3 

velocity vector in the stationery frame of reference, mls (Eq. 
8.4) 

width of a single recycle tube, m 

distance to the detector, m 

(= kw) is the width of k recycle tubes, m 

characteristic length in the x-dimension, 1 m 

characteristic length of the steady state ITP zones in the x
dimension, ( = b) = 1 X 10-4 m 



x,x 

i 

Greek Alphabet 

6 

r 

e: 
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length, m, dimensionless 

position vector in the stationery frame of reference, m (Eq. 
8.3) 

boundary width between two adjacent zones L and A, m (Eq. 
2.14) 

molar fraction of the ionic form j of component k 

valence of species i 

degree of dissociation of a component at a particular pH 

ratio of concentrations in two adjacent zones (Eq. 2.16) 

Debye parameter (Eq. 2.23), m- 1 

dielectric constant of the media 

permittivity of the free space, = 8.854 x 10-12 C2/J.m 

Zeta potential, V 

viscosity of the medium, Kg/m.s 

conductivity, in zone Y, S/m 

volume displaced by a moving boundary by passage of one 
coulomb of electric charge, C/m3 (Eq. 2.9) 

aspect ratio, (= xci b), defined in Eq. 9.9 



o net. k 

o net.X.Y 

y-I 

Other Notation 

~ (overbar) 

dimensionless parameter used in the numerical solution, 

(= (x -xk_I)/w), used in Eq. 8.18 

characteristic potential, (= RT/e) , = 2.567 x 10-2 V 

electric potential, V, dimensionless form 

separation parameter defined by Eq. 2.15 

mobility, m2/V.s 

characteristic mobility, 1 x 10-8 m2/V.s 

mobility of species i, m2/V.s, dimensionless form 

observed mobility of a component, m2/V.s 
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ionic mobility of a particular ionic form j of component k, 
m2/V.s 

net mobility of component k, m2/V.s 

net mobility of component X in adjusted zone of component Y, 
m2/V.s 

Omega function (Kohlrausch Regulating Function), defined Eq. 
2.7 

ratio of the characteristic reaction and diffusion times, defined 
Eq.3.13 

indicates a dimensionless quantity 



-: (vector) 

* (asterisk) 

: (circumflex) 

O( ) 
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indicates a vector 

indicates that the parameter is evaluated in a moving frame of 
reference 

indicates a unit vector 

order of magnitude 
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