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ABSTRACT

Binary s^>arations have been investigated esq^erimentally and

theoretically in overloaded elution, frontal and displacement modes of

chrcmatography using phenyl-ethanol and phenyl-prcpanol as model

ccnpounds. Uie Pouchon-Golshan-Shirazi inplementation of the semi-ideal

model of chrcmatography was used to predict the individual cxarponent

band profiles in these three modes. A competitive Langmuir isotherm

with parameters determined from single ccnponent data gives fair

prediction of the experimental data. The di^lacement effect is

confirmed with accuracy and the tag-almg effect is demonstrated for

the first time. Ifciwever, improved predictions can be obtained by

measuring the binary isotherm directly by the method of hodograph

transform.

The effect of the sample size on the production rate for a binary

mixture in overloaded elution chronatogrcphy was studied. The optimum

sanple size for component one is much larger than for component 2.

The chromatogram obtained at the cptimBim sample size vhich maximizes

the production rate for component two at constant column length,

paurticle size and flow rate is such that the band of component one

interferes just enou^ with that of component two to reach the purity

requirements (i.e. 99 % yield).
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Chapt\ftr 1

Introduction

Ihe need to stufy preparative liquid chrcniatogrc^y has been

spurred by purification problems in the pharmaceutical and

biotechnolcgical industries. Intermediates pr^ared by organic

synthesis or products from fermentation processes often cannot be

purified by traditional s^aration processes such as distillation,

ejctraction or recrystallization either because they are nonvolatile,

they are sensitive to strong organic solvents or th^ form products

with very similar structure vdiich do not lend themselves to these

techniques. It has often been Scdd that pr^arative chrcmatography is

sinply an extension of analytical chromatography. This is not true,

however. Analytical chrcmatography is employed to collect information

regarding the ccnposition of organic reaction products or products from

a fermentati(^ bath. Ihe goal in pr^arative chrcmatography is to

produce significant amounts of pure compound. Ihus, issues in

analytical chrcmatogrEphy are analysis time, detection limits and

resolution vAiile in pr^arative chromatography th^ are production

rate, purity and yield.

1.1 i^lications of Chranatogracflq^

Ihe applications of chrcmatographic s^arations can be divided

into 4 categories.



Category #1: In classical analytical chronatography,

information is extracted regarding the ccmnposition of the mixture.

Once the ccnponents are s^arated the separated products are considered

waste. Ihe cost of the s^aration is measured in terms of the price

per vmit of information gathered. The information is the detector

signal and the issue is maximizing the signal to noise ratio,

increasing the limits of detection, reducing the size of the detector

cell for less di^arsicxi and reducing the time constants for signal

measurement.

Category #2: In a number of applications in analytical or

preparative chranatogre^y there is further interest in the product

after it is s^)arated and it elutes frcm the column. Post column

reactors are employed for exairple in amino acid analysis to increase

the sensitivity of detecticxi. Upon eluting frcm the chrcmatogr^phic

column a reactant is added ccxrtinuously losing a low dead volume mb^r,

given time to react and then passed throu^ the detector for

monitoring. Other exanples aore vhere the output is cxx^oled via an

interface to a mass spectrometer or NMR or Fourier Transform Infraored

Spectrometer to gather veoy specific information about the prtxiucts

being s^iaorated.

Category #3: Outside of analytical separations there are

separations vheone information is needed about the physical, chemical or

biological properties of the purified material. For exaitple, the

separation of small amounts of product for toxici^ studies, drug

design, or for characterization of the ccrapound. Pr^iarative

chrcmatography is often used here at the bench or semi^r^3arative



scale. Ihe issue of primary importance is how does one quickly purify

a sample in quantities of a few milligrams. Little time is spent

after developing an analytical s^aration. Once the analytical method

is developed the s^aration is extended to the pr^arative mode hy

injecting larger samples. Other times the same ejperimental conditions

are employed with a larger sample size on a larger diameter column.

In most cases, no time is spent on cptimization of the pr^arative

s^aration.

Category #4: Ihe last category is v^ere pr^arative

diroroatography is employed to puri^ products for sale. Ihe primary

issue is maximization of the production rate of the product (s) of

interest. Ihe experimental conditions are very different from those

employed in analytical s^arations. For example, in contrast with

analytical s^aratiais, it is important to have a large s^aration

factor to increase the production rate. In industrial s^arations at

the pilot plant or plant scale the economics of the s^aration must be

considered in oonjuncticxj with the optimum conditions for s^aration.

Ihis thesis will cover the issues in this last category, along

with studies vhioh aid in the understanding of adsorption processes and

phenomenon vhioh take place during band migration.

1.2 Objective

Ihe goal of this thesis is (1) to test the validity of the semi-

ideal model for predict:ing single component elutiai bands (2) to

validate the method of the Hodogr^h transform for the determination

of binary competitive isotherms and employ this metdiod to predict



binary overlcaaded elution profiles, (3) to investigate the vise of

overloaded elvrtion and displacement modes to the enrichment of

iirpurities in the presence of major ccraponents (4) to apply this model

to optimization production rate in overloaded elvrtion chrcniatography

and displacement chrcroatogr^ihy and (5) to investigate the three modes

of chranatograpl^ (feontal, elvrtion and displacement) and determine

their iitpact in preparative liquid chromatography.

This was accoBoplished by measuring single ccnponent adsorption

isotherms of phenyl-ethanol and phenyl-propanol and shewing for a pure

ccnponent that there is little difficulty in predicting band profiles

at hi^ concentraticn. Using the measured single ccnponent parameters

in a ccnpetitive Langiruir model, a conparison of ejperimental data with

the predicted profile shewed good agreement of the individual ccnponent

profiles of binary mixtures in overloaded elvrtion and displacement

chrcniatography. From the individual ccnponent profiles measured for a

large volume injection, the adsorption isotherm was determined by the

method of the Hodograph transform assuming a ccnpetitive langrauir

model. By conparing eoperimentcil and theoretical profiles inproved

prediction were observed.

Assuming parameters in a conpetitive isotherm model, chrcmatograms

vinder a variety of ccsTditions were calculated by solving the mass

balance equation. A stuc^ of the enrichment of an inpurity in

overloaded elvrtion and the displacement modes was vindertaken.

Similarly, vinder a variety of conditions, the production rate for mary

binary s^araticxis was calculated.

This thesis is presented in 8 chcpters.



Ch^jter 1 provides a general introduction to the problem of

preparative chroroatogr^y and a review of the instrumentation.

Oi^Tter 2 presents the develcpnent of the theory of

chrcmatography, the current state of knowledge and the semi-idecil model

vAiicii is used in this work.

Qiapter 3 presents es^jerimental and theoretical results on the

single component problem. The adsorption isotherm of a pure component

can be accurately measured either by frontal analysis or from a single

overloaded elution profile. Use of this thermoc^namic data and other

column properties in the semi-ideal model gives excellent agreement of

band profiles in overloaded elution ohromatography.

In Ch^jter 4, for a pulse and large volume injection, a

competitive Langrauir isotherm with parameters from the pure component

isotherm is used to predict the individual component profiles of binary

mixtures. The agreennent between eo^ierimental arxi predicted profiles is

good with this nodel. Transformation of the large volume data into the

Hodograph space allows determination of the competitive isotherm from

binary data. From this method of measuring the adsorption isotherm,

improved predicticmis of the overloaded elution profiles are obtained.

Chapter 5 presents a theoretical stuc^ cai the use of overloaded

elution and di^laoanent ohromatography to enrich the concentration of

an impurity in a mixture.

Chapter 6 presents a study of the optimum sanple size for several

binary mixtures in order to maximize the production rate for the first

and second component.



Qiapter 7, ej^jerimental and theoretically, discusses displacement

chrxanatography and the conditions for cfptimization of the s^jaration.

lastly, Cliapter 8 ccav::d.xides and caipares the two modes of

chrcanatography, eluticai and displacement, for use in pr^jarative

chromatography. Ihe advantages and disadvantages are discussed.

1.3 Modes of CbrcmatogracdiY

Analytical Chrcniatogr^iiy is carried out in the elution mode

viiere a small amount of sample is injected as a pulse. However,

pr^arative s^arations can be carried out in caa of 3 modes of

chroroatography; eluticai, frontal or displacement [Tiselius (1943) ]. Ihe

primary difference between these three modes is the injection function.

Elution ohroroatogre^y in the generic sense involves passing the eluent

or carrier thrcui^ the column until it reaohes equilibrium, then

introducing the sample at the top of the column as a pulse. Injection

of a small amount of sample in a small volume is called elution or

linear eluticai chrcnatography and injection of a large sample

concentration is ceilled overloaded elution ohromatography. Sometimes

the term volume overload is xjsed and this is injection of a large

volume of a dilute sample. When the mobile phase is maintained at a

constant compositiai the column is said to be operated isocraticly.

This is in contrast to when the eluticmi composition increases or

decreases in some fashion,i:>sually linearly, which is gradient elution.

Frontal chrcmatography or frcmital analysis, sometimes called

breakthrou^ analysis, is where the sample is pumped throu^ the column

and at specified times, the ccaioentration of sample is increased.



giving rise to st^js. Froital dhrcatiatography is primarily used to

extract the first ccnpcaient of a mixture or used for determination of

equilibrium adsorpticm isotherms.

Displacement chrcmatogrc^y is vJiere the mcAjile phase or carrier

is equilibrated with the column, then the sanple is injected as a pulse

or large volxmie. Then, a di^lacer, a solxrte dissolved in the carrier

viiidi is more strongly adsorbed to the stationary phase than any of the

sample caiponents, is punped into the column. The name arises from the

fact that each ccnpcaient is displaced (i.e. desorised or kicked off)

frcm the stationary phase forming bands vMch are rectangular in shape.

1.4 Instrumentation

The instrumentation required in process scale chrcraatography can

uses equipment vhich is quite different from vhat is employed in an

analytical chrcroatograph. Thusfar, advancements in instrumentation have

centered around designing improved column technology with sane emphasis

on distribution of the sample imuformly over the tcp of the coluomn,

detection and autanation. Dedicated instruments covering a wide range

of throu^iputs are available from different manufactures. The

differences in column technology will be discussed in the next section.

The column efficiency or the HETP is measured by injecting a

small amount of sample and measuring the response at the column outlet.

For a gaussian response, the colxmm efficiency is defined as

iV=(-^)2 (1.1)
a

and the HETP as



HETP=—
N

For cxalurans of different inner diameter, the technique for packing

columns ̂ culd give the same efficiency as long as the stationary phase

is the same. The packing technique should also be r^roducible and

give a HBTP proporticaial to the average particle size. This permits

the engineer a choice in the final column performance by adjusting the

particle size, the column length and the inlet pressure.

Facking Technology

There are two types of methods for packing chrcraatographic

columns, dry and slurry methods. Dry packing is easy to inplement, but

slurry methods afford more efficient colrrans especially \ihen gnwn

particles are required [Kuhn (1931a, 1931b) ].

Drv Packing

The first pr^)arative columns were prepared by dry packing. In

this technique, the column is vibrated, rotated, tapped on the Wcill or

dropped r^jeatedly vhile packing material is poured slcwly into the

tube. The factors vhich influence the column efficiency are the

average particle size, the column diameter and the rate at which the

packing material is pcured [Kaminiski]. The main advantage of dry

packing is its simplicity. It does not require any sophisticated

equipment nor hi^ily skilled manpower. There are iiiportant dravtoacks,

however. The column efficiency is not r^roducible and is often low.

The reduced plate hei^t often exceeds 10 um. Most inportantly, the



method does not woric for particles smaller than 30 micron. The best

results are obtedned vAien the column is vibrated and rotated around its

axis, but this reqiiires es^sensive, ccnplex equipment vdiich does not

work with smaller particles where electrostatic interaction lead to

aggloroeration and poor packing [Verzele].

After a column has beai dry packed, a stea(fy stream of mobile

phase is circulated throuc^ the column, typically for a few hours, at

the largest flew rate allowed by the punp, tubing or packing mterial.

This further packs the material. Thus, the last st^ is to refill the

top of the column.

This method as ̂ plied to particle sizes between 30 and 60 urn

permits ine}g)ensive preparation of lew or medium pressure columns

having a good reduced plate hei^t. In order to obtedn reascaiable

elution times and acceptable throu^puts, the columns must be operated

well above the flew velocity corresponding to the maximum efficiency

on the Van Deemter curve. The method is \3sed primarily in academic

laboratories vhere lew production costs eure required eind when tiiw» is

not critical. It must edso be considered that elution chromatogr^iiy

is also a dilution process and the extent of diluticai increases with

increasing retention time euid with decreasing column efficiency. The

cost of concentrating the purified fraction and recovering the products

must be considered seriously in pr^arative LC.

The column efficiency may be improved by using packing materials

with a smaller average particle size and a narrcwer size distribution.

The width of the size distribution is more importcint in pr^arative

chrcnatogre^y than in analyticcil chrcmatogr^iiy because the column



diameter is larger and size segregation is easier. If the permeability

changes significantly across the column cross-section, this will cause

a change in the loccd velocity. Ihese radial velocity gradients will

cause band broadening. Diffusion in the radial direction is too slow

to relax the conoentraticHi gradient caused ty the changes in velocity

over the cross-secticai.

Particles having an average diameter less than 25-30 micron

cannot be dry packed because the electrostatic interactions between

particles with a hic^ surface to mass ratio result in attraction forces

viiich become large compared to their mechanical inertia, tftider these

conditions, stable agglomerates form. Ihis results in a column having

the flow resistance of small particles and an efficiency correspOTding

to agglomerated particles. In order to form an emulsion and disperse

the particles, slurry methods are enplcyed.

Slurrv Packincr

Slurry packing is used to pack fine particles, less than 20 vnn,

r^roducibly and with hi^ efficiency. The presence of the solvent

drastically reduces the interaction energy between the particles

[Bristcw]. Slurry packing involves using a hi^ pressure pump to pound

into an empty column the packing material vAiich is suspended in a

slurry and placed in a reservoir. Ihe pump can be a constant pressure

or constant flow pump. In a constant pressure system, the flow rate

is adjusted vpto the maxiirum value the pump can sustain to maintain

the pressure. Ihe flew rate decreases as the column is packed. Ihese

pumps are usually operated pvaanatically ty using a air compressor.
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In the constant flow system, HPDC type hi^ pressure piston punps are

enployed. In both cases columns are pac]ced at pressures between 7000

and 10000 psi. Preparaticai of a stable packing and the exact procedure

for packing a colvmn is considered an art. The goal in slurry packing

is to prevent selective sedimentation of the stationary phase. Viscous

solvents are used to slew particle sedimentation vAiich causes size

segregation. For the packing of reversed phase materieils, pure

methanol or 30 % glyoerol/methaiol or 50% iscpropanol/methanol slurry

solvents are used with methanol as the packed solvent. For silica the

packing is often done in hexane. For novel packing materials,

e:^}erience is required to cbtcdn a good slurry solvent.

Slurry packing was first developed for ancilytical columns, but

the technique can be ^]plied for the pr^aration of hi^ efficiency

pr^arative colimns. The same procedure is used. The TnayiTium pressure

vhich may be applied is limited by the mechanical resistance of the

column wall euid the column end fittings. For exaitple ccBoopression

fittings can hold a 10000 psi on a 0.5 •• i.d. column, but only about

2000 psi for a 2" i.d. column [Colin]. For the larger inner diameter

columns, flanged-end fittings are employed. They are either bolted or

fastened with special collars that can withstand the hi^ pressure

requiired. The column tubing and flanges are thick and are made of

hi^ tensile strength eLLlqys vAiich are heavy and ejqjensive. As the

column diameter increases, it beccmes more difficult and more e^q^ensive

to find a punp c^)able of delivering a fluid at such hi^ velocities.
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Outstanding perfonnaiK» has been achieved with 6 " i.d. ooliams

paciked with 10 m material obtaining plate heists around 18 um

(reduced plate heists below 2).

The packing of industrial scale oolimns larger than 6" in

diameter requires new technology. Instead of applying pressure throu^

the ijse of a puirp, various ccmpression technologies have been developed

vhere a piston or other external force ccaaopresses the packing.

Oompression Technoloov

In order to pack large diameter columns reproducibly and with

hi^ efficiency coBopression technology was developed. It has the

advantage that voids in column can be eliminated without r^)acking the

column. There are three types of corpression technologies vAiich are

enployed to pack pr^>arative scale columns for sale on the market:

Radicil Ccmpressicai, Axial Ocmpression and Annular Expansion.

Radial Conrpression

Radial conpression was develc^jed by Little et eil. in the mid

seventies [Little]. Flexible wall cartridges (0.5x10 can, 4.7x30 cm)

filled with silica or other packing material for liquid chrcmatography

are used as the column. The cartridge is designed to have a space

between the inner wall and the cartridge. Nitrogen at 500 psi is

pressurized causing the flexible wall to shrink around the pr^jacked

bed forming a ti^tly packed bed having hi^ efficiency. This process

of packing takes 1 minute.

12



Hie advantage of this bed are that if a void develops at the tcp

of the column due to dissolution of the silica in the mobile phase or

rearrangement of the pacJcing, the cartridge can be r^ressurized to

r^jack the bed. Hie cartridge need not be thrown away. Hie

disadvantage of this method is that an/ radial ihhcmogeneities will

result in radial velocities gradient and thus greater band broadening

and a lower efficienoy column. Hie second disadvantage is that

owrrently the cartridges must be purchased from the nanufaoturer and

personalized packing of novel stationary phases is not possible.

Moreover the cartridges are available with particles sizes between 40-

60 um. Also the plastic lining vhioh can withstand organic solvents

has a short life time due to mechanical fatigue.

Axial Ocanpression

Axial conpressicxi was developed in the mid-seventies [Godbille

(1974) ] at about the same time radieil coaipression was developed by

Waters. Hie column design consists of a cylinder and a sliding piston

viiioh fits inside the cylinder. Hie ̂ propriate fitting are used and

the tolerances are small such that it does not leak between the barrel

and the column during packing. To pr^ere a column, a slurry is made

and poured into the cylindrical column. Hie top of the column is

fitted with a frit and then the piston is slowly raised forcing the

excess solvent cut of the column throu^ the frit retaining the packing

as a dense plug. Hie maximum pressure ̂ plied to the bed in order to

obtain a hi^ qualily packed column is between 5 and 20 atm d^)ending

13



on the size of the particles. When ccrapression is ooomplete, the piston

is lociked into position to prevent virpacddng of the colvmin.

It takes ^roximately 10 minutes to pack a column [Godbille

(1976)]. RecJuced plate heists fccm 2.3 to 4.0 are readily achievable.

Voids formed by silica dissolution can be removed by unlocking the

cylinder and r^^acking the column.

The advantage of this procedure is that the bed remains stable,

excellent performance is achieved at low pressures. Axiad carpression

appears to be more desirable than radial ccaipression because cartridges

need no be purchases. Bulk packing material from any source can be

used. The column length is adjustable over a large range ty \asing the

^jprcpriate amcunt of stationary phase. The column and piston are easy

to clean. It is easy to unpack and pack the col\min. Lastly, densi"^

gradients resulting from the packing are have a smaller effect on the

column performance in the axial carpression than in radial ccnpression.

This technology is sold with columns having diameter from 5 cm to 45

cm and the irraximum column length varies between 40 cm and 1 meter

depending on the column diameter and packing material. Smaller columns

are eilso available in 1/2-2" diameters with a manually adjxistable

piston.

Annular Expansion

In 1987, S^aration Technology developed [Jennings] another

procedure for packing columns. The design is such that a cylinder is

fitted with a conical rod having a small angle and a average diameter
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of 1/2" for a 1.5" inner diameter colvmin. The rod is pu^ed into the

colimin to allcw both axial and radial cxsipression effects.

Ihis technique has all the advantages of using cxanpression

technology in that voids can be eliminated. The biggest difficulty is

uniformly distributing the sanple about the armulvis of the column.

Sample Injection and Distribution

In pr^)arative chronatogr^hy, the prchlem is to ^read the

injected band over the entire column cross-section. In analytical

chronatogr^hy a point like band spreads radially as well as axially

[Wiox (1976) ]. However, often with high efficiency packing materials,

the radieil distribution is slow. Injection of a sample can be

acccnplished two ways, with the use of a sample loc^ or using sample

distributors.

Sample loop injection should be carried out vhen xjsing analytical

or semi-preparative size colimins and vhen the sample volxmne is less

than 3 ml. For volumes greater than 3 ml, the velocity profile due

to the Poiseuille flew distribution in the locp gives a tailing

injection profile [Atwood]. In order to reduce the effect of

dispersion of the sample, the loop can be filled with glass bead to

flatten the velocity profile. An alternative is pump injection which

can give rectanguleur profiles by switching eppropriately the mobile

phase and feed stream. Hcwever, an auxiliary pump must be used.

Development of distributors to spread the sample evenly across

the column cross-secticmi is used for Icurger columns. One of the

simplest distributors in placing a metal frit at the entrance of the
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cxjlvmin vMch has a permeability lower than that of the column.

Additionally, one could put a space between this metal frit and the

frit of the column to enhance distribution [Coq (1981)]. There are

many other types of designs for distribution of the sample [Godbille

(1976), DeJong, C3oq (1979)].

Detection

There are two types of detection problems in pr^arative liquid

chrcroatography. The first problem bs that the concentration of the

solute are so large that the detector is saturated. The second problem

is determination of concentration of the individual coaiponents in an

mixed band.

In order to reduce the sensitivity of the detector, short path

length cells are used [Joraczko]. Othertimes, one operates a detector

at wavelengths vhere the absorption is weak [Dose (1989)].

When the bands interfere, the effluent must be monitored either

ty on-line analysis or fraction collect with subsequent reinjection.

The advantage of on-line analysis is that knowledge of the relative

coajnposition of each species can be obtained soon after elution of the

band. With correct methods of Past Analysis using short columns packed

with 2-3 microi ncaporous stationary phase the analysis times have been

reduced to the order of 20 seconds. The dravback of this method is

that the number of points obtained in describing the interference band

is limited by the analysis time. The advantage of fraction collect is

that with modem fraction collector and the use of coniccil bottom

vials, collection can be made as short as 3 seconds if needed. The
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disadvantage is that one must wait until the elution is cxarplete before

analyzing all of the fraction. Both methods are easily autcanatable.

Instrumentation in pr^arative chrcanatography is fairly well

developed. Design of the optimum conditions for a pr^arative

s^aration is more difficult. This requires the use of modeling to

determine band profiles under a wide variety of ccmditions and

calculating the production rate vinder each condition to find the

optimum, the topic of this thesis.
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Ch8^.er 2

Theory

The theory of chroDoatography should answer the question: VDiat is

the band profile in the column urder various conditions? In scarae

cases, it can address the issue of how to measure thermodynamic and

kinetic parameters from es^jerimental data. It is convenient to divide

this problem into sections concerning the number of solutes in the

studied system. Several assunptions have to be made regarding vbether

the system is ideal or non ideeil, equilibriim or nonequilibrium and

vhether the isotherms are linear or nonlinear. More specifically, the

sources of diffusiaiVdispersicxi, the rate of transport of molecules

from the mobile to the staticaiary phase and the isotherm shape must

be assumed or determined for the non-ideal, nonlinear equilibrixM and

kinetic models. In order to complete the statement of the problem, the

initial and boundary conditions must be specified. Is the column

initially filled with the reference solute (nonadsorbing coanoponent) or

an adsorbing component and the boundary condition is specified by the

mode of ohroroatogr^by the operation takes place (i.e. frontal, elution

or displacement). Due to the nature of ohromatography, practically cill

inplementations (i.e. GC, ISC, LLC, I-X, HIC) are accounted for by the

same theory.

This oh^Tter is divided into 3 sections. Sections 2.1 and 2.2

review the literature vbere issues concerning the theory of preparative
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liquid chrcBnatography. Praninent contributions to the field are

described with eirphasis on nonlinear chranatography. Figure 2.1 and

2.2 summarizes the Mass Balance equations vdiich are referenced ]:^ name

in the discussicai. Section 2.3 presents the theoretical model used in

this work. The various model simplifications presented in Figure 2.1

and 2.2 will be discussed in detail in this section.

2.1 One Ocnponent Szoblem

The solvrticn of the one component problem does not contribute

directly to the understanding of the separation mechanism in

ohrcmatography, however, the theoretical analysis provides the

fundamental ccsncepts in nonlinear chrxanatography. For the one

component problem, boundary conditions permit only elution of a pulse

by a pure or mixed solvent and frontal analysis. All other

ohromatographic procedures required 2 or more solutes.

The mathematiccil description of the single component problem in

terms of a differential mass balance was first written by Wilson in

1940 assuming ideal ohrcmatogrcphy vhere the colvran is assumed to have

an infinite efficiency (i.e. no diffusion, HETP=0) and the two phases

are always in equilibrium. Equations (2.7). The amount adsorbed in the

stationary phase, Q, is a function of the concentraticai in the mobile

phase given by the equilibrium isotherm. Equation (2.8).

In 1943, Devault made a more rigorous stucfy on the properties of

the system of partial differential equations of ohrcmatography and the

formation of cancKitraticai shocks (discontinuity) in the cases of a

pulse and a step injection.
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Figure 2.1 Summary of the Mass Balance Equations

General Form of the Mass Balance Equation:

Bc.^d'C ,,

vAiere D is the molecular diffusiai coefficient, q and C are related
in the case of equilibrium:

g=0=fic) (2.2)

and in the case of a finite rate of mass transfer:

-||=/(C,£>,g) (2.3)

Soni-Ideal Model:

dC „dq dC_j. d^C

viiere is the c^iparent di^)ersion coefficient:

HL

IdeeO. Model:

(2.5)

O-fiO (2.8)

Q=f{0 (2.8)
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Figure 2.2 EguilibrixM and Non-eguilibrium E}^ressiQns

Tangnniir Equilibriim Espression:

Freundlich Eguilibritn E]q>ressian:

aC=Q'' (2.10)

Tiinear Rate BJipression:

dt
^=K(Q-g) (2.11)

Seciond Order (Langmuir) Rate Egression:

■^=K[C{Q^-g)-Bg{C^-C)] (2.12)
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Weiss then descarihed the progressive change of the band profile during

migration for a Langmuir, Ec^ (2.9), and Freundlich isotherm Egn

(2.10).

The theory of chrcmatogrc^iy then e^qianded r^idly. The plate

theory [Martin (1941) ] or the stage model [Craig] and solutions of the

partial differential equations were developed in parallel. The

evolution of the theocy of chronatogr^hy for a single ccsnponent is

discussed in the next two sections.

Elution Mode

Glueckaxaff (1947a, 1949b) was one of the early investigators vho

made e}^)erimental and theoretical contributions in all modes of

chromatography. For the single cxmponent problem, he measured the

single component isotherm and shewed experimentally and theoretically

the development of the band profile in a pure solvent when the isotherm

is concave vp, concave down and sigmoidal. For a concave vp isotherm,

the profiles have a sharp front and diffuse rear boundary while for a

concave down isotherm, the bands have a diffuse front and sharp rear

boundary. On the other hand, for a sigmoidal isotherm, the profile

d^jends on the final concentration with respect to the inflection

point.

Martin was the first to develop the plate theory; however, in the

mid 1940's, Craig developed an epparatus and a method to describe the

distribution of solute in linear chromatogrephy based on a multiple

st^ extracti(^ process vhere each stage is considered as a an ideal

mixer. Mobile phase is transferred from cxie vessel to the next as new
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mobile phase is added to the first vessel. The Crcdg machine gives

the binomial distribution as the response to a pulse injection in

linear chrcroatogr^hy, the same result obtained by Martin. It should

be noted that the Craig s^^aration r^resents intermittent flew since

fluid is transferred from one mixing vessel to the next. The

continuous flew model, however, leads to a Poisson type distribution.

For a large number of stages the poisson and binomial distribution may

be ^jproximated a Gaussian distributiai function. The difference

between these models has been discussed KLinhenberg et al. and

Kailemans. Villermaux in his book eilso showed the equivalence between

the plate and continuous model. Althou^ the Craig distribution model

was used primarily to stucfy linear ohrcmatography, it can easily be

extended to use of a nonlinear isotherm, thus is mentioned in this

review as a significant contribution.

Many other developments were made in linear elution

ohromatogr^i^, particularly in describing the ccxTtributions to band

broadening [Van Deerater] and more recently ly [Horvath et al. (1978) and

Huber (1973)], and a detailed analysis [Giddings] is not given here.

Ifcwever, for the nonlinear case the ocxitributions to the HETP have been

studied [Poppe and Kraak, Riox (1986), Eble et al (1987a, 1987b) and

Golidian-Shirazi [(1988a, 1989a)] by lumping all the sources of band

broadening, kinetic and thermo(^namic, into the column efficiency.

They assumed that kinetic and thermodynamic factors

HETP=H^+Hi. (2.13)

contribute to the totcil HETP and presented correlations between the

efficiency and the sample size.
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Not oily is it iniportant to understand the contributions to band

broadening, but to derive aneilytical solutions taking into account the

different mechanisms of band broadening. Using a second order rate

e3g>ressic»i (Bcpi. 2.13), Goldstein (1953a) derived an analytical

solution to the mass balance equation for ideal nonlinear

chrcmatogr^iiy for a pulse injection of any width. This was an

extensicffi of the niomas model (i.e large volume injection) to

injections of any width. Goldstein (1953b) went further to show that

in the limit of fast kinetics the solution obtained is the same as

with equilibrixm theory.

Carr [Wade et al.] simplified the equations derived Goldstein

for calculation of single component overloaded band profiles for a

second order rate expression assuming a Dirac injection. He also

characterized the profiles by calculating the first and second moments

and studied their effect an the amount injected. Kinetic parameters

were obtained frcm experimental band profiles 1:^ fitting them to

theoretical profiles [Wade et al., Lucy et al.].

In the case of a linear isotherm, the effect of dispersion

(Peclet number) and the mass transfer coefficient in a linear rate

expression on the band profile was investigated ty Villermaux. The

appearance of ̂ lit peaks was shown [Villermaux (1970) ] and methods to

extract equilibrium and kinetic parameters frcm the profiles is

proposed [Villermaux (1972)].

If the rate of mass transfer is slew and equilibrium cannot

be assumed, the rate of adsorption and desorption can be modeled with

a linear rate e}^ressicxi. Figure 2.1. Carta (1988a) derived an
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infinite series solution for a pulse of any width; however, it assumes

the concentrations are small enou^ for equilibrium adsorption

behavior.

Hcu^tcn siirplified the problem by assuming equilibrium and using

a parabolic isotherm equaticxi and solved a sinplified Burgers equation

derived from the mass balance equation by r^lacing the diffusicai term

with an apparent dispersion coefficient. Equation (2.4). The

analytical solution derived is valid as long as the isotherm can be

approximated as a parabola. Due to the c^proximations ma(te, however,

mass is not conserved. Haarhoff and Van der Linde have derived an

approodmate solution, vfliioh is rigorous for a parabolic isotherm and

a semi-equilibrim model. Golshan-Sliirazi (1990b) has compared the

profiles obtedned with the tfou^ton and Haarhoff solution under

conditions of increasing mass loaded.

Recently Do et al. has sunmarized the theoretical forms of many

standard models with two parameters.

In the case of idecd, nonlinear elution assuming an equilibrium

langmuir isotherm analytical expression describing the band profile as

a function of the loading factor have been derived [Golshan-Shirazi

(1988a) ]. The idecLL solution is am of the siirplest models of

chroroatography and it works well for predicting experimental elution

profiles [Golshan-Shirazi (1989a) ] for chrcmatogr^ihic columns vhere the

particle size is small (i.e the efficiency is >1000 plates) and the

loading factor is greater than 3 %. Later a close form solution was

derived for any isotherm [Golshan-Shirazi (1990a)].
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with the advent of fast cxanoputers, numerical solutions have

appeared. A numerical solution of the semi-ideal model was develc^jed

[Guiochon et al. (1988a)] and used to predict band profiles for

different sanple size having measured the HETP, flow rate, void volume,

extra column voliane, column length and adsorption isotherm. EUoallent

agreement is obtained with experimental data [Gol^ian-Shirazi et al.

(1988b, 1988c)]. By replacing the equilibrium isotherm with a linear

rate ejqjression, the effect of the sanple size and the kinetic rate

constant on the band shepe in overloaded elution chromatography was

studied [Lin et al. (1988,1989a)].

The above model was used to describe the profile of a single

ccBnoponent in the presents of a binary eluent containing a strongly

adsorbed additive [Golshan-Shirazi (1989f)]. The ̂ pearance of system

peaks was observed and the band shcpes are in agreement with

esperimentcil results [Goldian-Shirazi (1989g)]. An inversion of the

band shape eppeared in the presence of a strong solvent. In other

words if the isotherm of the solute was Langmuirian, in the presence

of a strongly adsorbing additive the band spears to have the shape of

an overloaded band with a concave ip isotherm.

Recently, Snyder [Eble et al. (1987a)] used the Craig model to

calculate band profiles in isocratic eluticai and develop general

correlations between the capacity factor and the efficiency versus the

sample loading. E)perimental data confirm the relationships obtained

[Eble et al. (1987b) ]. They [Snyder (1988) ] also used the Craig model

to determine band profiles of a single solute in gradient

chromatography with qualitative agreement (i.e. excqpt for a factor of
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1.8 between ejq^erimental and theoretical profiles) with e^^ierimental

data [Cox (1989b)].

Fiontal Mode

A general analyticcil solxition to the Reiman problem (st^

injection) for a ncailinear system was first solve by Ihanas (1944)

assuming second order kinetics, and no diffusion term. Hiester and

Vermeulen derived numerical soliitions for Ihcmas's analytical results.

By nondimensionalizing the equations, the entire family of breakthrou^

curves can be r^resented with a single curve dependent only on the

rate constant. Ihey also shewed that the solution calculated using

second order kinetics can be obtained using a linear rate e}<pressicai.

To obtain an exact solxition, the rate constant is concentration

dependent, but may be approximated by an average constant value.

Similarly, Lapidus and Amundson shewed the equivalence between the

kinetic model and a semi-equilibrium model for fast kinetics in the

linear equilibrium case. Ooon^ and Li^tfoot gave a mathematical

proof of the constant pattern b^iavior for a Langmuir isotherm (i.e.

after a certain column length, the breakthrou^ front does not change

shape). In the early seventies, many analytical and numerical

solutions were derived assuming various rate expressions, and either

Langmuir, Freundlich or irreversible isotherms. Ruthven has summarized

these analytical soluticais in his book.
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i^lication to Isothem Detemination

The primazy use of single carponent measurements is determination

of single ccmponent adsorption isotherms. Measurement of the single

cxmponent overloaded elution profiles can be \jsed to determine the

adsorption isotherm by the method of Elution by Qiaracteristic Point

(ECP) [Cremer and Ifijber (1961), Glueckauf (1949a) ]. Ihe detector

response signal is converted to concentration by calibration of the

detector by direct injecticai of the sanple at different concentrations.

The amount adsorbed is calculated by integration of the area under the

peak (vising partial sums):

Q(C) = {l/V,p) f {V-V^)dC' (2.14)

Ihis method does not take into account band broadening due to

diffUsioneil and kinetic resistances, thus this technique is limited to

the use of hi^ efficiency columns.

The method of ECP points out the general inverse problem of

determining isotherms from peak sha^^es. If the isotherm is

Langrauirian, for exainple, the analytical solution of the ideal model

can be inverted to give isotherm parameters from one large and caie

smeill volume injection [Golshan-Shirazi (1988a) ]. Other novel

approaches for isotherm determination have been developed by

systematically guessing values of the parameters of an isotherm model

and then ininimizing the error between the ccilculated and the measured

peak profile the best isotherm is determined [Dose et al. (1990) and

Jonsson et al.]. However, with this method an equation is needed (i.e.

an adsorpti(^ isotherm model) a priori. There are other methods (i.e.
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frontal analysis) vAiere the amount adsoriDed per unit volume of

stationary phase is obtained directly from the e}<perimental data and

the fit to a model can be made afterwards.

Frmtal analysis can also be used to determine the adsorption

isotherm [James and Hiillips (1954) and Schay and Szekely (1954)] by

making st^ changes of increasing concentration [Eltekov (1985,1986)].

This method has been ^plied to the determination of isotherms of

peptides [Jaccbson et ed.. (1984)] and proteins [Huang et al.

(1987a, 1987b) ]. In contrast to the method of ECP, in frontal analysis

detector calibration is unnecessary, but can be made concurrently from

the plateaux of the st^ changes in concentration for other uses.

Additionally, ECP does not take into account dispersive and kinetic

effects vdiile frontal analysis is independent of these effects. Ihe

area from the dead time to the breaJcthrou^ curve gives the amount

adsoited:

^  . (C-i.i-Ci)^  (2.15)
sp

It has been shewn ep^perimentally that ECP and frontal analysis

give the same ejqperimentcil isotherm [Jaccbson et al. (1984), Golshan-

Shirazi et al. (1988b)].

2.2 IXro and Multi-Ocnponent Problem

Wilson and Devault both discussed briefly the theoretical

statement of the two ccniponent pxpblem, but it was Glueckauf vho first

gave a comprehensive analysis of the chrcmatographic separation process

for 2 solxites following conipetitive Langrauir adsorption in the elution
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[Coates (1947) ] and the di^lacement nodes [Gluckauf (1946) ].

Analytical solutions can be derived in only a few specific cases. More

generally nunerical soluticxis are required. IVro approaches have been

taken in finding nunerical solutions, one is iising various finite

difference schenes and the second is using finite element or

collocation nethods.

Elution Mode

The term pr^arative chrcnatography is primarily associated with

nonlinear chronatogrc^hy with a pulse injection (i.e. overloaded

elution chromatogr^iiy) and is used primarily by chrcmatogr^hers and

biochemists to produce pure products at the bench scale. Ifowever,

recently its use is e}^)anding into other fields such as chemical

engineering and analytical chemistry.

Iheoretically Glueckauf (1949b) calculated the two ocnpcaient band

profile assuming ideal chronatogrc^y with equilibrium Langnuir

isotherms and experimentally determined 2 conponent band profiles by

collecting fraction with an "automatic device" [Coates]. Esasept for

the severe tailing of the second ccnponent band, good agreement was

obtained between experimental and theoretical profiles. He extended

these results to two ccnponent s^xarations with a conpetitive

Freundlich isotherm [Glueckauf (1947c)].

Ifelfferich and KLein developed a theory of multi-ocnponent

chrcmatogrcphy based on the ideal model of chromatogr^hy. Althou^

primarily used displacement applications, it can be readily epplied in

the elution mode [Geldart, Golshan-Shirazi (1989k) ]. Hhee, Aris and
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Amundsen discussed in 1970 the chronatogr^shic cycle and the s^)aration

of cenponents in the column fron a pulse injection as well as the

s^>araticai in the time distance space. Ihe primary purpose of this

paper is to explain the mathematics of one-dimensional, isothermal,

ideal equilibrium models of chronatogr^hy and the theory of simple

waves. The theory of simple waves epplies to large volume injecticais

vhere simplifications of the solution occur because there is a constant

state (the plateau), vAiicfa does not appear in overloaded eluticn

chromatography since the injection volxmae is sufficiently small that

the plateau has eroded.

Recently, an anedytical solution to the problem of TangmiiT-

equilibrium isotherm for a pulse injection has been solved assuming

ideal behavior [Golshan-Shirazi (1989h) ]. This solution is based cmi

the coherence condition described by Helfferich and KLein. The primary

assumption in this derivation is that the concentration of each of the

two ccmponents in the mixed zone at a given time and location have the

same velocity. (This also means that the velocity at two different

times is not the same.) The ideal model was then used to stuciy the

effect of the sample size, separation factor, product purity, sample

ccmposition, limiting pressure drop and particle size on the production

rate [Golshan-Shirazi (1989b,1989c)].

IQiox and lyper have developed expressions to Ccilculate the

maximomn thrcu^put at lew loading assuming no interactiion between

solutes on a column having infinite efficiency, 100% yield and 100%

purity. Althou^ this is a simple model, the optimum throo^put for

the second ccnponent predicrted is in close agreeanent with models vhich
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taken into acxxxmt cxaonpetitive effects, assuming 99% purity and taking

into account dispersi<xi [Katti (1989c) ].

Hie Craig distrilxcticai model as ̂ ^plied to binary mixtures with

an isotherm calculated on a scheme based on a 9 term polyncmial

e^qjansion has been used ly Snyder [Eble et al. (1987c, 1987d) ]. Snyder

calculated cumulative distxibutiai profiles under sli^t:ly overloaded

condit:iQns and derived general empirical relaticxiships between the

capacity factor and the resolution. Ihese cumulative distribution

profiles were also ccmpared with single soliite ej^jerimental profiles.

He identified di^lacement effects v^ch can enhance the separation of

two ccmpcxients ccmpared to the single solute case. Ife proposed a

phenomenon called the "blockage effect vhich is a poor restat:ement of

displacement effects. Since ccnput:a1u.cai times on an lEM XT were long,

an attempt to combine empirical results from the blockage model with

the model of Khox and lyper to predict the recovery of solutes at

increasing sample size [Snyder et al. (1987,1989b)].

Recently, Snyder (1989a) studied heavily overloaded s^>aratdons

with the Craig model; however, the two component band profiles obtained

are not in accordance with theoretical results obtained for a

competitive langmuir isotherm [Gluckauff (1946) ]. Moreover, he uses a

emperical correction factor of 1.8 in order to obtain agreement of the

predicted profiles with eiperimental data. It is believe that the

reason for these discrepancies is that approximate isotherm used is not

equivalent to a ccmpeti-tive langmuir isotherm and thus he obtains

strange peak shapes [Snyder (1989a)].
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The band profile of a two oortponent mixture was calculated using

finite difference techniques [Guiochon et al. (1988b)] in order to

determine the effect of the individual parameters such as the saitple

size [Ghodbane (1988b)], s^aration factor [Ghodbane (1988c)], flow

velocity [Ghodbane (1988d)] and ccmpositiai [Ghodbane (1988a), Guiochon

(1988c)] on the production rate [Ghodbane (1988e)]. Optimization of

the production rate as a functicai of the sanple size for two cortponents

show that one should overload the colvmin until the amount of overlap

meets the purity requirements [I^tti (1989c) ]. Qualitative

experimental verification of the displacement and tag-along effects

presented in the work of Ghodbane has been shown [Nevburger]. From

measured equilibrium isotherms, the predicted profiles of gmaii

molecules were in quantitative agreement with ejperimentally determined

profiles [Katti (1989a, 1990) ]. .^plication of overloaded elution to

trace enrichment of aie ccmponent in a two ccmponent mixture was

studied eaperimentally and theoretically by increasing the loading

factor to maximize displaceanent effects [Katti (1989b)]. Further

explications have been made to three component mixtures [Jaccbson

(1989)].

In an ideal two ccmpcnent system, the saturation capacity of both

the components are equcd; however, few systems are ideal. Ihe effect

of converging and diverging single component isotherms on the band

profile [Ck»c (1989a)] and on the di^lacement and tag-along effects

[Golshan-Shirazi (1990c)] have been ^plied using the Craig and the

ideal model; respectively.
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Ccaipariscai of the Craig model with models based on solution of

the semi-ideal model equation Ecyi. 2.1 by using various finite

difference techniques i^cwed that the two aj^roaches are equivalent

(Czok et al. and Karol (1988,1989) even thou^ the Craig model is a

mechanistic model and finite difference schemes are mathematical

^sproximations.

Czok modified the semi-ideal model so that the amount of

dispersion for each cxxrponent can be controlled independently by adding

a dispersion term and using a die»rsicai coefficient such that the sum

of the die^ersion term and the numerical errors due to the finite

difference scheme give the total amount of desired band broadening.

Another inplementation of the semi-ideeil model was made by

discritizing the dispersion term directly and using the lax-Wendroff

finite difference scheme to reduce the contribution of numerical errors

to band broadening. But it is much more difficult to obtain a stable

solution [Lin et al. (1989d,1989e) ] using this method.

Another aspect of 2 components separations is v^en the mobile

phase contains a strongly adsorbing additive, such as an ion-pairing

agent. Band profiles in this domain are inverted compared to vhen a

nonadsorbing additive is used [Golshan-Shirazi (1989i) ]. These results

were also verified experimentally [Golshan-Shirazi (1989j)]. A review

of theoretical end epqperimental 1 results with the semi-ideal model of

chromatogrc^y has been presented in Guiochon et al. (1989).

Using a forward finite difference method to model Eqn. 2.1,

r^lacing Ecyi. 2.2 with a linear kinetic rate expression and allowing

the numerical error equal the degree of axial dispersion, the effect
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of the kinetic constant on two ccmpCTient overloaded elution s^arations

was studied [Golshan-Shireizi et eil. (1989e)]. The chranatograins

calculated shewed that significant mass transfer effects cause tailing

and retention time shifts.

Yu et al. (1987,1989) have used orthogonal collocation with

gradient directed moving finite elements in order to solve the iiwgg

balance equation including a linear rate expression and inter and intra

particle diffusicai terms. Bie advantage of this method is that the

numericcil errors cure lew ccmpeured finite difference schemes; however,

ccnputation times l^ically require 1-2 hours of CPU to determine the

profile with on a Gculd NPI ccwputer. Conputation times for

equilibrium models take only a few minutes. Ihe equilibrium and non-

equilibrium models have been used to scan the values of the various

dimensionless quantities to identify the local equilibrium regime and

understanding the relative inportcuice of film transfer,

intraparticle diffusion and axial dispersion for a specific system [lee

C.K. et al. (1990) ]. Experimental results on proteins such as Lysozyme,

BSA and I^oglobin shew that the equilibrium model fails in predicting

accurately the band profiles in ion exchange and a kinetic model must

be used. Kinetic parameters are determined frcm correlations available

in the literature [Wilson and Geankoplis (1966)].

Preparative chrcmatogr^ihic can also be operated in gradient

elution. Zone migraticai in gradient elution [Yamamoto et al. (1987)]

is more complex especially vhen the isotherm is ncxv-linear. Snyder has

^cwn the effect of the sanple size cxi the band width [Cox (1988b)]

and the band profile [Snyder (1989c, 1989d) ] in gradient elution
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dircroatography. Moreover, he has cxampared overloaded gradient profiles

with those obtained in isocratic elution [Cox (1988a) ]. Using a

rigorous model [Antia et al.] have diown the effect of the gradient

ste^jness and saitple size on the production rate in overloaded gradient

ehrcnatography. However, gradient operation appears cxarplex and

industrial c^licaticxi would require a simpler punping mechanism. The

\:ise of st^ gradient techniques for eluting ccnpcunds of widely

different capacity factors has been investigated for protein

purifications [Lee et al. (1988), Velayudhan (1988), Carta (1989)].

By choosing the appropriate st^ size and st^ time, the production

rate is optimized.

Preparative chroroatogrephy also need not be a batch operation.

Ihe oontinucus annular chrcmatograph [Martin (1949); Scott et al.

(1976)] was developed by rotating an annular bed of sorbent past a

stationary feed entry point. As the ccnpounds elute along the column

the conponents s^)arate in along helical trajectories and elute at

different pxoints in the column. At the end of the colimon pure

ccnponents can be collect cilong the periphery of the annulus. This

technology has beai cpplied to the s^aration of Sugars [Howard].

Elution profiles were predicted by solving the steacfy state 2-

dimensional (length, angle) mass balar»oe for 2 ccnponents with a linear

rate e}<pressiQn. For this particular application, the isotherms were

linear and agreeroait with esperimenteil data was excellent. By applying

an electric field across the annulus [Scott (1986)], this technology

has been applied to the separation od large molecules and proteins.

36



Recently this ^proadi has been used in the displacement mode (see

di^lacement sectic^).

Frontal Mode

The stu^ of band profiles and the effect of dispersion on the

profile sh^je has been studied theoretically [daesson, Rhee and

Amundsun] and ejqperimentally [Ooates et al., Saunders et al. (1988,

1989a, 1989b), Horstmann]. It has a large impact in affinity

chranatography vhere there is irreversible adsorption until the mobile

phase is altered. However, another use of two cxmponent frontal

analysis is determination of binary adsorption isotherms [Jacctoson et

al. (1987)]. Esperimentcdly, isotherms are measured by keying the

ccnposition ccaistant and increasing the sample amount in a st^3wise

fcudiion. By sampling the concentratian at specific points and knowing

tdie sample concentration at each st^, the isotherm edong a line of

ccMTstant ccnposition is determined. The ratio of the composition is

changed inorder to determine the entire isotherm surface. This method

has been epplied to the measurement of the conpetitive adsorption

isotherms vhere an interchctnge of the elution order occurs at

increasing sample size [Huang (1989), Lin et al. (1989b)].

An improved method is proposed by tfei et al. based on determining

the profile of a two ccnponent mixture for several large volxmne

injections. By transforming the chrcmatogram into Hodograph space,

Langmuir parameters can be determined by a least square fit to the

strai^t lines.
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Frontal chrcnatogre^y has also been applied in affinity

chronatogre^y e^licaticais [Arve et. al.] or to characterize new

adsortient materials [Rix^ et.ed].

Displacanent Mode

Ihe difference between elxition and displacement chramatography

were recognized by Tswett in the early 1900's. Hcwever it wasn't until

Tiseliiis (1943,1949) clearly defined and discussed the various possible

modes of chrcmatogre^y (elution, frontal, displacement). Gluckauff

(1946 and 1949b) in 1946 analyzed theoretically displacement

development. He also showed the effect of the flow rat:e on

displacement development [Glueckauf (1947b) ]. In the last 40 years the

enormous growth of linear elution chrcmatogrc^y for analytical

separations has overshadowed the use of displacement chromatography, in

^ite of several important industrial applications. A comprehensive

review of the history and development of di^lacement chrcmatogrephy

and its ̂ plications has been published by Frenz et al. (1988). Ihe

major advances and recent epplications will be reviewed on this

section.

On the theoretical front Helfferioh presented a general theory

that could be ̂ plied to multiccmponent di^lacement s^)arations by a

transformation of variable called the h-transform. Uiis theory assumes

ideal chromatography with equilibrium competitive Langrauir isotherms,

but can be extended to introduce column efficiency [Wang S^. Sci,

Frenz EhD. Thesis]. Kiee and Amundson (1982) epplied the theory of

multiccmponent ohrxanatogrsphy to elucidate the characteristics of
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di^lacement systems for Langrauir isothenns. Later, numerical methods

were developed to study displacement s^arations viien the column has

a finite efficiency [Katti (1988)]. Ihe effect of kinetic parameters

has been studied vAiich in the least shew the smoothening of the sharp

front and rear boundaries and in the worse case shows that an isotachic

train can not be observed if the rate of mass transfer is sufficiently

slew [Golshan-Shirazi et al. (1989d)].

Basmadjian et. al. modeled displacement s^>arations neglecting

accxDiulation in the mobile phase and band dispersion. He reexamined

some of the pioneering work of Glueckauf by using geometrical conceits

to predict adsorption behavior, for example by illustrating the

significance of the Watershed point. He investigated the displacement

of a less adsorbed species with a more strongly adsorbed species and

visa versa. Fhillips et eil. (1988) have used a kinetic and dispersive

model to determine the independent effect of mcbile phase velocity,

feed volume and particle size on the throu^iput.

In the 1940*s as a part of tdie Manhattan Project, rare earth

oxides were s^arated in the displacement mode [Spedding (1949,1950)].

Displacement chrcmatogrcpty was employed in the mid 1940's at the

American Petroleum Instdlmte [Mair] to fractionate petroleum distillates

in 52.4 ft X 3/4 " I.D. columns. In the late 1960's, Sorbex and

several other similar processes were develcped at UOP using various

novel technologies to achieve vhat is essentially di^lacement

chranatography on a moving bed column without physically moving the bed

[Brou^ton]. This technology was recently reviewed by Wardcat.
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In the late 1970's Horvath [(1981,1983,1985), Frenz (1988)] and

<3o-^rkers reintroduced this technique. Ihey capitalized on various

technological advances, hi^-efficiency columns and fast [Maa] hi^-

performance liquid chrcmatogr^hy. Methods for s^jarating small

organic molecules [Horvath (1981)], polyiryxin antibiotics [Frenz

(1985)], oligonycin antibiotics [Val3co], steroids [Kcilasz (1981)],

enanticmer on chiral columns [Vi^ (1989a, 1989b) ] amino acids [Kalasz

(1982)], short peptides [Horvath (1983), Cramer (1987,1988)],

polypeptides [Visocmi et al. (1988,1989,1990)], insulin [Vi^ (1987)],

nucleotides [El Bassi et al.] and proteins [Liao et.al, Subramanian et

al. (1988,1989)] were developed.

Carrier di^laoesnent chrcroatography has been employed for the

di^laoement of proteins using carbosymethyldextrans as spacers as well

as a di^lacer [Torres et. al (1985) and Peterson (1987)]. other

workers have investigated the s^aration of Lithium isotopes for either

the enrichment or the isolation of pure isotc^as [Jacques, Fujii,

Fujine (1982,1983)] by ion-exchange di^lacement chromatography. Ihe

literature presented thusfar has utilized dhrcmatography in the batch

mode. The continuous annular chrcmatograph has been applied to

di^laoement separaticxis in additicxi to overloaded elution separation.

A typical ocxTtinucus annular chrcmatograph is 0.6 meters long has an

annulus 12.7 mm wide and a diameter 279 mm and is packed with 50 um

diameter particles. This process has been applied to the separation

of heavy metals [Begovich], rare earth oxides [Taniguchi et.aLL] and

amino acids [Carta (1988b), De Carli (1988,1989,1990)].
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Ihese studies demonstrate the xitility of di^lacement

dircroatography for the s^>aration of various mixtures and its capacity

to achieve hi^ yields and hi^ purities.

2.3 The Seni-Ideal Hodel

In most ̂ plicaticxi of pr^arative chrcmatography to industrial

scale problems, conditions will be employed vhere chrcmatography is

easy to operate and in a fonn Vihich gives a hi^ degree of

r^roducibly. Thus, many simplifying assumptions can be made. One of

the simplest general forms of the mass balance eguaticxi for one

ccnponent is:

dC nd(J dC d^C

vhere D is the molecular diffusicxi coefficient. Ihis equation assumes

no change in viscosity or density of the mobile phase with ccnposition

of the solute, no sorption effect, no solute solute interaction, the

mobile phase is inocnpressible, constant flow velocity, isothermal

flew, the dispersion coefficient is independent of concentration. The

functicxis C, the mobile phase ccmxoentration and Q, the stationary phase

concentration are not independent and require a relationship. When

equilibrium can be assumed then

q=Q=f{0 (2.17)

Otherwise the rate of mass transfer between the mobile and stationary

phase TDUst be defined. IWo eppressions are ccnimonly used. The linear

rate expression:
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■^=K(Q-g) (2.18)
and the secxsnd order rate ei^resslon:

■^=K[C(0^-q)-Bg{C^-C)] (2.19)
In order to solve Ecyi. 2.16 vdth either Ecjti 2.17, 2.18 or 2.19, an

inlet bcundary condition and initial condition specifying viiether the

bed is filled with solute or not must be defined. Ihe nature of this

bcundary condition depends on the mode of chranoatography and must be

specified accordingly.

It has been shewn by Giddings and Haaihoff et al. that if the

kinetics is fast, tut not infinitely fast, Ekyi. (2.16) and (2.18) can

be r^laced by Ec^. (2.20) and (2.21). Ihus the semi-ideal model of

chrcaratography is:

(=-20)

(2.21)

vihere the molecular diffusion coefficient D, Etji. (2.16), is replaced

by an apparent dispersion coefficient. Dap. Ihe ^parent dispersion

coefficient Da is related to the column variance according to the

Einstein relationship:

a^=2Dtg (2.22)

vhere to is the retention time of an unretained coaipound. In linear

ohromatography, the variance of the band profile is related to the

column length and the HETP:
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a^^HL (2.23)

Ccnibining equations (2.22) and (2.23) the ^parent dispersion

coefficient is related to classical parameters, column plate hei^t,

mcbile phase velocity:

= ̂  (2.24)
'o

In the ideal model of dircmatogre^y, plug flew and radial

hcmogeneity is cissumed. Uius the column has an infinite column

efficiency (i.e. no band broadening, HETP = 0) and the apparent

dispersion coefficient is zero. The FHS of Etyi. (2.20) can be

simplified to:

(2.25)

Using a forward finite difference scheme, Eqn. (2.25) can be solved by

numerical ccmputaticai. Ihe finite difference scheme employed in this

work is as follcws:

Since the colxmm is sliced into discrete segments and for each segment

there is associated a concentration, the concentration is not

distributed continucusly throuc^iout the coliimn. Ihe ̂ proximation has

the consequence that mass is averaged over the segments and the fined,

result is band broadening. In this manner, dispersion is reintroduced

into the ideeil model. Therefore, the advantage of the semi-ideeil model

is that the diffusion coefficient and the mass transfer coefficient
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need not be measured. The only measurements required are the HETP, the

adsorption isotherm, flew rate, void time and column length.

By adjusting c^rcpriately dz and dt, the amount of band

broadening can be adjusted to be equal the c^parent dispersion

coefficient, D^. Assuming that the space increment is equal to the

HETP,

dz=H (2.27)

it can be shewn [Rcuehon] that in the linear case that the numerical

dispersion is equivalent to vhen the time increment equal to:

dt=— (2.28)
^20

vAiere

u.=_

and

"zo=-^ (2.30)
''R

A rigorous proof of this relationship is based on the r^lacement of

each term in Eqi. (2.25) a taylor series expansicai [Lin (1989c)].

For the raulticonponent system. Equation (2.20) is extended to:

dC. dq, dC.

The cenpetitive Tangmuir isotherm is frequently used because of it

sinplicity and utility to relate the concentration of the solute in the

stationary phase, Q, to the mobile phase concentration, C:
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The assutrptions made in derivaticxi of this isotherm are that the

solxition is ideal, the stationary phase is ideal, the solxite gives

monolayer coverage, their are no solute solute interacticaTs and no

solvent solute interacticais.

In the case of a multiccxrpanent mixture, uz, Etyi. (2.30) is not

the same for each ccnponent. Assuming uzo was ccilculated from the

average retention time at infinite dilution, for the two coroponent Ccise

we cbtciin:

^x,avg~'^Rl*'^R2 (2.33)

and

(2.34)
^z.avg

Ihis ajproximaticn inplies that a peak having an retenticai time travg

has an HETP equal to dz. However, the true HETP of each ccnponent is

different and d^)ends on the retention time of each ccnponent. It can

be ̂ cwn that this finite difference technique gives a capacity factor

d^jendence on the HETP for a given dz and dt. If dz and dt is kept

constant, as the retenticai time of the saitple increases the HETP

decreases. The limitation of this method is that the retention

much be sufficiently close that we epproodmate accurately the amount

of dispersion. Moreover, this method cannot easily be extended to

gradient eluticai because very large retention times would give a

negative HETP. It shculd be mentioned that there are many finite
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difference sdiesnes and they prcpagate error in a different manner.

That is the opacity factor dispeandenx cxi the HETP at constant dz and

dt is different [Czok et al.].

The primary objective in this thesis is to carpare the

predictions by this siiiple model with e^^arimentcil data without

empirical fitting of the model with the data. More sophisticated

models could be solved, but at the sacrifice of larger computation

times and difficult experimental measurements.
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Chapter 3

One Conponent Problon: Coagparison of Theory and Experiment

Prediction of band profiles in Pr^arative ChrcBoatogr^iiy requires

minimally measureraent of the equilibrium adsorption isotherm of each

conponent, the dead time, the mobile phase linear velocity and the

column HETP. Crosscheck of the data can give more accurate results if

the retention time of each ccnponent at infinite dilution, the flow

rate and the porosity are eilso measured. Predicting band profiles

using this epproach requires that the measured isotherm data is fitted

to a model. The Freundlich, Langrauir, Bilangrauir and Fcwler isotherms

cure the most canmoily used. In this stutty, the Langmuir and BiLangmuir

equations have been used to predict of single ccnponent bands in

overloaded elutioi chrcnatogrcpty.

This chcpter discusses the one ccnponent problem of

chrcnatogr^hy. This involves measurement of the single conponent

isotherms by frontal analysis and Elution by Characteristic Point (BCP)

and prediction of the single ccnponent band profiles in overloaded

elution chrcniatography eis a function of the amount injected. TWo

^plications are presented in this ch^jter. In the first, reversed-

phase chrcmatogrcphy was enployed using small organic molecules as the

solute and in the seomd epplication, ion exchange was enployed with

protein solutes. The choice of the molecules was based cxi the

following criteria: (l) solute-solute interactions could be neglected
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(2) el\ite vinder isocratic asnditions in reversed phase chronatography

(3) cxxLLd be used withcut further purification (4) absorbed in the UV.

Fhenyl-ethanol, phenyl^ropanol and 2,6 dimethylphenol were used in

these ej^jeriments. The two proteins studied viiere Chicken Albumin and

Conalbumin.

3.1 Single Ocnpoaent Overloaded Eltxtion of small Molecules

This section will present measurement and prediction of single

component elution profiles of phenyl-ethanol (PE) and pheryl-propanol

(PP) in reversed-phase chrcraatography. Ihe subsequent subsection will

describe the experimental secticxi.

In summary, two columns were packed with the same stationary

phase. Table 3.1 compares the results of the isotherm measurements for

3-pheryl-ethanol and 2-phenyl-propanol. Ocmparison of the two columns

shows that the retention time and cepacity factor at infinite dilution

give the same results for the two columns. Ifewever, the Langmuir 'b*

parameters are significantly different. For the first coliann, the

isotherm was measured for mobile phase phenyl-ethanol concentrations

between 0 and 9 mg/ml and phenyl-propanol CQncentrations between 0 and

15 mg/ml. Ikiwever, on the second column, the range of concentrations

for the phenyl-ethanol was 0-16 mg/ml and only 0-5 mg/ml for the

phenyl^ropanol. Ihe 'b' parameter for the phenyl-ethanol was larger

on column # 2 indicating a larger degree of curvature due to the

hi^xer concentration range studied. Ihe large differences in 'b'

values for column #1 and #2 for phenyl-propanol, however, is not quite

as clear. A plot of the isotherm for phenyl-ethanol and phenyl-
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Table 3.1 Summary of Isotherm Data for Phenyl-ethanol and
Phenyl-propanol

Column # 1 Column # 2
PE PP PE PP

t. (sec) 310 416 300.5 426.1

0.722 1.311 0.707 1.421
a (ml/ml) 1.9239 3.554 1.9369 3.4144
b (ml/mg) 0.01481 0.0255 0.02178 0.05920
b (ml/mmole) 1.8092 3.479 2.6612 8.0633

CSC (mg) 140 150 109 70

MW (g/mole) 122.17 136.2

HETP (um) 0.0167 0.009

to (sec) 180 176

porosity 0.755 0.706
F 0.325 0.4165

Fy (ml/min) 1.0 1.0
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propanol cai these two cxslumns is shown in Figure 3.1. Uiis isotherm

data provides parameters for the prediction of band profiles of binary

mixtures vAiich is discussed in Ch^jter 4.

E^eriaentaJ.

Ihis section vrill describe the equipment used and the

measurements required in order to ocnipare e^qserimental single ccaxponent

overloaded band profiles of two organic molecules with theoretical

predictions.

EauioDnent

Ihe modular liquid chronatogr^^h used for the measurement of band

profiles was assenbled fron two Model 510 Voters (Milford, M^} pumps,

a Valco (Houston, TX) 6-port electrically actuated valve fitted with

a 20 or 100 ul sample loop, a Kratos Spectroflow (Ramsey, NJ)

variable wavelength detector operated at 272 nm. Ihe pumps were

ccaitrolled and the detector signal was monitored via a Waters System

Interface Module (SIM) using the Waters Maxima 860 Eynamic Solutions

(Ventura, Ck) software installed cai a NEC APdV Powermate 2 ccxnputer.

Ihe electriccil cxitputs of the valve and the detector were connected to

the SIM box for autonatic data acquisition.

Materials

IWo 0.46x25 cm and one 0.1x100 mm adsorption coluonn were packed

in house at 9000 psi using standard procedures with lOum vydac

(Hesperia, CA) octadecyl-silica ((®S) stationary phases. Ihe first

50



'T •T00 M O
C^^ CM

_ •M"

CM

_ O

- OO

- <o

o«

E

o

- ̂

- CM

|uj/6uj 0

Figure 3.1 Comparison of Isotherms of Phenyl-ethanol and
Phenyl-propanol on 2 Analytical Columns Packed
with the seme Stationary Phase

51



0.46x25 an coliam packed is called column #1 and the second column #2.

The 3-pheryl-ethanol and 2-pheiiyl-prt^)anol were purchased from

Fluka (RonkDnkonia,NY) and used without further purification. 3,6

Dimethyl-phenol was purchased from Aldrich (Milwaute,WI). HPLC

methanol and water (Burdidk and Jadkson, Muskegin,MI) were also used

without further purification.

Experimental Procedure

The mobile phase was made ty hi^ pressure mixing of methanol and

water degassed with Helium in a ratio of 1 to 1. The pheryl-ethanol

and phenyl-prcpanol were made prior to the experiment by wei^iing the

appropriate amount in a volumetric flask vdiich was then filled with a

hand mixed solxition of 50% methanol/water. Small differences in the

composition of the sanple solvent and the eluent could be seen by the

appearance of a small system peak in the elution e:5)eriments, but the

differences was coisidered negligible.

Ihe elution experiments were carried out by injecting the

oonpound at a measured concentration in the 0.1 ml loop of the 6-port

valve. Samples were injected twice and compared for r^roducibililY.

By siperposing the two chromatograms, it could be seen that the

chromatograms obtained were identical. Ihe flow rate was 1 ml/min, the

data acquisition rate was 2 points/sec, and the eliition time was set

at 5 min. For each sanple concentration, a file containing the elution

curve was saved. After collecting the data, the files were translated

to ASCII format, inporbed ai the UTCC Vax computer, converted from
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respcxise to voltage using a calibration curve and saved for carparison

with theoretical predictions.

Isotherm Measurement and Detector rai ihT-at-inn

Isotherms were measured using frontal analysis [James, Jaccbson

(1984), Golshan-Shirazi (1988b)] and by ECP. The apparatus used for

the measurement of isotherms by frontal analysis was the jgairva as

described under the Eouitment secticai exc^ that the 6 port

electrically actuated valve was r^laced with a 10 port Valco Valve

with two 5 ml sanple loops [Lee A. (1990]. By injecting solutions of

increcising concentration into the loop and switching the valve, st^

changes in the concentration were made. From the breakthrou^ curve,

the amount adsorbed at each concentration st^ is determined by

Equation (2.15). Ihe Langrauir parameters are obtained by a nonlinear

least square fit of the ejqjerimental data. From the plateaux

concentration of each front in the isotherm measurement, the respcxise

for a known concentration was determined. The calibraticai curve was

drawn and was fit to a polyixamied. The degree of the polynomial was

varied in order to fit the data well and avoid oscillations. Sometimes

a polynomial having only odd powers was used. The esqjerimental

measurements were made between 0 and 80 mg/ml for the compounds

studied. However, the curve fitting was dcaie only in the range

required for prediction of the band profiles. Figure 3.2 shows a

tg^iccil example of the non-linear calibration curves for phenyl-ethanol

and phenyl-propanol at 272 nm. Note that the phenyl-prxijpanol absorbs

more strongly than the phenyl-ethanol. This calibration curve has a
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hi^ degree of curvature due to the large concentration range

investigated.

Isotherms hy the method of ECP were determined frcm the

concentration versus time dironatogram corresponding to the largest

sairple amount injected. Ihe calibration curves to convert the response

profiles to concentration were made by removing the column, putting it

before the injector and injecting sanples frcm a 5 ml locp

directly into the detector.

Results and Discussion

On colximn # 1, the retention time at infinite dilxition for 2-

pheryl-ethanol and S^iienyl^ropanol were measured on the pr^arative

column ty injection of several sanples at decreasing concentration.

Ihe dead time was measured frcm the solvent peak and was 3.08 minutes.

Ihe porosity was 0.75. Ihe edacity factors were 0.72 and 1.3;

reigjectively. Ihe separation factor was 1.84. Ihe measured colvunn

HETP was 0.01667 cm.

Ihe single ccmponent Langmuir isotherm 'a' parameter used in the

predictions was calculated frcm the capacity factor, k', and the phase

ratio, F:
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(3.1)
"ntp

a=4J (3-2)
F

Hie Langrauir b parameter was calculated frxm the least square fit of

the Langrauir equaticxi. Hie column saturation capacity for each

ccnoponent was calculated for each ccxnponent:

=  (3.3)

Hiese values for these experimentally determined parameters are

summarized in the Table 3.1.

Figure 3.3 shews a ccnparison of theory with experiment for

pheryl-ethanol at a loading factor of 5%, 7.1 mg of sample introduced

onto the column. Figure 3.4 shows a comparison of theory with

experiment for a loading factor of 5% for phenyl-propanol vhich also

corresponds to 7.1 mg of sample injected. Hie agreement between theory

and eiqieriment for these two ccnpounds is good.

Hie isotherm measurements on column #2 were made by ECP. Figures

3.5, 3.6, and 3.7 shew the best fit langrauir equation and the

experimental data for phenyl-ethanol, phenyl-propanol and dimethyl-

phenol; respectively. Hie eiperimental data is shown in squares and

the fit is given by the line. Table 3.1 provides a summary of the

isotherm parameters. Eluticmi profiles were measured at different

sample sizes. Figure 3.8 shews a ccnpariscmi of theoreticed. and

eiperimental band profiles for pheryl-ethanol vhen 0.20, 1.16 and 8.57
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mg of sairple was Injected as a pure ccnponent. This corresponds to a

loading factor of 0.19, 1.06, 7.89 per cent. Ihe agreement for all

the sairple sizes is good.

Figure 3.9 shews a ocnpariscai of e}$)erimental and theoretical

overloaded elution chratatograms for phenyl-propanol on column #2 with

0.908, 3.705, and 5.508 mg injected. This corresponds to a loading

factor of 1.29, 5.26 and 7.82. Good agreement is found between the

experimental and theoreticeil profiles. Ihe bcwing seen on the rear

boundary of the experimental profiles is believed to be an artifact of

the conversion from response to concentration. Ihe hi^ degree of

curvature of the calibration curve often led to fits viiich were not

smooth in all of their derivatives.

A third ocnpoent, 2,6 dimethyl-phenol, was studied for later xxse

as a potential di^laoer. Its retention time was hi^ier than that of

phenyl-pxrcpxanol, thus its isotherm was measured by ECP to determine its

suitability. A ocnparison of expxerimental and theoretical single

ocnponent band profiles. Figure 3.10, was made with 0.077 , 0.767 , 3.88

and 7.767 mg of sairple loaded; respectively. Ihis corresponds to a

loading factor of 0.097 , 0.97 , 4.88, and 9.7 per cent. Table 3.2

provides a summary of the isotherm parameters on column #2.

The isotherm of 3,6 dimethylphenol was also measured on a

microbore column (0.1 x 100 ran) at a flew rate of 0.4 ml/min using a

20 ul sairple loop. Ihe column efficiency was lew and exctrapolaticm of

the isotherm parameters to the analytical column proved to be

insufficiently accurate. Table 3.2. Ihis is probably due to the punps

delivering a sli^tly different mobile {b^se ccnposition due to the
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Table 3.2 Summary of Isotherm Data for 3,6 Dimethyl-phenol

Column #2 Microbore Column

(sec) 515.0 70.98
k" 1.926 9.04
a (ml/ml) 4.6897 13.3
b (ml/mg) 0.07213 0.0204

b (ml/mmole) 8.81172 2.487

CSC (mg) 79 20

MW (g/mole) 136.2 136.2

HETP (cm) 0.009 0.07

to (sec) 176 7.07
porosity 0.706 0.6

F 0.4165 0.67

Fy (ml/min) 1.0 0.4
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Icwer pressure drop and Icuer operating flow rate on the miarabore

colvmn. Use of the isotherm parameters to predict profiles on the same

column, however, was not a problem. Figure 3.11 shows a comparison of

es^ierimental and theoretical profiles on the micrcbore oolvmn with

0.09, 0.4 and 1.26 mg of dimethyl-phenol injected. Ihis corresponds

to a loading factor of 0.43, 1.95 and 6.13 per cent. Ihe agreement is

very good.

3.2 Single Oonponent Overloaded Elution of Proteins

This section will discuss the measurement and prediction of band

profiles of the proteins Chicken Albumin and Ctonalbumin under isocratic

conditions in ion-exchange chrcmatogr^iiy. Ion-e}shange chromatcgraphy

is usually carried cut under gradient conditions due to the ste^ slope

of the k' versus salt modifier conoentration. However, the modeling

of gradient elutiai chrcmatogr^ly is more difficult and thus one of

the first st^3s in modeling protein adsorption was to consider the

single component isocratic case.

Experimental

This section will describe the equipment used and the

measurements made in order to ocnpare experimental single component

overloaded band profiles of two proteins with theoretical predictions.

Equipment

A modular liquid chromatogrephic used for the measurement of band

profiles was assembled from a Gilson (Middleton, WI) Model 301 puitp
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with a 5P puirp head a Valcx) (Ifouston, TX) valve fitted with a 20 ul

sanple loop and a Kratos (Rconsey, NJ) Model 757 Spec±orflow variable

wavelength detector. One of the detector output analog signals was

connected to a Kipp and Zonen (Delft, Ifolland) chart recorder and the

other analog signal was connected to the SIM box for digitization of

the detector response signal.

Materials

TSK-DEAE 5IW (T060H Corp., Japan), 10 urn average particle size,

resin was used in these esperiments. Ihis is a polymeric based

statiaiary phase with diethylaminoett^l grcxps covalently bound to the

sipport by a spacer arm. Ihis resin was packed in a 1x50 mm microbore

column at 800 psi with water as the slurry solvent. Ihe columns were

packed with the Gilson Model 301 pump at lew pressure to prevent

conpression of the particles [Huang (1990a, 1990b) ]. Ihis 1x50 mm

column was \;ised for measuremait of the isotherm and for the overloaded

elution experiments.

Chicken Albumin and Oonalbumin were purchased from Sigma Chemical

Co. (St. Louis, MO). Tris Acetate was purchased from Mallinkrodt

(Paris, Kf) and bottled water from Burdick and Jackson (Muskegin, MI).

All chemicals were used without further purification.

Experimental Procedure

Ihe mobile phase was prepared by mixing the appropriate amount

of Tris-acetate with water in a volumetric flask. Ihe solution was
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filtered throu^ a 0.2 \m 66 membrane filter (Gelman Sciences,

Ann Arbor, MI). The stock mobile phase was stored covered in the

refrigerator. Protein solutions were pr^ared daily just before

performing the e}^)eriments.

Ihe overloaded elxition measurements were carried out by injecting

the protein sequentially from hi^ concentration to low conoentration.

Each concentration was injected in di;?>licate. I^xan canpletion of sill

the injections, the column was washed with 8 M urea and as necessary

with a 10 % NaCH solution to remove strongly adsorbed protein frcm the

surface. Ihis provided a clean adsorbent surface for further

investigation . Otherwise the experiments gave inconsistent results.

This procedure suggested that small amounts of protein are irreversibly

bound to the surface.

Isotherm Measurement and Detector Calibration

Isotherms were measured using frontal analysis vhere a 10 port

Valco (Houston, TX) valve was submerged in a Haake (Berlin, West

Germany) water bath at 25 oC. Ihe calibration curves were obtained

from the plateau concentraticxis from each isotherm front. The

calibration curve was regressed to a 5th degree polynomial.

The isotherm data was fit to the Langrauir model for each protein-

mobile-phase studied. Figure 3.12 shows the isotherm data fit to a

Langrauir equation. It is observed on this figure that the isotherms

rise more steely at low concentrations and saturate less fast than

predicted by using the best fit parameters in the langrauir equation.

For this reason, a langmuir equation can give only a poor fit of the
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esq^erimental data. The differences observed between the model and the

e}^)erimental isotherm data are such that the band profiles predicted

by the semi-ideal model of chrcmatography differ considerably fran

e}^)erimental dhrcmatograms.

Various theoreticcd and enpiriccd. models of isotherms were tried

without success. It was thou^t that the protein could be interacting

in a nonlangmuirian fashion. A Scatchard plot [Andrade] of the data

(a plot of Q/C versus C) shews a downward convex curve [Huang

(1990a, 1990b) ], vhile for a Langrauir isotherm the Scatchard plot is

linear. One of the simple models of an adsorption isotherm vhich

accounts for the kind of results obtained assumes the existence of two

types of non-oooperative, ind^jendent adsorption sites on the surface

of the stationary phase. Thus, the data was fit to the bilangmuir

equation:

<j= = + = (3.4)
^  l+B^C l+BjC

The best value of the four coefficients vhere obtained by taking

the slope and intercept values of the two asynptotes of the Scatchard

plot as the first guess and then use a Simplex program to calculate

the best fit values of the coefficients [Dose (1987) ].

Results and Discussion

Table 3.3 summarizes the coefficients obtained with a best fit

to the langmuir and BiLangmuir equations. Figure 3.13 shows the

isotherm data using the best fit bilangmuir parameters to the isotherms

of Chicken Albumin and OcxeObumtin proteins. An excellent fit is
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Table 3.3 Summary of Protein Isotherm Data

Experimental Langmuir BiLangmuir CSC
Conditions Parameters Parameters mg

Chicken Albumin 50 mM Tris Ac+ a= 59.06 Al= 119.1 0.256
50 mM NaAc b= 4.56 31= 18.05

pH 8.6 csc=0.20 A2= 6.71
32= 0.69

Chicken Albumin 50 mM Tris Ac+ a=37.87 Al= 105
25mM NaAc b= 4.22 31= 21.2

pH 9.6 CSC=0.14 A2= 2.14
32= 0.33

0.18

Conalbumin 50 mM Tris Ac+ a=156.48 Al= 353.2 0.264
25 mM NaAc b= 10.36 31= 34.0

pH 9.6 CSC=0.24 A2= 4.93
32= 0.77

BiLangmuir Isotherm

73



■
u

•s h o w • H U
> •d H o c
t

A H
-

0 H A O ft CP
-

A u O A ft A ft 0 W H
-

A A 1 H
-

n M A ft H
-

O A

a d 1 \ E

C
Xm

LB
U

M
IN

, 
pH

 9
.6

1
5

 
-

1
4

1
3
 
-

C
hi

ck
en

 A
lb

ijm
in

, 
pH

 8
.6

1
2

 
-

11 1
0
 
-

C
hi

ck
en

 A
lb

u
m

in
/ 

pH
 
9
.6

8
 
-

7
 
-

6
 
-

5
 
-

3
 
-

2
 
-

C 
m

g/
m

l



obtained for the Bilangrauir iscthem in cxsntrast to the Langinuir

equation (Figure 3.12).

In order to predic± the overloaded elution chrcniatograins the dead

time was measured and was 16.2 secxsnds. Ihe HETP was assumed to be

0.01 cm based on other columns pacJced using the same procedure. Ihe

retention time was ccdculated from the al parameter of the bilangmuir

isotherm.

Figure 3.14 shews in squares the esiperlmental profiles and in

solid line the predicted profile using the bilangmuir equilibrium

isotherm equation. Ihe 3 curves correspond to the injecticxi of 0.1665

mg, 0.0985 mg and 0.07476 mg (i.e. 65 %, 38 % and 29.2 % of the column

saturation capacity) of chiciken albumin in an aqueous soluticxi of 50

irM Tris Acetate and 50 nM Na Acetate, pH 8.6 with a mc^ile phase flow

rate of 50 ul/min. Ihe agreement between e}^)erimental and simulated

chrcmatograms is good, althcu^ the variation of the band retention

time with sample size is smaller for the e}<perimental results than for

the predicted profiles and the front of the eJ5)erimental band for the

largest satiple is not as steep as predicted.

Figure 3.15 shews a ccnpariscai of experimental and predicted

profiles for chicken albumin in 50 nM Tris-Acetate and 25 nM sodium

acetate, pH 9.6 at a flew rate of 50 ul/min. Each curve corresponds

to a saitple size of 0.083, 0.067 and 0.048 mg of protein (i.e. loading

factor of 46.2 %, 37.3 % and 26.7 %; re^)ectively). Ihe predicted

profiles i^cw a sli^t decrease in retenticxi time with decreasing

loading vhich is not seen eiqierimentally. Ihe peak maximum of the

&^)erimental profiles hcurdly move with decreasing saitple size. However,
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the general shape of the profiles predicted is good.

Figure 3.16 shews the band profile of conalbumin in 50 itM Tris

Acetate and 25 nM sodium acetate, pH 9.6 at a flew rate of 50 ul/min.

The sample size is 0.041 and 0.029 mg for each respective curve. This

corresponds to a loading factor of 15 % and 11 %; respectively,

aialitative agreement between ejperimental and theoretical profiles is

shewn. Again, saitple size d^aendenoe of the ejperimental retention

time is lewer than predicted and the front of the experimental bands

is less ste^ than the front of the predicted bands.

The differences between experimental and eiperimental profiles may

be due to the slew rate of adsorption and desorption on the surface of

the stationary phase. For entropic reasons, the protein vhich

interacts with the surface in several points has a rather lew

probability of dissociating all of the points at the same time.

Furthermore, molecular diffusion of the protein in the solution is slew

and its accemmodaticxi on the surface is lew. For these recisons, a

kinetic model of ehromatography would probably give better results.

The application of such a model would reqiiire an ind^)endent procedure

for measurement of the rate constants.

Nonetheless it is remarkable that a semi-equilibrium model

permits the satisfactory prediction of the band profiles of proteins

under isocratic conditions.

78



0.041 mg
0.028 mg

-theoretical

aexperimental
CJI

20 25 3015

Time (min)

Figure 3.16 Comparison of Theoretical and Experimental Band
Profiles for Conalbumin, pH 9.6
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Ch.!^.er 4

Two-Ccnponeixt Croblaa

Ihe purpose of chrcnnatography is to s^}arate ccntponents frcm a

mixture. Ihis chapter discusses the separaticxi of binary mixtures by

overloaded elution chrxmiatogr^iiy for small and large volime

injections. Section 4.1 presents data taken vdien a sufficient amount

of sanple is loaded on the column such that the individual ccaxponent

profiles interfere and never ccnpletely s^sarate. Ihe semi-ideal model

of chrcmatography as described in Chester 2 is used to calculate the

theoretical profiles using the single ccnpoient Langmuir parameters in

a ccaipetitive Langmuir isotherm. Section 4.2 will present data

collected vhen the injection is sufficiently large that the profiles

exhibit a plateau. The theory developed in Chc^jter 2 will be used to

predict band profiles vising a ccnpetitive Tangmiiir isotherm vhere the

parameters are measured from single ocnponent data. Because the large

volvime injection leads to a constant state (the plateau),

transformation of the concentratiai time profile to a plot of the

concentration of the first ocnponent versus the concentration of the

second results in the appearance of strai^t lines. By finding the

langmuir parameters vhich give the best fit strai^t line, an estimate

of the adsorption isotherm can be made frcm mixture data. Ihe best

fit langmuir parameters are determined for mixtures of different

conposition. Section 4.3 then uses these best fit langmuir parameters
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to predict the profile for binary overloaded elution data presented in

section 4.1. Details concerning the oonposition d^sendence for

nonlangmuirian systems is presented elsevAiere [ffe et al.]

4.1 Overloaded Elution C!hzcniatogra(diy

In chapter 3 ei^jerimental determination of the band profiles was

made by measuring the detector re^xsnse and converting the response to

concentration by a calibraticai curve. Ihe calibration curve is made

by direct injection of the pure sample at different concentrations.

Hcwever, for two component mixtures vhere the bands interfere and the

Ccilibration curve is nonlinear. Althou^ it is possible to determine

the individual ccmponent conoentraticxi profiles as a function of time

by measuring the calibration curve surface, fitting the surface to a

model and then deconvoluting the profile, the method of fraction

collection was employed in this stuc^. Diere are two methods of

determining the individual ccnpcxient profiles ty analysis of the

individual components. One is by online analysis vdiere the effluent

of the pr^jarative column is sampled and injected into an analytical

chromatograph. The second method is by collecting fractions and

reinjecting an aliquot into the column for analysis. The second method

was chosen because it is possible to have a hi^ier sampling rate and

a ccaipletely automated system.

Evaluatim of the Fraction Oollector

Ihe method of fracticai collection was evaluated by ccnparing the

band profile cbtained frm the detector re^xsnse and a calibraticmi
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curve and that obtained by collecting fractions with reanalysis of a

one ccnponent overloaded band. Figure 4.1 shows the chrcanatogram

obtained at the detector outlet v4ien 30 mg of pheryl-ethanol is

injected using a 100 ul sample loop. A Ccilibration curve, Figure 4.2,

was determined and fit to a polynomial, EXji. 4.1:

C=4.7 lV+6.621^3+0.197^5 (4.1)

vAiere V is the response frcm the detector in volts and C is the

concentration in mg/ml. The esperimental data and the fitted

polynomial are ^cwn in Figure 4.2. This polyncmieil was used to

convert the chrcmatogram. Figure 4.1, to a concentration time profile.

Figure 4.3 shews a comparison of data collected by fraction

collection, reinjection and analysis (squares) with a conoentratian

time profile determined from the detector re^xanse (solid line). There

is essentially no difference between the two profiles. This exercise

proves the accuracy of the method of fractiai collection and the

validity of the data.

Determination of GoncentzationrTiine Profiles

for Binary Mixtures

The individual band profiles of several binary mixtures was

studied by comparing the detector response profile to the individual

ccnponent profiles determined by fraction oollecticxi. Figures 4.4a-h,

shew the total profile given by the output of the detector and the

corresponding individual concentration-time profile obtained by fraction

collection for mixtures vhere the ratio of the amount of component 1

and component 2 is 1/1, 1/3, 3/1 and 9/1. The total amount of sample
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1/1 Mixture
10 mg C 10 mg P

I
C

M
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0.7

0.9 -
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0.4 -

OJ -

0.2 -

0.1 -

0 - I  1

TIrrw (min)

1/1 Mixture
10 mg E, 10 mg P

1  -

(a) Response Profile, v Experimental
(b) Concentration Profile, □ Phenyl-ethanol,

+ Phenyl-propanol

Figure 4.4 Experimental Response and Concentration Profiles
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7 mg E, 21 mg P
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(c) Response Profile, v Experimental
(d) Concentration Profile, □ Phenyl-ethanol,

+ Phenyl-propanol

Figure 4.4 (continued)
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Figure 4.4 (continued)
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9/1 Mixture
28 mg E. 1.7 019 P
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(g) Response Profile, □ Experimental
(h) Concentration Profile, □ Phenyl-ethanol,

+ Phenyl-propanol

Figure 4.4 (continued)
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and cx3tponent 2 is 1/1, 1/3, 3/1 and 9/1. Uie total amount of saitple

injected is 20 mg, 28 mg, 40 mg and 30 rag in Figure 4.4a-b, 4.4c-d,

4.4e-f and 4.4g-h; respectively. Table 4.1 summarizes the experimental

sample sizes and loading factors for the different mixture oonpositions

studied. This data was taken on column #1 v^ere ocxrponent 1 was

Eher^l-ethanol and ccmponent 2 was phenyl-prc^anol. Since phenyl-

ethanol has a lower UV response than pheryl-prc^>anol at the same

concentration, the detector re^ionse gives a distorted profile.

The response profiles for a 1/1 and a 1/3 mixture are shown in

Figure 4.4a and 4.4c and the concentration profiles in Figure 4.4b and

4.4d. The shape of the individual ocnpoient profiles are similar to

those of the total profile. This is in part due to fact that the

amount of interference is not extremely hi^. Figure 4.4e ^ows the

response to a 3/1 mixture. The detector response seen at the top of

the page gives the appearance that the second ocmoponent mi^t be

gaussian in i^pe. Determination of the concentration-time

chrcmatogram, on the bottom of the page. Figure 4.4f, shews the large

amount of overlap and a long dilute band. Similarly, for a 9/1

mixture. Figure 4.4g-h shews the elongated rear profile of the second

(xnponent.

Situations \\here there is strong interference, limited conclusions

may be derived from the detector re^xsnse cind other methods of

monitoring the preparative column effluent must be taken.
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Table 4.1 Sxunmary of Overloaded Elution Experimental Data

total sample
size (mg)

PE

(mg)
PP

(mg)
PE

Lf(%)
PP

Lf(%)

1/1 20 10 10 7 7

1/3 28 7 21 5 15

3/1 40 30 10 21 7

9/1 30 28 1.7 21 2.3

Loop Volume: 0.1 ml
Average column saturation capacity: 145 mg
Loading factors are based on single component isotherm
data on Column #1, Table 3.1, in per cent CSC.
PE: Phenyl-ethanol, PP: Phenyl-propanol
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Oonparison of E>^)erimental and Theoretical Profiles tising

Single-Oonponent Tanrjnnii r Parameters in a

Ocnpetitive Langmuir Model

Hie semi-ideal model of chrcxnatography, ejqilained in detail in

Chc^jter 2, was used to calculated the individual ccaiponent profiles

using the eiqierimental conditions as parameters in the model. Table

3.1 summarizes the experimented parameters measured and used in the

modeling. The corpetitive langmuir adsorption isotherm equation uses

single component adsorption parameters in this model. The injection

function described in the boundary condition was assumed to be a

rectangular plug having the same width as the sample locp, 0.1 ml, and

an area equal to the amount injected.

Figure 4.5 shows a comparison between theoretical and

ejperimental profiles under the 4 conditions eiperimental data was

taken. Figure 5a, 5b, 5c and 5d illustrates the profiles vhen the

ratio of the amount loaded is 1/1, 1/3, 3/1 and 9/1. The ejperimental

profile of pheryl-ethanol is given in squares vhile the phenyl-propanol

profile is shown in circles. In general, the front of the first

component and the rear boundary of the second component are predicted

virtually exactly hy the model. However, the theoretical profiles

(lines) show less interference compared to the ej^jerimental profiles

(symbols). Althou^ the rear boundary of the first eluting component

compares very closely to the experimental values, the major difficulty

spears in predicting the elution time of the frrart of the second

eluting component. Another difference between the theoretical and

ejperimental profiles is that consistently the theoretical profiles are

92



cn

(J

%

4  6

Time (Min)

(a) 1/1 Mixture, □ Phenyl-ethanol, o Phenyl-propanol
Figure 4.5a Comparison of Experimental and Predicted

Profiles using Single Component Isotherm
Parsuaeters and a Rectangular Injection Profile
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(c) 3/1 Mixture, □ Phenyl-ethanol, o Phenyl-propanol
Figure 4.5 (continued)
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taller and narrower than the ejqjerimental profiles.

Regardless of the rather minor difference between the predicted

and ej^jerimental band profiles, this two conponent data shews that the

profiles obtained viien the same amount of saitple is injected alone is

profoundly different from that obtained in a mixture. Figure 4.6 shews

theoretical profiles dstained assuming no interaction between the

ccnponents overlaid with the esqjerimental data. Ihe difference is

striking. The non-interacting model shews a large degree of overly

between the first and the second component vhile the interacting model

dicws that the displacement effect "enhances" resolxition. Moreover,

the retention time of the front of the first and second components is

not correctly predicted at all.

Figure 4.7 ^ows a conpariscxi of a non-interacting model (i.e.

using strictly single conponent adsorption isotherms) versus a

conpetitive model (i.e. competitive Langrauir isotherm) for a 1/9

mixture and a 9/1 mixture. Ihe a and b parameters for this particular

figure are provided in the figure itself and is different from the

other calculations. Figure 4.7a shows the comparison for a 1/9

mixture. Uie band profile of the second eluting component is the same

vhether a mixed isotherm or pure isotherm is used. This is true under

the specific condition studied here, but at hic^ier loadings significant

differences can be seen. On the other hand, the band profile of the

first component using a competitive isotherm elutes in front of the

second component and partially overlays with the second component vhen

injected alone. This jAienoroenrai is caused by the second di^lacing the

first component from the stationary phase. Since the second component
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(b) 9/1 Mixture, S - Profile with Single Component Isotherm
C - Profile with Competitive Isotherm

Figure 4.7 (continued)
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adsoriDs more strongly to the stationary phase than the first cartponent,

the second ccmponent desorbs the first ocnponent from the column

causing it to elute earlier in the presence of the second carponent.

This effect is ccramonly called the di^lacement effect.

Cjonversely, if the first ccnponent is in larger amount ccmopared

to the second conponent a different effect occurs. Figure 4.7b

ccnpares interacting and noninteracting bands for a 9/1 mixture. The

first eluting ccnponent esdiibits rou^y the same peak shape injected

alone and in the mixture. At higher loading factors, this difference

in profiles becomes more significant. Hcwever, the second ccnponent

no longer exhibits the usual triangular sh^)e profile for langmuir

shaped isotherms, but is pulled forward by the first ccnoponent. This

is called the tag-along-effect analogous to the younger brother taging-

along with the older sister. Since the first ccnponent is major and

occupies a large number of sites, the second ccnponent althou^

strongly adsorbed is in smaller quantity and cannot effectively pudi

the molecules of the first ccnpcxient frcm the stationary phase. Since

there are not enou^ sites avciilable on the surface for the second

ccnponent to adsorb, a fraction of the second ccnponent molecules move

faster throu^ the column in the mixture than they would alone. This

gives rise to long dilute profiles of the second ccnponent. Figure 4.8

shows the band profiles obtained for a 3/1 mixture under the same

e^q^erimental conditions as shown in Figure 4. 5c assuming no

interaction. Ccnparing 4.8 and 4.5c, a strong tag-along effect is

seen.
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In suronary displacement effects occur vAien the second component

is in larger quantity compared to the first vhile tag-along effects

occur vhen the first component is in larger quantity than the second.

Ihere is good esperimental agreement with the theoreticeil predictions.

Effect of Saople Loop Voltnne

Thus far, it has been assumed that the injection profile is a

plug having the same width as the injectiai loop. However, it is

possible that there is dilution before adsorption on the column and

that the sample vpon entrance to the colxamn deforms or broadens. In

order to understand the importance of the injection volume on the band

profile, band profiles with rectangular injecticais of increasing volume

were calculated for all four mixtures. Figure 4.9 shows the calculated

profiles having an injecticxi time of 5.8, 11.6, 23.2, 34.8 and 46.5

seconds. This calculation is analogous to ejperimentcilly keying the

amount injected constant and increasing the same loop volvnne frcmi 0.1,

0.2, 0.4, 0.58 to 0.77 ml and decreasing the concentration of the

sample. These results shew as the injection volume increases, the

hei^t of the first and secmd component decreases. For the 1/1, 1/3

and 9/1, Figure 4.9a, 4.9b and 4.9d, the top of the profiles beconae

rounder and flatter; however, there is little change in the overall

shape. But, for the 3/1 mixture the larger volume leads t» more

overlap and the shape ccxiforms more closely to that seen

ejqaerimentally.

Using a loop volume of 0.6 ml leads to the best agreement with

eiperimentcil data. Figure 4.10 compares the experimented data with a
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Figure 4.9 Effect of Volume on the Band Profile
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Figure 4.9 (continued)
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Figure 4.9 (continued)
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(a) 1/1 Mixture, □ Phenyl-ethanol, o Phenyl-propanol
Figure 4.10 Comparison of Experimental and Predicted

Profiles for a 0.5 ml Rectangular Injection
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dilute injection corresponding to a 0.6 ml sanple loop. Althou^ the

relative heists of the peak correspond almost exactly with the

experimental data and there is significantly more agreement with the

es^jerimental data for the 1/3 mixture, there is a general discrepancy

on the amount of interference.

This iirprovement in the agreement suggested measurement of the

actual injection profile by removing the colvran and injecting the

sanple directly into the detector. Figure 4.11a shews the injection

profile of a 1/3 mixture from a 0.1 ml sample locp in terms of

response (volts) from the detector at 272 nm. This profile is not

rectangular and looks like an e:ponentiedly modified gaussian. The

extra column volume of the system is 0.417 min as seen by the offset

from the origin. CJanparison of the esperiroental profile (symbols) with

a rectangular injection having the same width as the sanple locp (0.1

ml), in Figure 4.11b, ̂ ows that there is significant dilution of the

sanple after the injec±or. The experimentcil curve was fit to half

a gaussian vhere the area imder the curve is equal to the amount

injected and the standard deviatican is twi<oe the base width. Figure

4.11c shows a ccmparison between the e)perimental profile (symbols) and

the fitted curve (line). The diffuse frcant of the profile is

approximated by a vertical line and the rear boundary is sli^tly more

diffuse than as modeled. It is this cpproximaticxi to the esperimental

profile vhich is used in the rest of the studies to speci:^ the

gaussian (half-gaussian) injecticxi function in the boundary ccaiditions.
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Figure 4.11 Injection Profile
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Figure 4.12 shews a cxxnparison of theory with ejqjeriment using

the half-gaussian injec±ion function. The flat tcp nature of the

theoretical profiles is no Icaiger seen giving profiles vAiich are

c^praximately the correct hei^t, but still differ in the degree of

interference.

From this work, we conclude that the one major assunption not yet

addressed is that the ccampetitive adsorption isotherm is obtained from

single component data and not measured directly from mixture data. In

order to collect data on the ccmpetitive isotherm, a method being

developed in house was tested for the first time by collecting

esperimental data. The eiqperimental data and the method are discussed

in Section 4.3. Then in Section 4.4, the meeisured isotherm parameters

based on mixtures are used to predict the band profiles of the binary

mixtures. In this Section 4.4 we will return to the overloaded elution

data presents here.

4.2 The Large Volme Injection

The experimental apparatus used for the large volume injection is

almost the same as for the pulse injecticxi. It is difficult to inject

over a 3-5 minute period using a sample loop since diffusion in the

tube leads to non-rectangular injection profiles. The injection valve

was reconfigured so that one could switch from the mdoile phase flowing

to the sample solution dissolved in the mobile phase flowing into the

column. Figure 4.13 illustrates the new configuration of the injection

valve. The pressure restrictors used in this experiment were old

colimms to ininimize the pressure drop i;pon switching. The second pump
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Figure 4.12 Comparison of Experimental and Predicted
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xised was a Gilson (Middleton, WI) mcxiel 301 punp fitted with a 5FW

puirp head, a flow throu^ Pressure gauge and a SSI Pulse Dairper (State

College, Pa).

Similar to the overloaded elution experiments, the saitple was

loaded by switching the injector for a specific amount of time. The

individual ccmponent profiles were obtained by fraction collection and

reanalysis.

The Hodogri^ Transfoxm

For a binary mixture, the ocxioentration of each solute C, (x,t),

C^(x,t) is a function of the column length x and time, t. Since

measurement is made at the colimin outlet, the column length is constant

and C,(t),c:^(t) are measured. The hodograph ^ace is considered the

inverse function vhere t(q,C^), x(C,,C^). It has been shown [Aris] for

the case of the Langmuir isotherm, the Hodograph transformation gives

two strai^t lines for chroroatogr^hic profiles v»hen the injection

volume is large. The slope of these two strai^t lines are ind^jendent

of the plateau concentration. Therefore, from an experimental data,

these lines can be fit in order to determine the best parameters of

the isotherm model.

When the Langmuir model does not account prcperly for the

conpetitive interaction of the solutes, then the simple wave theory

dicws [Ma] that the slope of the stred^t lines are a function of the

feed conposition. Different isotherms predict different d^jendencies.

For exanple, the modified Langmuir isotherm shows that the Langmuir b

parameters are a function of concentration and thus could be determined
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O  ̂1^1* ̂12^1^2

1 +2>J^ ̂ 1*^2 ̂2 *^12 ̂1 ̂2

frcm siKxessive wide pulses of binary mixtaares having different

ocnposition. Also the characteristic lines of the Hodograph transform

are sli^tly curved.

Figure 4.14a illustrates a theoreticeil elution profile, having a

oatpetitive Langmuir isotherm, of a two ccnponent mixture viien the

injection volimie is large encu^ that vp elution, the chrcmatogram

still e>diibits a plateau. Figure 4.14b illustrates its hodograph

transform. The conversion frcm an elution profile to a Ifodograph plot

occurs by plotting at each time the conoentration of ccnponent 1 versus

the concentration of ccnponent 2. Therefore, in the elution band, vhen

the ccMTcentration of the first ccnponent rises a vertical line extends

form the origin to point A (C,^^,0) on the Hodograph plot. The

intermediate plateau of the first ccnponent converts to a point (A) in

the hodograph plot. The elution of the second ccnponent leads to a

decrease in concentration of the first ccnponent and in the hodograph

plot this transforms to a line extending from A (C,^,0) to B

plateau concentration correspcnding to the injection

concentration, transforms into a single point (B). When the tail of

the first ccnponent elutes frcm the column, the concentration of the

second ccnponent decreases giving a strai^t line from point B

^  After the first ccnponent has eluted, the

second ccnponent is pure resulting in a line frcm point C to the

origin.
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Ihe key the value of the Ikxiogrc^ transform is the mapping

of the (z,t) plane on the (C1,C2) plane. Die advantage of using the

Hodograph Transform is that it is a universal plot and the lines

obtained are ind^iendent of the column length, injection profile,

mobile phase velocity and to a large extent kinetic effects. When the

injection is wide enou^ to give a plateau it is possible to derive

algebraic relationships between the s^iaration factor, the slope and

intero^it values of the lines in the Hodograph plot and the b values

of the conpetitive Langrauir adsorpticxi isotherm. When the competitive

isotherm deviates strongly from Tangmiir bdiavior, then the Tangmni-r b

values are a function of ccaxentration. Die concentraticxi dependence

must then be determined ejperimentally by systematiccilly changing the

plateaux concentration. Figure 4.15 sunmarizes the algebraic

relationships used to calculate the b values from the best fit strai^t

lines. Diese b values are called best fit TangrninV parameters. Die

a parameters are obtained as before from infinite dilution retenticai

measurements and the phase ratio.

Die next four sections will present data collected with a large

volume, rectangular i^ped injection profiles vhere the ratio of the

amount injected is 1/1, 1/3 and 3/1 and one non-rectangular injection

profile vJiere the ratio is 1/1. For each mixture the injection

profile, column output detector re^xxise and the concentration-t:ime

profile will be presented. Additu-onally, a comparison of theoretical

and experimental eluticai profiles and Hodograph plots using a

competitive Langrauir adsorption isotherm with single component Langrauir

parameters will be presented. Lastly, comoparisons with the best fit
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b parameters will be presented. Table 4.2 summarizes the ejqjerimental

ocjnditions and parameters derived from this stucfy. For these

e}?)eriments, the total concentration was constant, 20 mg/ml, but

the ratio of the ccmposition of the two ccraponents was varied.

The 1/1 Rac±angular injec±ion

Figure 4.16 ^ows the measured injection profile for a

rectangular injection using the configuration described in Figure 4.14.

A sharp front and rear boundary is clearly obtained. Figure 4.17 idiows

the detector response monitored at 272 nm at the column outlet to a

1/1 mixture injected over 3.5 minutes. Figure 4.18 shews the

dhrcniatogram after analysis of the collected fractions. An attempt at

making a correspondence between the concentration time profile in

Figure 4.18 e^q^lains the detector response profile. The initial

plateau is Icwer since phenyl-ethanol has a detector response about

one-third of phenyl-prqpaiwl at 272 nm. The plateau corresponding to

the inlet concentration is seoi at 1.5 volts and does not saturate the

detector, one advantage of working at 272 nm. The shoulder seen at 10

minutes occurs vdien the secmd ccnponent beccmes pure. Figure 4.17

shews concentration of the first ccnponent at 5 minutes because of

di^lacement effects from the secmid ccmpoient. Errors occurring from

reanalysis of the data are seen on the plateaux vhere sli^t scatter

of the data is apparent.

A cxmparison of experimental and theoretical elution profiles for

this mixture is shown in Figure 4.19. The theoretical profile is

predicted using single component isotherm parameters in a competitive
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Table 4.2 Summary of Large Volume Injection Parameters

1/1 3/1 1/3 1/1 Component
Rect. Rect. Rect. Non-Rec. Langmuir

bg ml/mg:
bp ml/mg:

0.02113

0.02557

0.02661

0.02975

0.02236

0.02947

0.02955 0.0148

0.02336 0.0255

bg ml/mmol:
bp ml/mmol:

2.582

3.4826

3.2517

4.052

2.732

4.041

3.611 1.809

3.691 3.479

csc E (mg):
csc P (mg):
avg. csc :

98

150

124

78

129

103

93

130

111

70 140

164 150

67 145

HETP:

uz cm/s:
u^ cm/s:

0.0167

0.06887

0.1355

0.00847

0.06920

0.13889

0.00847

0.069204

0.13889

0.00847

0.06920

0.13889

inj. time s:
min:

210

3.5

300

5.0

216

3.6

270

4.5

dt sec:

number of dt

0.484

:  434

0.245

1224

0.245

882

0.245

1102

Ceo ®g/rol5 10.30225
Cpo mg/ml: 10.08625

15.1079

5.0649

5.15355

15.12175

10.3188

9.2181

b,,avg = 3.044 ml/mmole standard deviation of 0.43
bg/avg = 3.69 ml/mmole standard deviation of 0.27
csc E: 83.4 mg
csc P: 142 mg
avg csc; 113 mg
T„ 184 second

k'

k'

s

308.5 seconds,
414.0 seconds,

L: 25 cm

porosity: 0.74
E: Phenyl-ethanol (1), P: Phenyl-propanol (2)

'•o*
[• •'■R1 •
'•R2*

0.714,
1.3,

M-
4*

1.924 ml/ml
3.554 ml/ml
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langrauir model. In general, the front of the first and the second

ocnpcxient are more diffuse than predicted. Ihe major difference

between theory and ejgjeriment is the predicticai of the hei^t of the

plateau cai the tail of the pure secmd ccmponent. Transformation to

the Ifadograph space, Figure 4.20, shows more clearly that there is a

systematic difference between the eJ5)erimental and theoretical profiles.

Using the ejqjerimental data and equations in Table 4.2, best fit

langmuir isotherm parameters are found in the Ifodogr^ space. Figure

4.21. A least square fit of the e>?)erimental data gives good results.

Using the semi-ideal model, the elution profile is predicted using the

best fit Langmuir Parameters. Figure 4.22 shews a ccnparison of the

theoretical profile and the experimental data. Althou^ the front of

the first and second ccraponents of the ei^jerimental profiles is more

diffuse than predicted, the second ccmpcaient rear boundary is improved

to give virtually an exact fit. The best fit b values eure summarized

in Table 4.2. The b parameter for both ccraponents increases from b. =
1,S

1.809 ml/mmol and b^s= 3.479 ml/ninol in the single catpcnent case to

b, ,,= 2.582 to b^j,= 3.4826 from the Hodograph analysis. The increase

in the b parameter means there is more interacticxi than predicted in

the ideal case. The column saturation capacity in both cases is

significantly lower.

The 1/1 NofD-xectangular mjeetion

In the next experiment, a non rectangular injection is

considered. Ejgjerimentally this is acccnplished ty using a 5 ml sample

loop and injecting over 5 min. Hcwever, during the elution, there is

133



a.

-I ■miM
5  10

[Phenyl-propanol]

- Theoretical, □ Experimental
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Figure 4.21 Best Fit Lines in the Hodograph Space to
Experimental Data
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dispersion in the locp due to the poiseuille flow profile. Figure

4.23a shews the detector re^xsnse to direct injection of pure phenyl-

ethanol at hi^ concentration into the detector without a colvimn.

Dispersion in the saitple loop results in the appearance of a sharp drcp

in the concentration at 4 minutes. Using a calibration curve, the

response curve for pure phenyl-ethanol was converted to Figure 4.23a

shews the detector response to direct injection of pure concentration,

Figure 4.23b. The true injecticxi profile shews a almost 1 in^ar

decrease in concentration after 4 minutes. In order to predict exactly

the elution profiles, this portion of the curve was fit to a curve.

Figure 4.23c ̂ ews a conoparison of the eiqjerimental injection profile

(symbols) for both cemponents cenpared to the fitted profile (line).

The equation for the profile after 3.25 minutes for phenyl-ethanol and

phenyl-propanol are:

R1 = -0.37257*t? - 0.85*t + 10.3188 (4.3a)

R2 = -0.37257*t? - 0.7*t + 9.2181 (4.3b)

vhere t for these particular equations is in minutes.

The detector response at the column outlet to a 1/1 non-

rectangular injection is shewn in Figure 4.24. In ccntrast to the

detector response for the rectangular profile. Figure 4.17, the plateau

does not remain horizontal. C3ollecting and reanalyzing feactions gives

the concentration-time chrcroatogram. Figure 4.25. Taking into account

the injection profile. Figure 4.26 shews a cemparison of theory with

ej^jeriment using single oenpcaient parameters in the cenpetitive

Langmuir isotherm model. The front is predicted well, thou^ the shock
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at the start of the second cxrapcxient is a little more diffuse than

predicted. The rear boundary however, is not very well predicted with

this isotherm model. This is seen more clearly in the hodograph

transform, Figure 4.27, vAiere the line of negative slope fits the data

well, however, the line of positive slope corresponding to the rear

boundary is systematioally deviating from the data. Using a least

square fit. Figure 4.28 shows the lines with the best fit values of

the Langinuir parameters. Figure 4.29a shows the predicted band

profile. The best fit langmuir parameters give better agreement with

the e^^jerimental data. The injection profile must be taken into

account, use of a rectangular injection of time 4.5 minutes gives

significant deviation from the true profile. Figure 4.29b.

The best fit b parameters are b, ,,= 3.61 ml/mmol to b^f,= 3.691

ml/mtnol for the 1/1 diffuse injection. These parameters are larger

than the single cosirponent b parameters and are even larger than for the

rectangular 1/1 injection.

The 1/3 Rectangular mjection

In order to investigate the effect of the conposition on the

isotherm parameters a 1/3 and 3/1 mixture was studied using a

rectangular injection profile. Figure 4.30 shows the detector response

at the outlet of the column for two ocaisecutive injections.

R^roducibility of the ohromatogram is excellent. Fraction collection

and reanalysis gives the ohromatogram in Figure 4.31. The plateaux is

very clear and the errors on reanalysis are small.
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Figure 4.32 shcxnjs a cxxnparison of theory and experiment using

single cxxrponent Langinuir parameters. In general, again, the

e3?)erimental profile is sli^tly more diffuse than predicted. The

small plateau on the rear boundary correspcaiding to pure phenyl-

prcpanol does not match exactly with the location of the e^q^erimental

plateau. The Ifodogr^Si transform. Figure 4.33, shews systematic

deviations on the rear boundary, vhile the frrait ̂ ipears to match very

well. Calculating the b parameters according the sl<^ of best fit

line in the Ifodograph space. Figure 4.34 is obtained. The elution

profile with these parameters gives an exact fit. Figure 4.35. The new

b parameters are b, ,,= 2.732 to fĉ  ,,= 4.041 ml/nraol.

The 3/1 Rectangular Injection

The last set of experiments were done with a 3/1 mixture. The

detector response at the column outlet is given in Figure 4.36. This

profile is characteristic of the two ccniponent large volume

experiments. The differences in the profile with changing ccmposition

is the hei^t of the pure first ccmponent plateau. At 10 minutes, the

first component elutes frcra the column giving rise to a short plateaux

for the second ccraponent. Clearly, this concentration is much lower

for the 3/1 mixture in cxxrtrast to the 1/3 mixture. The elution

profile after evaluation of the fcactions is given in Figure 4.37. A

comparison of theory and ejgseriment using single ccraponent Tamjnn-i-r

parameters in the competitive langrauir model is shown in Figure 4.38.

Excellent agreement is obtained on the fronts of both components. The

difficulty again coanes in the predicticai of the "plateau" cxi the reeir
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boundary vAien the first ccnpcxient ccMicentration goes to zero. There

is more scatter in this ejgjerimental data than the others. The

hodogr^3h transform gives an ̂ jpixadmate, but does not exactly fit to

the data. Figure 4.39. The best fit strai^t line are shown in Figure

4.40. The elution profile based on these new parameters is given in

Figure 4.41. The b parameters obtained for this data b, 3.2517 and

The average b value calculated frcm Table 4.2 was b, 3.044 +-

0.43 and b^,^= 3.69 +- 0.27 ml/iiimol. These average b values fit the

ejgjerimental data under all the conditions well in both the elution,

Figure 4.42a-d and Hodograph space. Figure 4.43a-d. These values will

be used to reevaluate the overloaded eliition data in Section 4.3. The

next subsection is an aside on the use of other models to predict the

large volume elution data.

Kinetic Models

The theoretical analysis thus far used the semi-ideal model of

chrcmatography. However, the scheme etrployed propagates errors

according to the finite difference scheme. For compcurison another

finite difference scheme, Lax-Wtendroff, was used with a kinetic and

dispersive term. A large kinetic parameter was used so that

equilibriimi was assumed and the dispersion term was adjusted to give

a 500 plate column. The best fit b pcirameters are used in the

equilibrium isotherm. The advantage of this scheme is that errors are

of the order dz squared. The band broadening due to the numerical

scheme is small. The disadvantage of this scheme is that it is more
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difficult to get a stable solution and the carputation time is larger

than with the semi-ideal model. A carparison between theory and

experimental data for the 1/1 rectangular injection is shewn in Figure

4.44. Ihe theoretical fronts are generally less sharp than that

predicted by the semi-ideal model (Figure 4.22) and the shape of the

rear boundary profile follows more exactly the true curvature.

Similarly, the 1/1 non-rectangular injection, Figure 4.45, gives curved

edges vAiich conform to the data more closely; especially in the region

vhere the first cotponent is enhanced in concentration. The shape of

the injection profile must be considered. Assuming a rectangular

profile. Figure 4.46, the predicted curve deviates from the

experimental results v4iere the injection profile becomes non-

rectangular. For a 1/3 mixture. Figure 4.47 the kinetic model gives

an excellent fit in all regions of the curve.

Using only the kinetic model, no dispersion term, the kinetic

parameter was adjusted to give an HETP of 0.01 om (2500 plates) at

infinite dilution for the 1/1 rectangular. Figure 4.48, 1/3, Figure

4.49 and 3/1, Figure 4.50 mixtures. Wilike the previous models, very

sharp rectangular comers are predicted. Otherwise, the agreement is

good. This model approaches closely the ideal model of chromatography.

4.3 Reevaluati^ of Overloaded Elution Data: Best Fit

Tangmiiir Parameters

The b parameter for all the ccnpositions studied was averaged and

used to reeval\iate the overloaded elution data taken earlier.
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Sani-ideal Model

Figure 4.51a-d shews a ocmparison between theoretical and

eo^jerimental data for the 1/1, 1/3, 3/1 and 9/1 mixtures taking into

aooount the half-gaussian profile. All mixtures shew very good

agreement, and in general better agreement than using single ocanaponent

langrauir parameters in a ocmpetitive Tangmnir isotherm. Figure 4.51a

shows the 1/1 mixture. The front of the first camponent does not

agree exactly with the experimentcil data. However, the degree of

interference eind the profile of the secmd component follows very

closely the data. For the 1/3 mixture. Figure 4.51b, the theoretical

profile elutes 0.2 min earlier than found experimentally but the

profiles otherwise match very well. The 3/1 mixture. Figure 4.51c,

shows much better agreement with the average b parameter from the

hodogr^h transform than using single component b parameters. The

second component profile agrees exactly with the data. The first

compcmient is, however, shifted about 0.2 min. Similar results are

seen for the 9/1 mixture. Figure 4.51d.

Comparison of theoretical profiles with a gaussian and

rectangular injection show significant differences in the band profile.

Figure 4.52a-d. In general, the rectangular profiles give rise to

taller, narrcwer band profiles and consequently there is less

interference than with the half-gaussian sh^ied injection profile.

Thus, taking into account the shape of the profile results in better

agreement with e>perimental data.

Craig Simulation
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The Craig mcdel was used to calailate the band profiles in

overloaded elution chrcjnatography. A ccmparison between predictions

using the Craig ixdel and es^jerimental data is shown in Figure 4.53a-d.

In genercil, the Craig model gives sharper bands. Dais is due to

differences in the way the calculaticxa is carried out and the resulting

difference in the capacity factor dependence on HETP. Doe front and

rear boundaries of the first and seocsid ocnpcnents are predicted well,

but the degree of interference is better predicted by the semi-ideal

model.

Controlled Diffusion Model

lastly, the controlled diffusion model was lased to make

predictions of the band profiles using the Heif-gaussian injection

profile. Doe control diffusicxa method gives results half way between

the semi-ideal model and the Craig model. Figure 4.54a-d. Daou^ very

little difference can be seai between the Craig and control diffusion

model. Figure 5.55a-d.

4.4 Quantitative Ccnparison of the Different Models for Predicting

Overloaded Elution Profiles

Die experimentcil and theoretical pzofiles of various Tiicrig»is for

a pulse injection can be summarized guantitatively by defining various

characteristic parameters. Diese parameters are defined in Figure 4.56

vhich illustrates the ideal soluticn for a bincUY mixture. Table 4.3-

4.6 summarizes the values of these parameters for the different

overloaded elution conditions studied. In parenthesis is the
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Table 4.3 Quantitative Evaliiation of the l/i Mixture in Overloaded
Elution Oironatogrz^hy

Characteristic Baraineter (error)
Ejq). Model 1 Model 2 Model 3 Model 4

ta 4.2 4.2 4.2 4.3 4.2

dtl
(0) (0) (•1) (0)

dt2 1.8 1.75 1.2 1.4 1.8

dt3
(.05) (.6) (.4) (0)

dt4 2.8 1.4 2.0 2.1 2.2

sum of
(1.4) (.8) (.7) (.6)

errors 1.45 1.4 1.2 .6

hi 17.4 21 21.2 19.3 21.6

h2
(3.6) (3.8) (1.9) (4.2)

h3 - - - -

h4 8.3 11 10.1 8.4 8.4

h5
(2.7) (1.8) (.1) (.1)

sum of

errors 6.3 5.6 2.0 4.3
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TaQsle 4.4 Quantitative Evaluation of the 1/3 Mixture in Overloaded
Elution Chronatography

Qiaracteristic Parameter (error)
Model 1 Model 2 Model 3 Model 4

ta 4.2 4.3 4.2 4.1 4.2

(•1) (0) (.1) (0)
dtl 0.54 0.88 0.72 0.7 0.77

(.34) (.18) (.16) (.23)
dt2 1.8 0.7 1.1 1.2 1.2

(1.1) (.7) (.6) (.6)
dtS — — —

dt4 3.26 2.58 2.4 2.7 2.7

(.68) (.86) (.56) (.56)
sum of

errors 2.22 1.74 1.42 1.39

hi 16.5 21.5 21 17 21.6

(5) (4.5) (.1) (5.1)
h2 9 3.7 3.0 3.3 3.3

(5.3) (6) (5.7) (5.7)
h3 7 .95 1.1 2.2 2.2

(6.05) (5.9) (4.8) (4.8)
h4 15.5 21.0 17.7 16.6 16.1

(5.5) (2.2) (1.1) (.6)
h5 - - —

sum of

errors 21.85 18.6 11.7 16.2
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Table 4.5 Quantitative Evaduation of the 3/1 Mixture in Overloaded
Elution CihromatograptY

Characteristic Parameter (error)
Exp. Model 1 Model 2 Model 3 Model 4

ta 4.05 4.1 4.2 3.8 3.95

dtl

(.05) (.15) (.25) (.1)

dt2 1.95 1.6 1.6 1.9 1.8

dtS 2.1

(.35)
0

(.35)
0

(.05)
0.55

(.13)
0.55

dt4 3.3
(2.1)
2.6

(2.1)
2.4

(1.55)
2.8

(1.55)
2.7

(.7) (•9) (.5) (.6)

sum of

errors 3.2 3.5 2.35 2.38

hi 46.2 55.2 50 48.3 58

h2
(9) (3.8) (2.1) (11.8)

h3 - - - -

h4 5 17.1 7.5 4.95 7.1

h5 3.3
(12.1)
0

(2.5)
0

(.05)
8.8

(2.1)
4.7

sum of

(3.3) (3.3) (5.5) (1.4)

errors 24.4 9.6 7.65 15.3
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Table 4.6 Quantitative Evaluation of tbe 9/1 Mixture in Overloaded
Elution Chrcinatography

Characteristic Parameter (error)
Exp. Ifodel 1 Model 2 Model 3 Model 4

ta 4.05 4.1 4.05 3.8 4.03

dtl -

(.05) (0) (.25) (.02)

dt2 1.9 1.8 1.7 2.0 1.8

dt3 -

(9.1) (.2) (.1) (.1)

dt4 3.03 3.07 2.4 2.9 2.8

sum of

(.05) (.63) (.13) (.23)

errors 9.2 .83 .45 .35

hi 35.7 46.6 42.3 42 48

h2 -

(10.9) (6.6) (6.3) (12.3)

h3 - - - - -

h4 1.1 1.2 1.3 0.92 0.92

h5 -

(•1) (.2) (.18) (.18)

sum of

errors 11 6.8 6.48 12.48
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difference between the ejqjerimentcil and theoretical characteristic

parameter for each case.

Of the different theoretical r^resentations presented in Chapter

4, four models vhere chosen to make a quantitative ccooparison with

e:q}erimental data. Model 1; Enplqy the Rcuchon-Golshan-Shirazi semi-

ideal model with single ccrapcsient Langmuir isotherm parameters in a

ocrapetitive Langmuir model and assume a rectangular injection profile.

Model 2; Enplcy the semi-ideal model with single ccstponent TangmnV

parameters in the ccnpetitive Langmuir isotherm and assume a half

Gaussian injection profile. Model 3: Btploy the semi-ideal model with

the average hodogre^ parameter and assume a hcLLf Gaussian injection

profile. Model 4: Ertploy the Craig Model with the average Hodograph

parameter and assume a half Gaussian injectiai profile.

The results from these tables show that Model 3, use of the semi-

ideal model with the average hodogr^h parameter in the competitive

Langmuir model with a half-gaussian injecticxi profile, consistently

gives the least error in the retenticai time and in the hei^t paraiwM-Ar

for all the different mixture compositions. Model 4, use of the Craig

model with the average hodogr^ii parameter in the ccnpetitive TangmnT-

model with a half-gaussian injection profile, gives results which are

similar with Model 3. For the 1/1 and 9/1 mixture, the sum of the

errors for the time parameter are less than for Model 4; however, in

all cases Model 3, Craig, gives much taller peaks than Model 4.

Thus, this quantitative ccnparison shows that the method of

Hbdograph transform provides a more accurate r^resentation of the

isotherm and thus gives improved prediction of overloaded eluticai data
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than using single cxxtponent parameters isotherm parameters in a

cxxnpetitive Langmuir model.
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Chiyter 5

Trace EnricifanieDt of an mpurity

Trace aralysis is usually carried cut xasing elutican

diranatogrc^y by injecting the largest sanple size ccHipatible with

nearly linear behavior of the chroroatographic colxirans. Sane degree of

band corpression may be achieved throu^ gradient elution. In many

practical cases, the detecticai limits are too hi^ and dilution of the

band in elution chronatogr^iiy further prevents any quantitative

analysis. Sensitivity can be iirproved only by resorting to the

developnent of sophisticated enrichment methods anchor the use of

advanced laser induced spectrofluorescence detection. Such methods are

usually extremely specific to the analyticeil problem for which they

have been developed and lack generality.

Ihe first section of this chcpter will discuss the enrichment of

or extraction of small amounts of an early eluting ccraponent in the

presence of large amount of a later eluting conpaient. The second

secticai proposes a general method for the enrichment of trace

irapurities regardless of the elxiticn order of the iinpurity eind the

major component. Quantitative analysis of the trace can be made

subsequent to this enrichment procedure. The enrichment procedure is

based on utilizing the effect of sharp boundaries in displacement

chromatography.
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5.1 By Overlozuied Elution Ghranatogrzphy

When deoj^ibonucleic acids in living cells is esqwsed to

xiLtraviolet radiation, damaging structural alterations occur. Produced

are various classes of pyrimidine cydcbutane dimers, pyrimidine

hydrates, glycols, various additicxi products and scaaoe purine products.

The pyrimidine cycloixitane dimers, including thymine-thymine, thymine-

cytosine and cytosine-cytosine, are the most abundant, representing as

much as 90 % of the UV damaged products. At physiologically

significant eposures ( < 10 j/m2 at 254 nm), the concentration of

these ccnpounds in extremely low, of the order 0.02% or less of the

base concentration.

One problem is the accurate determination of trace constituents

from components in large quantity is epplied in this section to the

problem of quantitating snail amounts of thymine--thymine dimer from

solutions of thymine. A complete analytical procedure involves the

qtantitative extraction of the dimers from a mixtxare of regular bases

followed by derivatization of the dimers and their quantitative

analysis by gas ohromatogrephy. This scheme makes possible the

achievement of low detection limits in pite of the sanaii sanple sizes

avsdlable, often not exceeding 500 ug.

To aid in the selection of optimum conditions for the isolation

and determination of trace amounts of thymine dimer from soluti(xis of

thymine, HFIC under overloaded elution was examined.

209



Theoretic2LL

Hie semi-idecil model of chmnatography is enplcyed to predict

band profiles of the mixtures in this stuc^. Hie mass balance equation

is described in Chc^jter 2.

Consider a tMo ccnponent mixture vdiere one ccnponent is in large

quantity and the second is in small quantity. In general, the

equilibrium isotherm for the major components is given by the

ccnpetitive Langmuir isotherm:

For the coaoponent vMch is in smeill quantity, it is not necessary to

determine the b, parameter since that component is in the linear

region of its isotherm. However, its adsorption bdiavior is effected

hy the amount of the other components in soluticai. Hierefore, the

adsorption isotherm for the component (s) in small quantity is written:

For the component in large quantity, the impurity is in suoh small

concentration that equation (5.1) reduces to:

Using these simplified isotherm models, the isotherm parameters ci,, a^

and b^ were determined esperimentally. Fran the isotherm data, elution

profiles of large samples were made.
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Ihe elxitiai dironatogram of a synthetic mixture of thymine

moxmer and dimer is shewn in Figure 5.1. Ihe retention time of the

dimer and rooncroer is 1011 and 1101 seccxids; respectively. The dead

time, detennined frcm the retenticxi time of uracil is 195 seconds. The

relative retention of the two ccnpounds is 1.11. The resolution is

1.43. The column efficiency is 5000 plates.

The equilibrium adsorption isotherm of thymine in the

chrcnatographic system was determined hy ECP. The data euia r^xsrted

in Figure 5.2 in squares and the curve r^resents the best fit langimii-r

isotherm. The curvature of the isotherm is not vary large in the

COTicentration range investigated.

The values of the coefficients obtained by least square

regression of equation 5.2 for thymine are 15.908 ml/ml and b^=

0.11774 ml/mg. The coefficient a, determined frcm the retention time

of pure dimer and the phase ratio is equal to 14.03 ml/ml.

validity of Model

Kicwing the adsorption isotherm, the porosity, the mobile phase

velocity and the column dimensions, as shown in Chester 3, it is

possible to make accurate predictions of the band profiles. Figure

5.3a illustrates the conoentraticn time Ghrcmatogram obtained for

tlymine injected at a concentration of 2 mg/ml for a 1 ml and a 1.25

ml injection. The theoretical predictions are slxwn in Figure 5.3b.

This model also permits the prediction of band profiles of binary

mixtures. Figure 5.4 shows a predicted eluticoi chrcmatogram for

thymine dimer to monomer in a ratio of 1:1405. The inset shows an
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ej^ansion eiround the base of the thymine peak. Figure 5.5 shows the

detector response at 300 nm shewing caily the thymine peak and the inset

shews the response at 210 shewing the dimer. Ihese eo^arimentcLL

results si^jport qualitatively the theoretical predictions. Ihe

resolution between the bands is exxnparable. Similar results were found

for 1:112 mixtures.

Effect of Sanple Size

Ihe stui^ of the effect of sample size aids in the understanding

the concentration effect. Figure 5.6a shews the theoretical profile

of the dimer as if the detector were calibrated and ^jecific only to

the dimer. Ihis figure r^resents the eluticxi profile of 82 ng of

dimer in samples containing increasing amount of thymine ( 0.082, 0.82,

2.0, 5.0 and 8.2 mg). The profile of Thymine was not drawn. Figure

5.6b ̂ cws the profile of increasing amount of thymine in the presence

of dimer (vhich cannot be seen). By adding increasing amounts of the

later eluting ccnponents, the ooncentraticn of the early elvrting

ocnpcund is increased. Because the retenticn time of the front of the

band decreases with increasing ooncentraticmi of thymine, the diriva-r is

ocnpressed and concentrated.

Exactly the same behavior is seen vhen 8.2 or 0.82 ng of

is injected. The band profiles have the same shape, only the mayiTniim

value of the ordinate is reduced frcm 0.05 to 0.005; re^)ectively.

216



o
.o

cu

o
.in

U3
lU

4-1

D
C

O
o

SltOA 9.31 X

o

o

cy

o
in

o

o

T"
o
in

o

in

o

.o

s:HOA g_ot X

asuodss^

insert: Expansion around base of thymine peak

Figure 5.5 Experimental Profile of Dimer and Monomer in
1:1405 Ratio

217



.o

oooe oooz

|uj/6n 3
0001

-»n

_o

0010COCO

iai/6n 3

(a) Profile of Diitier
(b) Profile of Monomer (1:0.082, 2:0.82, 3:2.0, 4:5.0 and

5:8.2 mg)

Figure 5.6 Profile of 82 ng of Dimer in the presence of
Increasing Amount of Monomer

218



Enridment by Recycling

Ihe xjse of recycling techniques for the enrichment of traces was

investigated ijsing the numerical scheme. The extraction of 1/24000 and

1/5000 (w/w) binary mixtures dimer in aqueous soluti(xis of monomer was

studied. The sairple size was 82 ng of dimer and 400 ng of dimer for

the two respective cases.

For the case of the 1/24000 (w/w) mixture, under conditions of

strong band overloading such as in Figure 5.7, coelution of the band

fronts take place. A fraction of the elution band was collected so as

to recover 95 % of the early eluting ccmponent. This feaction contains

1:1700 (w/w) ratio of dimer to moncroer and its volume is between 1 and

2.5 ml. It was assumed that this volume could be reduced to 100 ul

and reinjected. Upon reinjecticxi, the chrcmatogram shown in Figure 5.8

was predicted. Fnam this chrcmatogram it was calculated that 95 % of

the dimer could be collected vhere it has been enriched to a ratio of

1:1.6.

A similar stuc^ was made with a 1:5000 mixture. After the first

cycle, it was found that 95 % of the early eluting ccrapound could be

recovered in a fraction with a 1:287 (w/w) mixture. If a 99 % yield

was required a 3-fold enrichment occurs resulting in a 1:1894 mixture.

Subsequent reinjection of the first fraction led to a considerably

enriched second fraction conteiining a 10:1 mixture. By aoc^iting a 95%

yield instead of a 99 % yield, substantial enrichment is obtained 1:^

a sli^t decreeising in yield. These results aoce summarized in Table

5.1.
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Table 5.1 Enrichment by Recycling

Initial 1st Cycle* 2nd Cycle*

First Case

Amount D (ng) 82 78 74
Amount T (mg) 2 0.13 4.7E-5
Ratio (w/w) 1:24300 1:1700 1:1.6

Second Case

Amount D (ng) 400 396 377.3
Amount T (mg) 2 0.109 3.45 E-5
Ratio (w/w) 1:5000 1:290 10:1

*A11 yields are 95 %
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An experimental stu^ was made to test the theoretical results.

Figure 5.9 illustrates the elution chrcroatogram of 82 ng of dimer in

the presence of 2 mg of thymine, monitored at 300 nm. Ihe retention

time of the band front are in nearly quantitative agreement with Figure

5.7. Hie sli^t difference in elutiai time is attributed to

e>?)erimental error resulting frcm fact that the elution profiles were

determined several weeks after the determinaticai of the isotherm. On

collecting the eluate frcm 15.6 to 16.5 min, concentrating the fraction

to 230 111 and reinjecting it under the same eluticai conditions, the

chramatogram in Figure 5.8 was recorded at 300 nm. Ihe inset diows

the chrcmatogram at 210 nm. The experimental chrcmatogram in Figure

5.10 is in excellent agreement with the predicted result in Figure 5.7.

Good resolution is observed between the dimer and the thymine band.

The retention time of both bands are sli^tly shorter than predicted.

The collection of fractions hcis to be loade drop by drx^ and

sli^t differences between the number of drops collected drastically

changes the composition of the fracticai collected. This more serious

ej^ierimental problem prevents exact di^ilicaticxi of the conditions

selected for the calculation runs.

This work shows that overloaded elution permits the collection of

hi^ily enriched fractions of an inpuri-t^ for quantitative analysis

accuracy and precision.

5.2 By Displacanent Ghronatogxapby

Proposed is a method fca: the enrichment of impurities frcm a

mixture by allowing the rectangular she^)ed bands in displacement
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chronatography make cxjncentrated zones of inpurities. Addressed in

this chanter is vAiere does the band trace ^pear and vtet is it's

profile.

Calculation Parameters

The band profiles for a three carponent mixture were studied

viiere the sample has two major ccnponents having equal concentration

and a trace ccnponent vdiose isotherm is either below the first main

ocnponent, in between the two main ccnponents or between the main

ccnponent and the di^lacer. Ihe single ccnponent isotherms are ̂ own

in Figure 5.11.

Ihe isotherm are assumed to follow ccnpetitive langrauirian

behavior. Ihe column capacity factor at infinite diliition are 7.5 and

11.25; respectively for the two nain ccnponents and 16.5 for the

displacer. The colimm saturation Ccpacities are 4.8 g and 6.5 g for

the two main conpcaients. Chrcmatograms for 25 cm and 50 cm columns

are sham. The mobile phase velocity was 0.625 caVsec and the column

HETTP is 30 lan. The column cepacity factor for the three different

possible impurities are 6, 9 and 13.75; respectively. Calculations

were made using 100 mg samples of each of the main ccnpcaients and

impurities with a ccaxentration of 5 ppm.

Results and Discussion

Figure 5.12a shews the individual band profiles for the

displacement sepeuration cmi a 50 cm column. The trace ccnponents are

too small to be seen in this figure. As isotachic train is formed.
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Figure 5.12b sbsjas the profiles of the trace iirpurities eluting in the

three positions studied. Ihe inpurity is more conoentrated when it is

corpressed between two bands (b and c) than vhen it elutes first (a).

Ihe fourth profile (d) vAiose ordinate axis is on the ri^t, corresponds

to linear elution of the same amount of the irpurity as if were

injected alone. Note the 20 fold increase in the maximum concentration

of the band and the ei^t fold difference in the base band width.

A system was considered with one major ccnpcaient and two

impurities eluting between the major caxpcnent and the displacer. The

chromatograms are ̂ cwn in Figure 5.13a and 5.13b. Figure 5.13a is the

isotachic band profile and 5.13b is the profile of the two inpurities.

The inpurities are ccnpressed into a single zone with no s^aration.

Isotachic displacement bands were cdso obtained at 25 an.

Figures 5.14a and 5.14b shew the di^laceonent train the profile of the

impurity as if it were eliited third. As expected, the band shapes are

exactly the same for the 50 and 25 an columns. The breaJcthrou^ front

dramatically increase the production time especicilly in view of column

regeneration.

These results diow that di^lacement chronatogrephy can aid in

the solutiai of two different problems. First is the removal of trace

inpurities frcm a major ccnpoient vhen the major ccnpcmjent is of

interest. Second is the ccaicentraticn and enrichment of impurities

frcm concentrated solutiois.

These results were compared with the overloaded elution mode

chrcmatography. Using the same isotherms and injecting the same

amcunt, Figure 15a ̂ cws the overloaded elution band containing 100 mg
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of each of the major ccnponents cn a 50 an colximn. Figure 15b shows

the profiles of the impurities eluting in their respective positions.

Althcu^ the first eluticai impurity is ccrapressed, its TnaviTnum

concentration is 9 times less than the first elvrting in displacement

chrcmatogr^phy. However its maximum concentration is two-thirds hi^er

than in linear elution chronatogr^jhy and is 8 narrower at the

base of the band. Ihe second and third elution ccnponents are more

dilute than in linear eluticxi chronatogrephy are even broader at the

base.

These results show that the advantage of fast cycle of

overloaded elution chramatogrephy has a disadvantage of the hiding

impurities during elution. The advantage of hi^ ocaicentration zones

of displacement chrcmatography has the disadvantage of column

regeneration.
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Chapter 6

Optijni2a.tioin of Binary Overloaded Elution Separations

The send-ideal model of dhronatography is used to calculate the

inflioence of the saitple amount and the volxmne for several binary

mixture on the production rate achieved in pr^jarative liquid

chrcmatography. Among the unsolved problems, one of the siirplest, yet

of hi^est practical importance, is to know whether large volume dilute

sanples or small volume ccaioentrated samples, holding the amount

injected constant, should be injected into pn^jarative columns for

maximum production rate of the desired ccnpcxient. Another question

addressed is vhat is the optimum amount injected vhich yields the

largest production rate. This ch^xter will be restricted to binary

s^jarations in overloaded eluticn chrcmatography.

6.1 Effect of loading Factor and Sample Volune

This section assumes that the column length is ccaistant, 25 cm,

the production rate is proportional to the cross-sectional area and the

HETP is 56 um (4450 theoretical plates). The column is operated at a

hi^ mc±)ile phcise velocity, 0.625 cso/sec. For the s^xarations studied

in this section, the dead time was 40 seconds, the retention time of

the first conpcxxent was 270 seccaids and the elution time for the second

conoponent was adjusted according to the relative retention. The void

fraction was 0.8 and the phase ratio 0.25. In all cases, the
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proJuction rate and yield were calcailated assuming 99 % purity for all

the fractions collected.

The Langmuir ccaopetitive isotherm parameters are a^=23 ml/ml, 3^=

25 ml/inl, = 2.38 and - 2.56

The effect of the sanple amount and the sairple volume on the

producticHi rate (umole/an2 s) of a binary mixture at 99 % purity was

studied for six two-ccroponent mixtures. Three of the mixtures have the

same relative amount injected (1/3), but the s^jaration factors was

varied (1.09, 1.25 and 1.7). At a s^>aration factor of 1.7 mixtures

having a relative ccnposition of 1/9, 1/3, 3/1 and 9/1 were studied.

Table 6.1 sumnorizes the ccxiditicns for the optimum production rate

vhich are discussed in detail below.

Definitions

Ihrouchixtt; Amount of sample injected per imit per unit cross-

sectional area.

Production Ratei The amount of sample recovered at the di^^i-npd degree

of purity per xmit time per unit column area.

(6.1)
t^cycle

vhere Y,. is the yield of conpcaient i, is the loading factor, (a/b)

is the ratio of the langmuir parameters (mmole/an3 stationary phase),

^icaip ^ ̂  fraction of ccrapcnent i in the mixture, L is the column

length, e is the porosily and t^^^ is the cycle time. Thus, the

definition of production rate is reported per unit rrfygs-f^ect ior"=* i

area.
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Table 6.1 Experimental Conditions for Optimum Production
Rate

Individual
Total

Comp• Mix Production Vol* Prod.
# alpha Comp. Rates Yield (%) (S) Rate'

1 1.09 1/3 1.494 0.383 4.25 1 3.298
2 2.30 0.983 0.9 1 3.196

1 1.25 1/3 6.99 0.503 29.2 1 15.515
2 12.17 0.983 5.9 1 16.244

1 1.7 1/3 16.581 0.590 95.2 3 46.463
2 35.059 0.993 34.0 1 46.477

1 1.7 3/1 49.005 0.546 104 5 57.208
2 92.82 0.959 29.1 1 38.134

1 1.7 1/9 65.27 0.649 82.5 1 53.652
2 52.717 0.992 43.1 1 58.073

1 1.7 9/1 64.831 0.517 122 5 67.919
2 34.64 0.812 33.2 1 41.383

the injection width in number sigma units
' production rate of component 1 and 2 at the specified

conditions
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Cycle Time; The cycle t±ne in this stax^ is ccxisidered the TniniTmim

cycle time required for consecutive r^^eated isocratic injections. The

first ccmponent of the (nfl)th injection begins to elute just after the

second conpcaient of the nth injection. The enc^ints of the

chroraatogram are defined arbitrarily as the time vhen the concentration

equals 10-15 moles (feratcmole).

Loading Factor; The amount of sample r^rted as the feaction of the

column saturation capacil^, = 100

Influence of the Separation Factor

Figure 6.1 illustrates the effect of the loading factor and the

sample volxime cai the production rate of ccnponents 1 and 2 for a

sample having a s^aration factor of 1.09 and a relative ccaipositiCTi

of 1/3. Each curve corresponds to constant sample injection volume of

1, 3, 5 and 10 standard deviations of a Gaussian peak; respectively.

This corresponds to a 500 ul, 1.5 ml, 2.4 ml and 5 ml injection on a

standard analytical column. Figure 6.1a shows the producticai rate

versus loading factor curves at different volumes injected for

ccnponent 1 and Figure 6.1b for ccnponent 2. For both carponents, as

the injection volume increases the production rate at a given loading

factor decreases. In particular, the maximum production rate decreases

with increasing volume. The Tnaximum production rate for a dirac

injection is sli^tly smaller than for the 1 sigma injection. Ikjwever,

in most cases it would be unrealistic to consider a dirac injecticai

because of practical limitations in solubility. Kxx and lyper have

cilready shewn that little band broadening is achieved for a pure
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ccBopcanent as Icaig as the sanple volume does not e»::eed half the volume

of the peak (2 sigma).

The optimum loading factor for maximum production rate at

constant column length, linear velocity and particle size is 4.5 % for

ccnponent 1. The maximum prcxiuction rate decreases form 1.5 to 0.75

uiii/(cjii? s) vAien the sanple volume is increased from 1 to 10 standard

deviations vfliile the corresponding loading factor increases from 4.3 %

to 5 %. For the second conpOTent, the optimum loading factor at the

maximum production rate iixreases from 0.8 % at 1 sigma to 5 % for a

10 sigma injection v^le the oorre^xxding production rate decreasing

with increasing volume from 2.3 to 1.5 umole/(on? s). In contrast to

the first conponent, at leu?ge loading factors an asynptotic value of

the production rate for conponent 2 eppears at approximately 1.2

umole/(oni? s).

Figure 6.2 illustrates the influence of the injectiai volume for

a 1/3 mixture at a selectivity of 1.09 and a loading factor of 2 %.

This loading factor is intermediate between the optimum value for

conponent 2 (0.9 %) and 1 (4.3 %). The elution time for this set of

chromatcgrams is adjusted Iy subtracting the injection time. Using the

adjusted time, the band fronts and tails coirxzide. The peak hei^t of

ccnponent 1 is unaffected ty the injection volume vhile that of

conponent 2 decreases sli^tly as the injection CQncentration

increases. The width of the first conponent decreases with increasing

volume, vhile the width of the second ccnponent increases with

increasing volume. The asynraetry factor (width at 10 % of the peak

hei^t) for the first conponent increases with increasing sample volume
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and it follows a similar pattern for the second ocnponent.

Die selectivity was increased to 1.25 and to 1.7 for the same

sairple ccnposition (1/3). Ihe variaticai of the production rate for

each ccmponent as a function of the loading factor are qualitatively

very similar for these two selectivitJ.es. Accordingly, only the

results obtained for a separation factor of 1.7 are r^xarted in Figure

6.3. A plot of the production rate versus loading factor for ccraponent

1 and 2 are shewn in Figures 6.3a emd 6.3b; respectively. For this

mixture vhere the selectivi'^ is large, the sanple volimie has little

effect on the production rate exc^t at very large loading factors

vhere a large drop in the production rate with increasing volume is

seen. Hiis is because the loading factor is so large that the

nonlinear self-sharpening effects are stronger than the band broadening

introduced by the injecticxi. As the loading factor increases, the

first ccnponent in compressed and concentrated. However near the

maximum production rate, sli^t increcises in the amount injected cause

the fronts of the two ccnpcaents to become very close to each other

thus giving a sharp drop in the producticxi rate.

Ihe curves in Figure 6.3a are very similar to those in Figure

6.1a except for the curve corresponding to the 10 sigma injection. It

is believed that this curve is qualitatively different from the others

due completely different band shapes caused by frontal effects. Figure

6.3b ^cws the production rate of component 2 as a function of the

loading factor. Similar to Figure lb, the curve goes throu^ a

maximum, but in contrast to the Figure lb, separation factor 1.09, the

mapdmum is less prmounced. An asynptote is seen at large loadings
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approaching 26 vraiole/Ccar? s).

It appears for this mixture that the optimum loading factor is

nearly the same for the different sample volumes. This is also true

for the 1/3 mixture with a relative retention of 1.25 vhich is not

shewn. For components 1 and 2, separation factor of 1.7, the values

of the optimum loading factor is approximately 90 % and 40 %;

respectively. Ihe productioi rates at these valxies of the loading

factor are 16 and 33 umoles/(oni? s) for each compcxient.

Influence of the Ocoposition of the Binary Mixture

The production rate for a 3/1 mixture, s^aration factor 1.7 is

^own in Figure 6.4. In contrast to the 1/3 mixture, the sample volume

influences somesnhat the values of the maximum producticai rate of

component 1 and of the cptimum loading factor (see Figure 6.4a). In

this case there is an optimum sample volvmne, giving the hi^iest

production rate for the first component. Ihis optimum volume is 5

standard deviations. Ihe optimum loading factor is Icurge, ̂ proximately

105% column saturation capacity and the maximum production rate, 49

umoles/on^s.

The same result is not true for component two (see Figure 6.4b).

The production rate increases rspidly at first with increasing value

of the loading factor, and then it tends eisymptoticedly towards values

of 8.3, 8.1, 8.0 and 7.4 umoles/om^s for 1, 3, 5, and 10 sigma

injections; re^jectively. The optimum loading factor is ̂ proximately

cOTstant, at 30 % of column saturaticmi capacity correspcxjding to a

production rate of 9.3 umoles/on?s.
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similar studies to the ones described above were carried out for

a 1/9 and a 9/1 mixture. The qualitative trends observed for the

influence of the loading factor and the sample volume on the production

rate are similar to those alreac^ reported for the 1/3 and 3/1

mixtures.

Table 6.1 summarizes the ocxiditions under vAiich the maxiinum

production rate is achieved for the first and the second components,

for clLI the mixtures investigated. The first observation is that the

values of the maximum producticai rate, the optimum sample volume and

amount injected corresponding to this maximum producticxi, are different

for the two ccmpcnents of a binary mixture. The loading factor vhich

gives the maximum production rate for ccmpcaient one is cilways much

greater than that for component two. This is because, in order to

optimize the production rate for component one, it is important to take

advantage of the displacement effect which tend to concentrate this

component. In contrast, in optimizing the production rate for

component two, one should use displacement effects, but to a limited

degree.

Clearly, the larger the separation factor the more the column has

to be overloaded in order to achieve the maximimum production rate and

thrcu^put. The values of the tot2d. production rates corre^xanding to

the maximum production of either component 1 or 2 cure very close,

exc^jt for mixtures containing more component 1 than 2. In this case

the throu^put corre^xanding to the maximum production rate of compound

1 is much larger (about 50%) than the thrcu^put corre^xxiding to

maximum production of component 2. The difference between the two
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throu^^wt values is large vAien the lesser concentrated coanrponent

elutes last because of the tag-etlong effect [Ghodbane (1988a)].

Elution Band Brofiles under Optinum Conditions.

Elution band profiles of the two ccraponents of the mixture

simulated under different sets of esperimental conditions (different

values of the selectivity and conposition) are shown on Figures 6.5.to

6.7. In each case the values of the loading factor and the sanple

volume corresponding to the maximum production of either ccnponent 1

or 2 have been selected. On each chrcmatogram the cut points for 99

% jxiriiy are also shown. The area between the two vertical lines is

the portion vhich requires recycling. It should be anphasized that the

optimum eiiperimental conditicxis, especicdly the optimum value of the

loading factor, corresponding to the maximum production of one

component are very different from those corresponding to the TnayiTmm

production of the other. Accordingly, vhen both compounds have to be

recovered pure, a conpromise involving the operation cost and the value

of the production has to be found.

Figure 6.5 shows the chromatograms corresponding to the optimum

conditions for 1/3 mixtures having separaticxi factors of 1.09 (Figs.

6.5a and 6.5b) and 1.25 (Figs. 6.5c and 6.5d); reqjectively. If

component 1 is the product of interest (Figs. 6.5a and 6.5c), the

second component vhich is in a hic^ier concentration is eitployed to

displace and concentrate the first component. The amount injected and

processed is large, twt the yields are moderate or low. For component

1, the yields vary between 40 and 60% (see Table 6.1), d^jending on
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(c) Component 1, selectivity 1.25, Mixture Composition 1/3,
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Figure 6.5 Calculated Chromatograms Corresponding to the
Optimum Production Rate for each Component, 1/3,
selectivity 1.0 and 1.25
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the characteristics of the mixture. Ihe yield iixareases with increasing

selectivity. If ccnponent 2 is the product of interest, on the

contrary, more modest degrees of column overload permit a marked

reduction of the relative importance of the intermediate zone of

overly in the chromatogram (see Figs. 6.5b and 6.5d). The yields

achieved for the ccmponent of interest are much larger than in the

previcxis case. Most yields exceed 95% (see Table 6.1).

It is interesting to ccnpare Figures 6.5b and 6.5d, vhich

illustrate the chrcroatograms correspcaiding to the optimum conditions

for maximum producticai of ccnponent 2, for a = 1.09 (Fig. 6.5b) and

for a = 1.25 (Fig. 6.5d). Since the s^aration factor is in the

former case, there is band overle^ and at the cut point the

displacement effect is still small, barely sufficient for the band of

ccnponent two to begin pushing the tail of ccnpcaient one.

On the other hand, >hen the s^araticxi factor is increased to

1.25 for the same mixture conpositicn, the chromatogram corresponding

to the optimum conditions for the production of ccnpcxient 2 (Fig. 6.5d)

ejdiibits nearly ccnplete s^aration of the two bands. Althou^

considerable interaction between the bands still takes place. The tail

of the first ccnponent band is almost ccnpletely displaced and the

little part vhich is eluted after the second shock of the band system

is small enou^ tdiat the fracticxi cut may be placed at the second

shock. This allows achievemait of 99% purity of ccnponent 2, 100%

yield for the second ccnponent and 99% yield for the first ccnponent

at a purity largely exceeding 99%.
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Figure 6.6 shows the cSiranatograms obtained for the 1/3 and the

3/1 mixtures at a s^aration factor of 1.7. With larger s^aration

factors, much larger injected amounts are required to achieve

eqiaivalent di^lacement effects. This in turn means hi^ier band

velocities. Ihus, concentration shocks of the first ccatponent are

eluted nearly at the dead time: the eluticn time of the front of the

first ccmponent (60 sec) is very near the dead time (40 sec), as seen

in the case of the optimization of the producticai of the first

component from both the 1/3 and the 3/1 mixture (see Figs. 6.6a and

6.6c). This is in contrast with the elution time of the first

component front observed with a separaticxi factor of 1.25, 100 seconds

(Fig. 6.5c) and 200 seconds (Fig. 6.5d) for the optimization of the

production of components 1 and 2, respectively. For the production of

component two, on the contrary, di^lacement effects are used minimally

to achieve the highest production rate with just enougi band overlap

to permit the achievement of the purity requirements (Figs. 6.6b and

6.6d).

Lastly, the chromatograms for the optimum production of either

components 1 or 2, for a 9/1 and a 1/9 mixture is presented in Figure

6.7. In general, the di^lacement effects are vised to squeeze and

concentrate the band of component 1, vhich permits a large production

if a moderate yield is acceptable. The experimental conditions become

r^idly criticeil, however. If the amount injected is increased

sli^tly beyond the optimum in the case of Figure 6.7a, the front of

component two would soon catch vp with that of component cxie and be

eluted nearly at the same time, vhich would thus result in a severe
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Figure 6.6 Calculated Chromatograms Corresponding to the
Optimum Production Rate for each Component, 1/3,
3/1, selectivity 1.7
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loss of production (see Figure 6.3a). In the case of ccnponent two,

the column should be overloaded only vp to the point vhere the front

of the second ccnponent is eluted just before the end of the tail of

the first one, allowing moderate overlap only. This permits in the same

time the achievement of a hi^ (98%) yield and of the purity

specifications.

6.2 Ccnparison with kqqk and ̂ ^per

Khox and lyper have presented a method for finding the optimum

thrcu^:^)ut vhich uses a very sirrple model. They coisider that the

adsorption behavior of the two ocnpcaTents of a binary mixture follows

the Langmuir isotherm, tut neglect solvite-solute interactions. Later

Snyder [Eble et al. (1987c)] has attenpted to inprove over this model

by going to the other extreme assunption. The "blocikage effect"

assumes that there is no oonpetition, but that the molecules of the

first eliited ccnponent do not "see" the stationary phcise in the first

part of the column vhich is "saturated" by the molecules of the second

ccnponent. The profiles ̂ cwn above on Figures 6.5 to 6.7 demonstrate

that the actual bdiavior of the eluites is intermediate between those

ccaisidered in these two models. Even for a selectivity of 1.7, there

is seme significant degree of ccnpetition between the molecules of the

two ccnponents for adsorpticxi.

Ihe optimum throu^put was Ccdculated euxording to the equations

in the reference 1 and are presented in Table 6.2. Since this model

does not include solute-solute interactions there is no discrimination

between mixtures of different ccnposition (1/3, 3/1, 1/9, 9/1). Kiox
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Table 6.2 Comparison between Tbroughputs Calculated by Knox
and This Work

alpha Mixture Throughput* (umoles/cm^s)
Composition ref. Knox This work

1.09 1/3 0.32 15.5 (1)
4.5 (2)

1.25 1/3 5.69 55.3 (1)
16.6 (2)

1.7 1/9 51.5 100.5(1)
59.1 (2)

— 1/3 51.5 112.0(1)
47.1 (2)

— 3/1 51.5 119.9(1)
38.7 (2)

9/1 51.5 139.2(1)
42.7 (2)

Amount injected per cycle time
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and I^per predict values of the optiraum throu^i^xit viiich are rauch lower

than predicted with the semi-ideed. model for mixtures having a

separation factor of 1.09 and 1.25. Itowever, for the mixtures with a

s^jaration factor of 1.7, there is a good agreement for caiponent 2

between their approximate value for the optimum throu^put and than

those obtained by the semi-ideal model. For ccnponent 1, values of the

thrcugtput are still double or triple those of Khox and Pyper. This

is because the optimum loading factor for catponent two corresponds to

a chronatogr^hy vhich gives a resolutioi of one, but for caiponent 1

this is not true. The close agreement at hi^ Veilues of the

selectivity may be due to the fact that competitive effects are less

significant than at lower s^aration factors. Ihis is in agreement

with the fact that the "blocikage effect" accounts reasonably well for

results obtained at hi^ values of the selectivity (i.e., above ca 1.7

to 2). Moreover, Kxjx and Pyper asfumip 100 % yield at 99 % purity

will give the optimal production rate vhioh is very near to the

conditions for the optimum in this work for component 2.

6.3 The Tradeoff between Yield and Fxoduetion Rate

The yield was studied as a function of the loading factor

(fraction of column saturation cEpacity) for various mixture

compositions (1/9, 1/3, 3/1, 9/1) and at 4 different saiiple volumes

(i.e. 1, 3, 5 and 10 standard deviations of the solute gaussian band

at infinite dilutiai). In all cases we observed that eill of the yield

versus loading factor curves were mmotonically decreasing and concave

vp. More specifically, a pattern can be seen for components 1 and 2

254



for all the different types of sairple mixtures, Figure 6.8 (a=1.7).

For ccnponent 1, a 1 sigma injection, the yield is practically

unaffected by the mixture ccoipositiai as Icxig as the sairple amount is

lower than the saturation capacity of the column (see Fig. 6.8a). At

values of the loading factor in excess of unity, the yield increases

with increasing saitple volume as one proceeds from a 1/9 mixture to a

9/1 mixture.

Figure 6.8b illustrates the relationship between yield and

loading factor for ccnponent 2. As the relative concentration of

ccnponent 1 increases, the yield decreases at all loading factors, over

the entire range of loading factors.

We observed also (results not shown) that at any given sample

conposition, the sample volume does not affect the yield for ccnponent

2. This statement is valid for edl sample conpositions studied, for

selectivities of 1.25 and 1.7. In contrast, the sample injection

volume affects the yield for ccnponent 1; e^iecially for large loading

factors. Figure 6.9 shows a laical exanple of this effect for a 3/1

mixture. The yield remcdns nearly the same for ed.1 sample volumes vp

to a loading factor equal to unity, beyond, it falls down rapidly for

small sample volumes, less so for moderate values of this volume. The

curve for a 10 sigma sample volume injection is qualitatively different

from those calculated for the other values of the injection band

widths. This is because with a large sample volume frontal effects are

taking place. Results similar to those shown en Figure 6.9 are

c±tained for the 1/3, 1/9 and 9/1 mixtures as well.
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Vttien the selectivity beccmes small, for example equal to 1.09,

the yield is strongly affected by the sample volume over a much wider

range of sample loadings, i.e., at valvies well below unity, as

illustrated by Figure 6.10 vhich shews this effect for ccatponents 1

(Fig. 6.10a) and 2 (Fig. 6.10b). For both ccnponents the yield

increases with decreasing sample volume. For component 2, the yield

is unaffected by the sample volume at values of the loading factor in

eioxss of 0.03 (3%); hcwever, the recovery yields are very low at such

hi^ loadings, vhich are well above the optimum value for TnayiTtum

production (see Fig. 6.1).

In pr^sarative liquid chramatography at the process scale, a

yield in excess of 80% is often considered desirable. Table 6.1

presents the yield chtained at the optimum production rate for the

various mixtures studied. For component 1, the yield at mayimmTi value

of the production rate tends to lie between 30% and 70%, a value vhich

is often to low, vhile for component two the yields are usually greater

than 98% a value vhich is always satisfactory. Even in the difficult

case of a 9/1 mixture, the yield is still hi^ier than 80%. Ihus, if

one wants to meet the yield criteria, losses of component 2 are not

much of a problem as long as one operates under the optimum

esperimentol conditions or even under ccxiditians soroevhat less than

optimum. However, if component 1 is the product of interest, meeting

the yield criteria can result in a considerable loss of product or in

hi^ production costs, due to the large amount of material to be

recycled. The reduction in sample amount injected during each cycle

time can be calculated by comparing the data in Figures 6.1 and 6.10.
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This shews that, for a 1/3 mixture with a selectivity of 1.09, a 40 %

loss in the production rate is incurred to obtain a 80 % yield. When

the selectivity is 1.7, the losses range between 10 and 20 % d^jending

on the sample ccnposition.
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Chapter 7

Optimization of the Separation in Displacement Chronatogrz^liY

In di^laoement chrcmatogrc^iiy, the column is first equilibrated

with a carrier stream, a mobile phase vdiich retciins the solutes

strongly. Then the feed, the solxite dissolved in the mobile phase, is

injected or pumped onto the column. lastly, the di^lacer, a solution

containing a solute viiich is more strongly adsorbed than any of the

feed ccnponents is puirped continuously throu^ the colimn until all the

ccnponents of the feed have left the column. Ihe final st^ is

regeneratiai of the column and reequilibriation of the carrier stream.

Ihe regeneration process has not been modeled here.

The difference in modeling elution chrcroatography versus

di^lacement chrcmatography is the need for an additional wagg balance

equation for the displacer and the ccrapetitive isotherm for the

di^lacer and correct c^lication of the initial and boundary

conditions. The initial and boundary conditions for di^lacement

chronatography are

t = 0 0 < z < L, Cj = 0, i = l,n (7.1)

0 < t < Rfit z = 0, C, = C,°, i = l,n-l, C„ = 0 (7.2)

R5t < t < t, Z = 0, C, = 0, i = l,n-l, C„ = (7.3)
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vSiere C,." is the cxax^ntration of ccBoponent i in the stream entering

the column, is the displacer oonoentraticn, t^ is the analysis time

and Rdt is the time it takes for the sanple to enter the colxmin. In

practice, the sanple volxme can be significant ccopared to the colimm

volume since the ccnponents are strOTgly retained in the carrier and

will be concentrated during displacement.

In displacement chranatogr^jhy, the di^lacer plays an essential

role in the s^aratiai process. It can be shown that provided the

concentration of the displacer is large enou^ and the column is long

encu^, an isotachic train forms. Then, the profile of each zone is

stable and its width d^^ends oi the amcunt of each solute in the

sanple. The plateaux concentration of each zone in an isotachic train

d^jends on the concentration of the di^lacer and the individual

ccnponent isotherms. The concentration of the individual solute

species under isotachic conditions are given by the intersection of the

solute isotherms and the operating line. The operating line is the

cord extending from the origin to the point cai the di^lacer isotherm

corresponding to the displacer concentration, shewn in Figure 7.1. The

slope of the operating line is q,/n,, where q, is the equilibrium

concentration of displacer in the stationary phase corresponding to a

mobile phase concentration of D,.

Ihe isotherm parameters and column operating parameters used to

study di^lacement are the same used in section 6.1-6.3 of the previous

ch^jter with the addition of conditions for the di^lacer. The results

presented here csonsider the separation of a binary mixture, the ratio

of the amount injected is 1/3, with c^>acity factors for each ccnponent
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and for the displacer 5.75, 6.25 and 7.5; re^jectively. Bie relative

retention between the second ccmponent and the di^lacer is 1.2 and it

need not be too large. Ihe column void fraction is assumed to be 0.8.

The parameters for the ternary isotherm, b,, b^ and bj are 2.38, 2.56

and 2.8 mmmol"^; respectively. The column HBTP was 48 micron v»hich

corre^xjnds to a well packed column with 15-20 micrxmi particles.

7.1 Effect of Displacer GonoentxatioQ

The effect of the displacer concentration on the sh^je of the

band profiles on a 25 an column with the parameters specified above is

illustrated in Figures 7.2 and 7.3. Figure 7.2a shows that at low

displacer concentrations the band shc^ corre^xsnds to that obtained in

overloaded elution chromatograpl:^. The veloci"^ of the solute band is

greater than the velocity of the displacer and no interference occurs

between the zones of the di^lacer and the solute. As the displacer

concentration is increased, the velocity of the displacer frcait

increases; however, the retention time of the overload band remains

unchanged xantil a critical displacer concentratioi is reached, G*,

Figure 7.2b. Uiis criticed concentration corresponds to the

intersecticn of the initial slope of the secoid ccrponent (n-lth

corponent) isotherm with the di^lacer isotherm, illustrated in Figure

7.1. At this conoentraticn the front of the displacer meets the tail

of the second component just as it escits the column, thus the di^lacer

has essentially does not interfere. Separation occurs in the coIudoti

as in overloaded elxition chrcnatogrcphy. Figure 7.2b. At

concentrations below G*, ccmpaients one and two propagate down the
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cxjlunn as in overloaded elution chroroatogr^iiy.

As the displacer oanoentraticxi is increased beyond G*

interference occurs between the bands of the second ccnponent and the

di^lacer, in addition to interference between the bands of the two

solutes, Figure 7.2c. Ihe di^lacer front begins to push and sharpen

the reeur of the second ccmponent, giving rise to the eeurly stages of

displacement develcpment as seen by the formation of a secondary front.

Figure 7.2c. VJhen the operating line coincides with the tangent to the

first ccmponent isotherm at zero cmcentration, the intersection is

given by if and is illustrated in Figure 7.1. ISider isotachic

conditions, displacer concaTtrations corresponding to if result in the

first ccmponent eluting as an overloaded band vhen its concentration

is sufficiently large to be in the ncsilinear region of the isotherm or

an elution band if its ccaicentraticai is in the linear region of the

isotherm. IftxJer nonisotachic conditions, however. Figure 7.2c shows

that after 25 cm, the seccndary front has reached the tail of the

first ccnponent. For displacer concentrations larger than if, at 25

cm, the secondary front has distorted the tail of the first ccnponent

giving rise to the displacement effec± for the first cxmpcaient. Figure

7.2d. For displacer concentrations larger than if, but less than seme

critical value to be discussed later, isotachic displacement bands form

with plateaux on both peaks on columns of sufficient length.

As the displacer concentration is increased further, beyond if,

there is sharpening of the tciils of the bands, their width decreases

and their hei^t increases. Figure 7.3a. Note that the gr-gioff in

Figure 7.2 are much larger than in Figure 7.3, moreover, in Figure 7.2
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the absolvrte scale is the same on the gre^ihs vAiile in Figure 7.3 the

absolxite scale changes, but the relative scale is the same. However,

since it is not physically possible to obtain a infinitely large

concentration for an infinitely narrow band, nor would one ej^ject to

return to the initial injection conditions because band broadening has

occurred, something must occur at large displacer conoentrations. As

the displacer oonoentration is increased ftirther, the begins

to squeeze ccnponents one eind two \diose bands interfere more and more

straigly. Ihe amount of band overlap equals the band width. Figure

7.3b, and eventually neither product can be obtained with 99% purity.

Vfe call this critical displacer concentraticsi and define it as the

displacer conoentraticn for which the yield of 99% pure ocnponent 1

becomes zero. Under the oonditians studied here, this concentration

is about 4 M, Figure 7.3b. Increcising the dif^lacer CQnoentration still

further results in very strong band interference amd in the rii<^iar!g-r

overtaking the rear boundaries of the first ocnponent, such that the

front of the second ocnponent coincides with the frrart of the first

ocnponent. Figure 7.3c, and then to the di^laoer overtaking the peak

maxima of the first and second ccnpcxients until all of the fronts

coincide. Figure 7.3d.

At low di^lacer conoentraticxis, the breakthrou^ time of the

first ocnponent does not change. Figures 7.2a-d, however, at larger

displacer concentrations, it can be seen that the breakthrou^ tiwia

decreases, since the velocity of the displaioer frxxit increases with

increasing concentration for a langrauir isotherm. At the t-inna the

degree of interference between nei^iboring bands increases and the
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yield decreases, Figures 7.2d, 7.3a, and 7.3b. There is an c^xtimum

ccMTcentration vhich lies between if and vhich wculd lead to TtwyiTtnTm

production of the desired product (s). For the ccaiditions under present

investigation, the displacer concentration at (f, if and D^* are 0.071

M, Figure 7.2b, 0.109 M, Figure 7.2c, and 0.4 M; respectively.

Althcu^ the results presented here are for a specific set of

conditions, similar peak profiles are seen at other values of the

parameters. This specific problem is used to illustrate seme of the

basic stages in displacement development.

Investigation of the effect of the displacer concentration on the

yields of the ss>aration for ccnpcnents 1 and 2 at 99%, 98% and 95%

purity shews that the yield of ccnponent two can be increased with the

use of a dis>lacer. Figures 7.4 and 7.5. This is not always true for

ccnponent 1. The di^lacer concentrations for vhich the yield of

crraponent 2 is a maximum is sli^tly hi^ier vhen the required purity

is hitler. At 99% puril^. Figure 7.4, the yield of ccnponent one at

first remains constant and to the yield achieved in overloaded

eliition and then decreases with increasing di^lacer concentration. At

98% and 95% purity the yield of ccnponent one goes throu^ a weak

maximum. Figure 7.5. The increase in yield at 98% puri'^ is gn»i i but

for 95% purity it is more pronounced. The result arises from the fact

that ccnponent one has a tail and the amount to be rec^^ed is reduced

vhen the purity demanded is decreased.

The effect of the di^lacer ooncentration on the production was

also investigated for 99%, 98% and 95% purity for both components one

and two. Figure 7.6. In this work, production is defined as the
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amcunt of product at a specified purily recovered per run. A more

realistic production rate figure would require an estimate of the time

needed to regenerate the column. Since the production is the product

of the yield and the amcunt of feed, the trends are the same as for

the yield. Figure 7.6 illustrates the effect of producticxi for

carponent one and two at 98% purity. The key point is that the

production of ocnponent two increases considerably with di.<gpiar>ay

cancentraticMi, more than three fold.

Ihe effect of the di^laoer ocncentrations en the isotachic

length (i.e. the colxjmn length at viiich an isotachic train is formed)

vas studied serai-quantitatively by canparison of the peak profiles

obtcdned at various column lengths. Ihe results show that the length

required to reach isotachic conditions decreases with increasing

di^lacer concentration. For exasple, at di^lacer ocncentrations of

0.2 M, 0.3 M, and 0.5 M, isotachic lengths are cpproodmately 45 cm, 35

cm, and 25 cm; respectively.

7.2 Effect of the Oolrmm Length

The effect of colimxi length, holding i other parameters

constant, was investigated at the dif^laoer concentration cxarrespcnding

to the maximum production of cxnpcnent two. Figure 7.7 illustrates the

effect of the colxmn length cn the peak profiles at a

concentration of 0.3 M. In the first 5 cm, the rectangular injection

plxjg collapses to a band having a hei^t of about 2 and a width of

abcut 15 sec. Figure 7.7a. This illvistrates the early stages of the

ciisplacement effect indicated by the formaticn of the secondary front
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on cxxtponent tstfD vdiich begins to push the tcdl of ccnoponent one. At

15 can. Figure 7.7b, the rear boundary has alreacty sharpened

cxansiderably, the tail of cxnapcxient 1 is less iirportant and the frcants

of the two zones are better separated. At 25 an. Figure 7.7c, the

bands are resolving with increased sharpening of the rear bcxmdary of

the first cxaiponent. At 35 an. Figure 7.7d, isotachic ccjnditicms have

been reached giving the Tnaximum yield pcjssible under the specified

conditicms. The band of conponent 2 esdiibits a wide plateau, but not

the band of conponent 1. The interference zcme is reduced. The cut

points corresponding to 99% purity are shown for the 25 an and 35 on

celxanns. Figure 7.7c and 7.7d. Ihe area between the first two vertical

lines r^resents the amount to be recycled.

■Die effect of cxjlimn length on the yield eind the prociuction at

99% purily^ for ccnponents cane and two are shown in Figure 7.8 and 7.9.

As the column length increases, the yield incaneases and a limit is

reached for about 35 an for 99 % purity. Figure 7.8. As expected, the

same result is observed for the production. Figure 7.9. When isotachic

conditions are reached, there is no further increase in the producticjn

or the yield. It is clear fron the Figures 7.6 and 7.9, that there

is an cptimum cxjlumn length and an cptiraum dL^lacar ccaxentration

vhich will maximize the producticxi at a specified purity. Chviously,

these values depend on the sanple size, velocil^ of the mobile phase,

pcu±icle size and column efficiency.
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7.3 Effect of Sanple Volvne

Figure 7.10 illiastrates the progressive s^aration of a 5 ml

rectangular injection throu^ a column. After 5 can the profile at the

column outlet diows that the cJi^lacer has begun to cxsKantrate a zcaie

near the ciisplacer front, 95 secaands, for both cxxrpcsnents. The second

(xmponent has cx>ncentrated sli^tly the first cxatponent, as seen by the

hunp at 50 secxsnds. At 21 can, the band tas ccatpressed cxansiderably as

the cxncentrated zones approach each other. At 22.7 an, the two zones

collide forming a peak amidst the plateaux at 240 seccaids. At 25 cm

the displacer pushes forward cxantinuing to squeeze and concentrate the

band giving an isotachic profile at 40 an. This isotachic length is

the same as for a pulse injection. In di^lacement chrcroatography, the

saitple volume has no effect can the firal isotachic profile, cLLthoui^

the path to the final profile is a function of the volume. These

profiles are cpite a contrast to the smcxth cievelcspoient seen in Figure

7.9 for a pulse injection.

7.4 Ocoparison with Results fixm the Literature

Semi-quantitative agreement can be fcxind between the intermediate

profiles predicted by the numerical soluticxi and data in the

literature. Iforvath et. al. (1981) have published C«3S stationary

phase intermediate profiles for the s^aration of 3,4-

dihydrojQ'pherylacetic acid from 4^Tydro(j^pheryl acetic acid with phenol

as the di^lacer along with the parameters of the single component

isotherms of these 2 cxarpcunds. The single oacpcaient isotherms for

each cxirponent were enployed in a ccnpetitive Langrauir mndei and an
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isotherm was assumed for the di^lacer. The published ej^jerimental

conditions for a 2:1, 1:2 and a 2:2 mixture were used in our model and

the peak profiles predicted are shewn in Figure 7.11a, 7.11b and 7.11c;

reflectively. Good agreement is seen between the chrcxnatograms shewn in

Figure 7.11a, 7.11b and 7.11c and in Figure 7.12 of reference 7

rflicated here. Figure 7.lid, 7.lie and 7.11f. Ihe efjerimental and

predicted profiles have similar breakthrough times, similar values for

the peak maxima and similar waves e^npearing on the tail of the bands.

Sli^t discrepancies vhich are seen, for exanple, in Figure 7.10c vhere

the second coamponent eidiibits a plateau between the two humps, vAiile

in Hbrvath et al. it rather shews a def> minimum and no plateau. Uiis

can be eiqplained by the fact that our assumption of ccnpetitive

Langrauir isotherms modeled by ccnbining single ccnponent isotherms is

very crude.

A second ccnparison in made in Figure 7.12 vhere experimental

data was detained from Frenz (1983) en the displacement of resorcinol

and catechol with 48 mg/ml of n-propanol. Figure 7.12a and c are

eluticn profiles after 25 cm vAiile Figures 7.13b and d are after 50

cm. Ihe flew rate was 0.2 ml/inin of water and the feed was 50 mg of

each solute dissolved in 1 ml water. A porosity of 0.8 was assumed,

otherwise eferimental oonditicaTS were xised (i.e. HEITP, mobile phase

flew rate, column length). The breakthrou^ volume on the left two

diagrams was at just over 3 ml viiile the predicted value was 3.4 ml.

Uie plateau concentration of the tail of the first cenpcxent was

ejqerimenteilly determined to be 10 mg/ml, the same as predicted. The

peak maximum of the first ccnpcnent is predicted to be 50 mg/ml and
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the maximum measured was 35 mg/ml. Ifcwever, the double peaking

observed experimentally was also predicted. At 50 can a nearly

isotachic train was observed and predicted. The heists of the bands

are not exactly the same indicative of errors in the displacer

isotherm.
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Chapter 8

Sumneoy and Conclusions

Uie major goal of this thesis was to demonstrate that the

individual ccnponent profiles of a binary mixture can be predicted with

accuracy. This thesis shews that this is possible if the ccaipetitive

isotherm is represented accurately. Band widths, band heists and

yields can be predicted with an absolute error of 5-20 %. It has also

been shewn that the isotherm surface of both components of a binary

mixture of a r^resentative small molecule system is accounted, to a

first approximation, by a cenpetitive langrauir isotherm xasing single

cenponent isotherm parameters. Finally, we have reduced to practice

and validated a new method of determining isotherms, the method of the

Hodograph Transform , with hi^ accuracy. Thus, an effective ajproaeh

to the design of pr^arative s^arations in a fixed bed has been

developed.

Additionally, the effect of sample size and sample volume on the

production rate in overloaded elxition chrcmatogr^jhy at constant column

length, particle size and linear velocity for several binary mixtures

was determined. It was found that the sample size corresponding to the

cptimum production rate for coiponent one was larger than coiponent

two. The cptimum sample size for ccnponent one gives a yield between

40 and 70% assuming 99% purity. The cptimum sample size for ccnponent

two gives corresponds to 99% yield assuming a purity of 99%. Moreover,
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the sanple should be injected as a concentrated pulse subject to the

soliability liniitations in the mobile phase.

Lastly, as a consequence of this investigation along with

theoretical considerations, a new method of trace analysis has been

demonstrated using displacement and overloaded elution chrcmatography.

Enrichment of trace impurities could decrease a thousand fold the

detection limit.

8.1 Ocnpeurison of Overloeided Elxxtion and Displacement Clircmatogz^hy

Displacement chrc»natography and overloaded elution chrcmatography

both have advantages and disadvantages. Ihe choice of one mode or the

other will depend largely on the nature of the sample to be purified.

Thus, both techniques must be considered. Displacement chrcmatography

has the advantage that hi^ concentraticai products can be dDtained from

dilute solutions. Since the ccraponents in small amount elute between

adjacent bands, high purity products can be obtained. A yield of 100

% is never obtained in practice. The yield d^jends on the column

efficiency and the degree of overlap of the adjacent zones.

Displacement chrcmatography has the disadvantage of requiring coliimn

regeneration vhich can reduce the life time of the stationary phase.

On the other hand, overloaded elution has the advantage of

complete resolution, essentially 100 % yield is not uncommon. Althou*^

the displacement effect can minimize the extent of dilution, by

definition, the pure sample is more dilute than the sanple feed

concentrations. The disadvantage is that it has the prcperty that

hidden inpurities are overlooked because of dilution and because of the

287



tag-along effect. In order to increase the production rate, the column

should be operated with short cycle times. By timing sequential

injections so that the last eluting band of the first cycle elutes just

before the first eluting band of the second cycle, the entire colvnnn

can be used more effectively.

8.2 Reocomendations

A complete and systematic multidimensional optimization stucfy

using the semi-ideal model needs to be performed. Depending on the

application various parameters should be optimized in groups. Ihe

general cptimization problem is to find the optimum sample size, mobile

phase velocity, particle size, column length and in displacement

ohromatography the displacer concentration for systems having various

s^aration factors and relative coitpositicai. However, often the column

length is fixed or sometimes both the column length and the particle

size are known and the purpose is to find the best values of the other

parameters.

Second, a comparison of the method of the Hodograph transform and

frontal analysis for determining competitive isotherms would be i:>seful.

Moreover, a comparison of the two methods to determine the isotherm for

a nonlangmuir systems such as a nucleotide s^aration would be

interesting.

Third, determination of mixed bands in overloaded elution for

systems of larger molecules, p^jtides and proteins, is essential in

finding the limitations of the equilibrium model. This would initiate

the practical problem of determining kinetic parameters. Moreover, the
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displacement mode should also be studied to determine eaq^erimentally

kinetic effects.

Fourth, the work presented here applies vAien the mobile phase

does not change (i.e. isocratic elution). However, for protein and

p^)tide separations, gradient or st^ gradient techniques must be

employed. However there is a need for methods to determine isotherms

of ccnponents vhose retentioi varies rapidly with solvent strength.

In order to exactly predict the profiles and further cptimize gradient

separations.

lastly, there is a need to develop simulation programs (like has

been done for distillation, reactor design, and extraction) for use by

a more general audience so that optimum conditions can be found for

design of preparative s^araticxTS in industrial applications.
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Igpenrtix A

Progxznns for the Gllson 232-401

The Gilson 232-401 can functicn in many modes, fraction

collection, vial dilution, autoinjecticn, backflusing, trace enrichment,

sanple pr^aration just to name a few. This is due to the hardware

and software design of this equiponent. The essential of the hardware

is shewn in Figure A.l vhere two 6 port valves are plumbed accordingly

to perform the desired ta^. The 3 taslcs required in this work is

fraction collection, vial dilution and autoinjection. Figure A.l shows

the plumbing required to carry out these tasks. In a nutshell, the

injection valve is employed in the same capacity as a 6 port injection

valve. The switching valve is used to change the flow path of the

column effluent to waste or to the needle for fraction collection.

With an extemcLL 0.5 ml lew pressure syringe pump, it is possible to

ai^irate or dispense fluid fixm the needle to any location (i.e.

another vial, the injecticai port, waste). The electronics has been

designed so that throu^ the keypad the needle can be instructed to

move or and the pump to dispense or aspirate. Programs can be written

and stored in memory or stored on a personal ccnputer in ASCII format.

Following are listed the programs written to collect the data

shewn in Chapter 4. Each program is documented with a description of

the variables.
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A.l Fraction Collectiai Program

1989 14:03:31

A2/6 19 For A=l/A4/1
A3/83 20 LET 05=05+1
B2/8 21 Print 05
0.0/86 22 Whit
V2 23 OUbe A/B/C
7/2 24 Hei^t 23

25 Wait A2
Al=l/5 26 If 05=A3
3VA1 27 Goto 31
A1 28 Next A
A4=6 29 Next B
B4=18 30 Next 0
04=5 31 Inject 0/
05=0 32 Auxil. 9/0
00 33 Binse
1/ 34 Wait 3
0=1/C4/1 35 Di^. 0/200/5
B=B2/B4/1 36 Home

$  Man Dec 18
$Saii(>lD=ll
$IVP^3
$Veral
$Axib=o
$Dilutoras0,500

1: Input
2: Input
3: Input
4: Input
5: Auxil.
6: Auxil.

7: Wait
8: For

9: Bade

10: Next
11: LET

12: lET
13: lET

14: lET
15: WSait
16: Inject
17: For

18: For

Lines 1-4 are input parameters prior to starting the injection.
1: Enter the time between each vial (hundreths of a minute), 2: Enter
the number of sanples, 3: Enter the rack rcw number vhere the first
vial is located, 4: Enter the delay time (time between start of run

collection of first fraction). Lines 5-6 start data acquision.
Lir«s 8-10 initialize the rack code for each rack. T.iiv^ 11-14
initialize parameters. Line 16 rotates the switching valve so the
column effluent goes through the needle and not to the waste. Lines
17-19 and 28-30 define a nested loop. Within this loop the following
tadcs are performed: 1) Di^lays the current vial number, 2) Moves
the needle to the bottcm of vial having coordinates li/B/C
(row,OTl\jmn,ra(^), 3) waits A2 amount of time at that vial. When
fractionation is ocnplete, the needle is rinsed and goes to the home
position.

A1 Back Number

A2 Time at current Vial (hunderths of a minute)
A3 Number of Sanples
A4 Number of Rcms in Back
B2 Back Position
B4 Number of Oolianns in Back
C4 Number of Backs
C5 Current Vied Number
ClO Delay time to stcu± of fractionation
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A. 2 Oonsecutive Vied. Dilvrtion Program

$  Man Dec 18
$SanpI]>ll
$iyp^3
$Ver=l
$Azsp<}
$Dil\itc»rs0,500

1: Input
2: Input
3: Input
4: Rinse

5: Disp.
6: Hei^it
7: For

8: Rack

9: Next

10: lET

11: LET

12: I£T

13: lET

14: For

15: For

1989 14:57:47

Bl/24 16: For A=l/A4/1
A3/83 17: LET 05=05fl
B2/8 18: Print 05

19: Tube VB/C
0/300/6 20: Hei^t 0
0 21: Disp. 0/Bl/l
A1=1/4 22: If 05=A3
30/Al 23: Goto 27
A1 24: Next A
A4=4 25: Next B
34=15 26: Next 0
04=5 27: Rinse
05=0 28: Disp. 0/200/5
0=1/C4/1 29: Hicme
B=B2/B4/1

Lijies 1-3 are input parameters before execution of the run. l:
Enter Dilution Volume (ul), 2: Enter number of samples, 3: Enter
rack row first vial is located. Lines 4-6 wash the needle.
Tlines 7-9 initiailize the rack code for each of the 5 racks. T-inog lo-
13 initilize various parameters. Lines 14-16 and 24-26 mark the nested
loop where the follow operations are performed on each vial from row
to row and rack, to rack: 1) the current vial number is di^layed,
2) the needle goes to the viad having coordinates h/B/C
(row,column,rack), 3) a volume of HI is di^)ensed into the vied.
When dilution has been performed on all the vials, the needle is rinsed
and returned to the home position.

A3 Number of Samples
A4 Number of Vials in Row
HI Dilution Volimne (ul)
B2 Rack Row Number where first Vied is Tnr-ai-of^
B4 Number of Columns in Reck
04 Number of Racks
05 current Vied Number
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A. 3 Sequential Injection Program

$  Mon Dec 18 1989 14:58:07
$SairpID=ll

$Ver=l
$Anii=0
$Dilutor=0,500

1: Input A3/83 26: Aspir. 0/C6/1
2: Input B2/8 27: Hei^t 0

3: Input A5/30/0/300 28: Ai^ir. 0/A5/1
4: Input A2/25 29: Inject 0

5: lET A6=50 30: Tube 0/0
6: For Al=l/5 31: Disp. 0/A5/0
7: Rack 3VA1 32: Wcdt 2

8: Next A1 33: Inject 1

9: lET A4=6 34: Wait
10: lET B4=18 35: Auxil. 1/2
11: LET C4=5 36: Auxil. 7/2
12: LET C5=0 37: Rinse
13: UT C6=5 38: Disp. 0/150/7

14: For 01/C4/1 39: Hei^t
15: For B=B2/B4/1 40: Wciit A2

16: For A=l/A4/1 41: If C5=^
17: Rinse 42: Goto 46

18: Disp. 0/800/8 43: Next A

19: Inject 0 44: Next B

20: Tube 0/0 45: Next C

21: Di^. 0/150/0/6 46: Rinse
22: UT C5=C5+1 47: Di^. 0/700/9
23: Print C5 48: Tube 0/0
24: Tube VB/C 49: Disp. 0/150/0/7
25: Hei^t 50: Ikme

Lines 1-4 are input parameters prior to starting the run. 1:
Enter the number of saitples, 2: Enter the rack row number vAiere the
first vial is located, 3: Enter the injection load volxme (ul), 4:
Enter the elution time. Lines 6-8 initialize the rack code for each of
the 5 racks. Lines 9-11 initializes the nuniber of rows, columns ard
racks. Lines 14-16 and 43-45 are nested loops within vhidi the system
performes a series of tasks. Ihese tasks are: 1) Rinse the needle at
the rinsing station, 2) move the needle to the loopfiller port and
dispense slowly 150 ul of solvent, 3) Move to the next vial having
coordinates h/^/C aspirate C6 vLL of air, 4) move the needle to the
bottom of the vial and a^irate A5 volume of saiiple, 5) move to the
injection port dispense A5 volume of sanple and withdraw the needle,
6) actuate the injection valve, 7) send a signed to the data
acquisition system to start acquiring data and 8) Rinse the needle and
wedt until the end of run. After edl the sanples are injected, the
needle is rinsed and the arm returns to the home position.

304



A1 Rack Number
A2 Time Between Sequential Injections (hundreths of a minute)
A3 Number of Sanples to be Injected
A4 Number of Rows in the Rack
AS I^ection Load Volume (vil)
A6 Rinse Volvnne (ul)
B2 Rack row number where fist vial is
B4 Number of Columns in Rack
C4 Number of Racks
C5 Current vial number
C6 Air Bubble Volume (xol)

305



A. 4 R^licate Injections fron One Vial

Mon Dec 18 1989 14:58:27
$SampII>ll
$TypeF:3
$Ver=l
$Arm=0
$Dilutor=0,S00

1: Input A3/83 23 Aspir.
Hei^t

0/C6/0
2: Input A2/8 24 0
3: Input B2/8 2S Aspir.

Inject
O/AS/0

4: Input C3/8 26 0
S: Input A7/6 27 Tube 0/0
6: Input AS/30 28 Disp. O/AS/0
7: Rack 31/C3 29 Wait 2
8: lET A6=S0 30 Inject 1
9: ICT A4=4 31 Wcdt

10: lET B4=18 32 Auxil. 1/2
11: liT C4=6 33 Auxil. 7/2
12: lET CS=0 34 Rinse
13: lET C6=S 3S Disp. 0/A6/7
14: For G=l/A3 36 Hei^t
IS: Rinse 37 Tube 0/0
16: Disp. 0/800/8 38 Di^. 0/A6/S
17: Inject 0 39 Rinse
18: Tube 0/0 40 Wait A7
19: Disp. 0/A6/7 41 Next C
20: Print C 42 Rinse
21: Tube A2/B2/C3 43 Disp. 0/700/8
22: Hei^t 44 Hcme

Lines 1-6 are irpit parameters before executicxi of the run. 1:
Enter nuiriber of sairples to be injected, 2: Enter the Row Number
(coordinate) vAiere the vial is located, 3: Enter the Column number the
vial is located, 4: Enter the rack nuitiber vhere the vieil is located,
5: Qiter the time between oonsequtive injections, 6: Enter the
Dilvition Volume. Lines 8-13 initsdize Vcurious parameters. Line 14 and
41 define a loop within vhich the ̂ stem performs the following tasks:
1) wash the needle, 2) wash the sample loop, 3) a^irate AS volume of
sample from vial having coordinates 4) dispense AS volume into
sample loop, S) actuate swiching of injection valve from load to
inject, 6) send a signial to start data acquisiticai, 7) wash needle,
8) wash loop. After all the injections are made, the needle is rinsed
and returned to the hcme posit:icn.

A2 Rcw number \i^iere sample vied is located
AS Injection Volume
A7 Time between ccaisequtive injections (hundreth of a minute)
B2 Column nuinber vhere sample vial is located
C3 Rack number vhere sample vial is located
A3, A4, AS, B4, C4, CS, C6 have same definiticMis as Table A.4
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A. 5 Program to Begin Data Aoquisitiai

$  Mon Dec 18 1989 15:21:26
$SairpID=ll
$TypeF=3
$Ver^l
$Anff=0
$Dil\itor=0,500

1: Auxil. 1/2
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j^pendix B

Listing of Bperimental Data

B.l Overloaded Elutioi Data, 1/1 Mixture
Delay Time: 0.416 secxxids included

Time C1 C2
mg/mlmin mg/ml

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3.8 0

3.85 0

3.9 0

3.95 0

4 0

4.05 0

4.1 0

4.15 0

4.2 0

4.25 0.134027

4.3 0.212499

4.35 0.178472

4.4 5.190277

4.45 12.42152

4.5 13.69166

4.55 14.49930

4.6 16.57152

4.65 17.26111

4.7 16.32291

4.75 16.28333

4.8 12.78402

4.85 13.86458

4.9 11.29791

4.95 10.17708

5 9.173611

5.05 7.158333 0,

5.1 7.196527 0

5.15 6.342361 0.

5.2 5.059722 1

5.25 5.084722 1.

5.3 2.913194 3

5.35 2.560416 4.

5.4 1.765972 6

5.45 1.763888 6.

5.5 1.203472 8

5.55 0.951388 7.

5.6 0.761805 7,

1.388888
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5.65 0.528472 8.238888

5.7 0.538194 7.981249

5.75 0.392361 7.824999

5.8 0.257638 7.063194

5.85 0.236805 7.896527

5.9 0.184722 7.114583

5.95 0.190972 7.600694

6 0.144444 6.566666

6.05 0.129166 6.672916

6.1 0.122916 6.545138

6.15 0.114583 6.332638

6.2 0.099999 5.956944

6.25 0.097222 5.904861

6.3 0.091666 5.796527

6.35 0.085416 5.587499

6.4 0.079861 5.017361

6.45 0.078472 5.031249

6.5 0.077777 5.161805

6.55 0.069444 4.274999

6.7 0.065277 3.669444

6.8 0.061805 3.194444

7 0.056944 2.239583

7.1 0.05625 1.979861

7.2 0.054166 1.427083

7.3 0.054166 1.238194

7.4 0.052083 0.914583

7.5 0.053472 0.680555

7.6 0.051388 0.402777

7.7 0.052777 0.293055

7.8 0.052083 0.215972

7.9 0.051388 0.127083

8 0.051388 0.091666

8.1 0 0.063194

8.2 0 0.049305
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B.2. Overloaded Eliition Data, 1/3 Mixture
Delay Time: 0.416 secxxids included

'ine C1 C2

min mg/ml mg/ml

4.25 0.098 0

4.3 0.1098 0

4.35 6.0598 0

4.4 7.8298 0

4.45 11.2338 0

4.5 13.6727 0

4.55 16.3852 0

4.6 15.4044 0

4.65 15.8405 0

4.7 14.3948 0.511

4.75 13.4945 1.6288
4.8 10.8498 3.4636

4.85 8.2834 7.2964

4.9 7.5504 8.0005
4.95 6.0272 11.1711

5 3.7235 11.9573

5.05 3.7456 14.4528
5.1 3.3214 14.9241

5.15 2.6515 15.3703
5.2 1.9368 13.9871

5.25 1.7275 15.4453
5.3 1.342 15.0671

5.35 1.2373 15.1813
5.4 0.8929 13.5334

5.45 0.8376 14.6696

5.5 0.6623 13.0864

5.55 0.5626 13.3514

5.6 0.4407 12.5344
5.65 0.3415 12.1866

5.7 0.2979 12.6934
5.75 0.26 11.8431

5.8 0.1905 10.6955
5.85 0.1753 11.1891

5.9 0.1463 11.1508

5.95 0.1376 10.5196

6.05 0.1161 9.599

6.15 0.09795 8.66

6.25 0.0912 8.3644

6.35 0.0823 7.5312
6.45 0.0926 6.8821
6.55 0.0801 5.7323

6.65 0.0682 5.3346

6.75 0.0648 4.5343

6.85 0.0638 4.3297
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6.95 0.0619 3.6863

7.05 0 3.347

7.15 0 2.7947

7.25 0 1.7958

7.35 0 1.5893

7.45 0 1.2389

7.55 0.0644 1.1745

7.65 0 0.9021

7.75 0 0.6837

7.85 0 0.4974

7.95 0 0.3719

8.05 0 0.228

8.15 0 0.2105

8.25 0 0.126
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B.3 Overloaded Eliition Data, 3/1 Mixture
Delay Time: 0.416 secxxids included

'ime C1 C2

min mg/ml mg/inl

3.95 0.1258 0

4 2.067 0

4.05 8.571 0

4.1 18.67 0

4.15 31.42 0

4.2 39.4 0

4.25 45.02 0.02957

4.35 45.94 0.05386
4.4 40.76 0.5925

4.45 36.5 1.112

4.5 35.01 1.135

4.55 33.43 1.787

4.6 26.78 2.821
4.65 24.46 3.523
4.7 21.38 3.609

4.75 20.98 4.093

4.8 19.97 3.968

4.85 17.23 4.367

4.9 11.85 4.42
4.95 12.9 5.246

5 11.49 5.045

5.05 10.82 5.153
5.1 9.628 4.904

5.15 9.248 5.177
5.2 8.316 5.195

5.25 7.483 5.095

5.3 6.35 4.697

5.35 5.954 4.801

5.4 5.201 4.642

5.45 4.669 4.634

5.5 3.544 3.904
5.55 3.509 4.417
5.6 3.161 4.439

5.65 3.147 4.341

5.7 1.729 3.899

5.75 1.492 3.887

5.8 1.272 3.788

5.85 1.12 3.943
5.9 0.8867 3.648

5.95 0.838 3.758

6 0.7548 3.644
6.05 0.4258 3.819
6.1 0.3525 3.527

6.15 0.3284 3.622
6.2 0.3032 3.746
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6.25 0.2708 3.661
6.35 0.2359 3.772

6.4 0.2093 3.579
6.45 0.2004 3.53
6.5 0.1754 3.208

6.55 0.169 3.323

6.6 0.1624 3.357
6.65 0.15 3.041
6.7 0.1428 2.905

6.75 0.1415 2.943

6.8 0.1345 2.795

6.85 0.132 2.733

6.9 0.1229 2.515

6.95 0.1145 2.163

7 0.1156 2.084
7.05 0.1135 2.013

7.1 0.1105 1.774
7.15 0.1105 1.763
7.2 0.11 1.572

7.25 0.1091 1.447

7.3 0.1036 1.344

7.35 0.1065 1.274

7.4 0.1002 0.9673
7.45 0.1029 0.811

7.5 0.0973 0.7192
7.55 0.09735 0.6551

7.6 0.09176 0.5321
7.65 0.09243 0.4692

7.7 0.08948 0.3822
7.75 0.09189 0.3458

7.8 0.08949 0.2865
7.85 0.08782 0.2321

7.9 0.08884 0.1793

7.95 0.08598 0.158
8 0.08064 0.1282

8.05 0.08166 0.1056

8.1 0.07741 0.08224
8.15 0.07543 0.07235

8.2 0.07829 0.07092
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B.4. Overloaded Elution Data, 9/1 Mixture
Delay Time: 0.416 seconds included

'line C1 C2

min mg/inl rag/ml

3.95 0 0

4 0.489 0

4.05 4.424 0

4.1 11.39 0

4.15 20.42 0

4.2 21.8 0

4.25 32.89 0

4.3 35.45 0

4.35 34.92 0

4.4 35.13 0

4.45 35.1 0

4.5 32.48 0

4.55 30.67 0

4.6 24.67 0

4.65 25.74 0.04876

4.7 21.28 0.07735

4.75 17.56 0.1143

4.8 17.16 0.173

4.85 20.34 0.2809

4.9 12.56 0.1658

4.95 13.26 0.4538

5 8.723 0.408

5.05 10.82 0.5941

5.1 12.47 0.8537

5.15 8.245 0.6794

5.2 8.268 0.8034

5.25 8.255 0.9316

5.3 8.792 1.152
5.35 6.972 1.049

5.4 6.498 1.082

5.45 5.814 1.218

5.5 4.087 0.9416

5.55 4.846 1.263
5.6 3.566 0.9281

5.65 3.312 1.164

5.7 3.457 1.336

5.75 2.595 1.224

5.8 1.538 0.943

5.85 1.533 1.104
5.9 1.011 0.8112

5.95 1.111 1.095

6 0.6043 0.7037

6.05 0.6557 0.979
6.1 0.4612 0.8651

6.15 0.2646 0.607
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6.2 0.3602 1.149

6.25 0.2214 0.8368

6.3 0.1828 0.8753

6.35 0.1466 0.8005

6.45 0.09233 0.5551

6.5 0.08753 0.5712

6.55 0 0.2185

6.6 0.06561 0.3029

6.65 0.0683 0.3619

6.7 0.06786 0.4181

6.75 0 0.2479

6.8 0.06562 0.4476

6.85 0.06995 0.4999

6.9 0.0725 0.6943

6.95 0 0.4185

7 0 0.1757

7.05 0 0

7.1 0 0

7.15 0 0.03053

7.2 0 0.08107

7.25 0 0.1767

7.3 0 0.1768

7.35 0 0.2187

7.4 0 0

7.45 0.07097 0.2947

7.5 0 0.1495

7.55 0 0.1311

7.6 0.06495 0.1269

7.65 0 0.06856

7.7 0.06734 0.1068

7.75 0 0

7.8 0 0

7.85 0.08074 0.1183

7.9 0 0

7.95 0 0

8 0 0

8.05 0 0

8.1 0 0

8.15 0 0

8.2 0.008465 0

8.25 0 0

8.3 0.007973 0

8.35 0.00813 0

8.4 0 0

8.45 0 0

8.5 0 0
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B.5 Large Volume Injection, 1/1 Rectangular

Time
min

4.76

4.81

4.86

4.91

4.96

5.01

5.06

5.11

5.16

5.21

5.26

5.31

5.36

5.41

5.46

5.51

5.61

5.66

5.71

5.76

5.81

5.86

5.91

5.96

6.01

6.06

6.11

6.16

6.21

6.26

6.31

6.36

6.41

6.46

6.51

6.56

6.61

6.66

6.71

6.76

6.81

6.86

6.91

6.96

7.01

7.06

C1

mg/inl

0.024586

0.185049

1.59384

2.38815

I.80177

7.4907

9.5613

10.3095

10.7706

10.8924

II.8842

12.1452

12.3975

12.2322

12.0843

12.5628

12.6672

12.8499

12.8847

12.6063

12.1539

11.3796

11.5014

10.9446

11.0403

10.4922

10.2312

10.8576

10.179

10.3878

10.0398

10.3791

10.266

10.3791

10.2486

10.266

10.1877

10.3095

10.5009

10.092

10.3443

10.2138

10.5096

10.4835

10.6401

10.6923

C2

mg/ml

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.755794

2.09264

3.06762

4.38864

5.36198

5.91384

7.06594

8.2082

9.4382

8.8314

9.2578

9.1184

9.758

9.553

9.7334

9.676

9.7826

9.6596

9.799

10.004

9.635

9.9712

9.7826

10.086

10.0778

10.25

10.2992
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7.11 10.527 10.1598

7.16 10.4835 10.1516

7.21 10.3095 9.9958
7.26 10.4835 10.1598
7.31 10.527 10.1844

7.36 10.5531 10.2172

7.41 10.5444 10.2008
7.46 10.527 10.168

7.51 10.9011 10.496

7.56 10.614 10.25

7.61 10.2573 9.9876
7.66 10.3443 10.1762

7.71 9.7962 9.8154

7.76 9.4656 9.7006

7.81 8.8044 9.2988
7.86 8.22063 9.02
7.91 7.76388 8.9134
7.96 7.08006 8.569
8.01 6.43017 8.2984

8.06 5.90991 8.1713
8.11 5.29482 7.96384
8.16 4.86939 8.00976
8.21 4.24299 7.7531
8.26 3.61398 7.44642

8.31 3.05631 7.18156

8.36 2.61609 7.08972

8.41 2.21154 7.06758

8.46 1.80699 6.95114
8.51 1.45116 6.8429

8.56 1.12491 6.6707

8.61 0.858777 6.43864
8.66 0.656589 6.37714

8.71 0.501033 6.3878

8.76 0.384975 6.457582

8.81 0.284142 6.38206

8.86 0.208452 6.355

8.91 0.156948 6.3304

8.96 0.115188 6.0311

9.01 0.0957 6.36156

9.06 0.074106 6.14836
9.11 0.058029 6.24676

9.16 0.042673 5.27588

9.21 0.037062 5.34558

9.26 0 5.24062

9.31 0 5.23816
9.36 0 5.02496
9.41 0 4.67974

9.46 0 4.79126

9.51 0 4.52394

9.56 0 4.33616

9.61 0 4.25088

9.66 0 4.24432
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9.71 0 3.69164

9.76 0 3.50058
9.81 0 3.3087

9.86 0 3.09386
9.91 0 2.86754

9.96 0 2.65434

10.01 0 2.5379
10.06 0 2.27714
10.11 0 2.14184
10.16 0 1.95734

10.21 0 1.75562

10.26 0 1.72364

10.31 0 1.49322
10.36 0 1.31856

10.41 0 1.20458
10.46 0 1.06108
10.51 0 0.89462
10.56 0 0.779902
10.61 0 0.664446
10.66 0 0.56252

10.71 0 0.476256
10.76 0 0.387122
10.81 0 0.31898

10.86 0 0.26568

10.91 0 0.214922
10.96 0 0.168182

11.01 0 0.14063
11.06 0 0.108568

11.11 0 0.080843
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B.6 Large Volume Data, 1/1 Non-Rectangular

Time C1 C2
min mg/ml mg/ml

4.2 0 0

4.25 0 0

4.3 0.015172 0

4.35 0 0

4.4 0 0

4.45 0.009910 0

4.5 0.033255 0

4.55 0.033200 0

4.6 2.083133 0

4.65 4.328064 0

4.7 7.139283 0

4.75 8.08984 0

4.8 8.716802 0

4.85 10.73926 0

4.9 10.19319 0

4.95 12.23588 0

5 12.84262 0

5.05 12.68082 0

5.1 12.66059 0

5.15 12.84262 0

5.2 12.98419 0

5.25 13.12576 0

5.3 12.94374 0

5.35 12.92351 0

5.4 9.788706 0.029776

5.45 13.26733 0.038867

5.5 12.78194 0.819587

5.55 12.90329 1.523174

5.6 12.31678 3.404305

5.65 12.07408 5.076242

5.7 11.87184 5.579838

5.75 11.12353 6.587029

5.8 11.06285 6.889186

5.85 11.02240 7.976952

5.9 10.69881 7.896377

5.95 10.61791 8.581267

6 10.61791 8.742417

6.05 10.61791 8.903568

6.1 10.39544 8.762561

6.15 11.00218 9.346732

6.2 10.77971 9.225869

6.25 10.59769 9.084862

6.3 10.82016 9.326588

6.35 10.29432 8.883424

6.4 10.33477 8.923712

319



6.45 10.57746 9.145294

6.5 10.51679 9.084862

6.55 10.40757 9.004287

6.6 10.45611 9.084862

6.65 10.75948 9.346732

6.7 10.47634 9.084862

6.75 10.17297 8.802849

6.8 10.07185 8.702130

6.85 10.07185 8.702130

6.9 10.17297 8.802849

6.95 10.01117 8.681986

7  10.1123 8.903568

7.05 9.910054 8.601411

7.1 10.31454 8.963999

7.15 10.59769 9.205725

7.2 10.21342 8.863280

7.25 10.23364 8.903568

7.3 10.19319 8.883424

7.35 10.07185 8.762561

7.4 10.07185 8.762561

7.45 9.829155 8.581267

7.5 10.23364 8.963999

7.55 9.768481 8.581267

7.65 9.687583 8.641698

7.7 9.181968 8.238822

7.75 9.262866 8.379829

7.8 9.080845 8.279110

7.85 8.979722 8.279110

7.9 8.797701 8.198534

8 8.757251 8.299253

8.05 8.312310 7.956808

8.1 8.453882 8.218678

8.15 7.887594 7.755370

8.2 8.130289 8.097815

8.25 8.069615 8.178390

8.3 7.725797 7.835945

8.35 7.746021 7.997096

8.4 7.462877 7.775514

8.45 7.462877 7.876233

8.55 7.159508 7.755370

8.6 6.856139 7.473357

8.65 6.734791 7.453213

8.7 6.451647 7.251775

8.75 6.289850 7.211487

8.8 6.107829 7.171199

8.85 5.905583 7.171199

8.9 5.460642 6.869042

8.95 5.096599 6.748179

9 4.773005 6.707892

9.05 4.348289 6.546741

9.15 3.417957 6.244584

9.2 2.993240 6.647460
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9.25 2.548299 5.861851

9.3 2.103358 5.660413

9.35 1.690400 5.438831

9.45 1.074292 5.297824

9.5 0.827709 5.176961

9.6 0.479600 4.995667

9.65 0.369606 4.995667

9.75 0.207075 4.955379

9.8 0.160832 4.854660

9.85 0.121806 4.794229

9.9 0.097818 4.713653

9.95 0.095557 5.338112

10 0.071580 4.733797

10.05 0.058374 4.753941

10.1 0.048205 4.592790

10.15 0.043612 4.592790

10.2 0.039361 4.512215

10.25 0.035348 4.330921

10.3 0.033479 4.471928

10.35 0.026706 1.020012

10.4 0.030294 4.290633

10.45 0.028065 4.250346

10.5 0.027200 4.169770

10.55 0.026894 3.988476

10.6 0.025737 4.028764

10.65 0.025131 3.787038

10.7 0.023929 3.686319

10.75 0.023737 3.484880

10.8 0.023367 3.444593

10.85 0.023345 3.263298

10.9 0.022594 2.981285

10.95 0.021531 2.820134

11 0.022063 2.578408

11.05 0.021286 2.457546

11.1 0.021260 2.316539

11.15 0.025226 2.195676

11.2 0.023029 1.612216

11.25 0.022206 1.801997

11.3 0.020451 1.635176

11.35 0.020948 1.440909

11.4 0.021733 1.268242

11.45 0.021696 1.166496

11.5 0.019727 1.027399

11.55 0.019741 0.884335

11.6 0.021252 0.778389

11.65 0.021488 0.671323

11.7 0.020699 0.555467

11.75 0.020712 0.466132

11.8 0.018885 0.382253

11.85 0.020410 0.309088

11.9 0.019989 0.255071

11.95 0.019530 0.207735
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12 0.019551 0.160743

12.05 0.019803 0.134540

12.1 0.018246 0.108746

12.15 0.018469 0.090526

12.2 0.017745 0.075190

12.25 0.017696 0.063847

12.3 0.016796 0.054388

12.35 0.017488 0.047793

12.4 0.016638 0.042463

12.45 0.016448 0.037747

12.5 0.016080 0.035777

12.55 0.033930 0.060640

12.6 0.014982 0.029013

12.65 0.016960 0.027165

12.7 0.014636 0.026734
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B.7 large Volijme Injecticai, 1/3

Tune C1 C2
min mg/ml mg/ml

4.6 0 0

4.65 0.1211 0

4.7 0.7284 0

4.75 1.778 0

4.8 2.916 0

4.85 4.003 0

4.9 4.938 0

4.95 5.57 0

5 6.387 0

5.05 7.021 0

5.1 8.506 0

5.15 7.559 0

5.2 7.66 0

5.25 7.663 0

5.3 8.255 0

5.35 7.821 1.066

5.4 7.331 2.83

5.45 6.922 4.91

5.5 6.676 6.928

5.55 6.362 9.084

5.6 6.214 10.82
5.65 5.622 11.47

5.7 4.088 9.246

5.75 6.502 16.16

5.8 5.311 14.03

5.85 4.999 13.66

5.9 5.082 14.26

5.95 5.169 14.8

6 5.05 14.54

6.05 5.001 14.58

6.1 5.229 15.09

6.15 5.219 15.26

6.2 5.186 15.03
6.25 5.087 14.87

6.3 4.871 14.28

6.35 5.066 14.81

6.4 5.184 15.25
6.45 5.002 14.52

6.5 4.927 14.45

6.55 5.247 15.28

6.6 5.097 14.93

6.65 5.133 15.13

6.7 5.03 14.75
6.75 5.346 15.79

6.8 5.058 14.74
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6.85 5.265 15.55

6.9 4.869 14.22

6.95 5.239 15.39

7 5.12 15.13

7.05 5.083 14.94

7.1 5.067 14.98

7.15 5.255 15.32

7.2 5.148 15.17

7.25 5.061 14.82

7.3 5.267 15.48

7.35 5.156 15

7.4 5.198 15.03

7.45 5.099 14.82

7.5 5.266 15.09

7.55 5.277 15.37

7.6 5.268 15.17

7.65 5.117 14.85

7.7 5.086 14.93

7.75 4.85 14.31

7.8 4.858 14.67

7.85 4.874 15.01

7.9 4.35 14.15

7.95 3.999 13.78

8 3.628 13.64

8.05 3.123 13.18

8.1 2.735 13.1

8.15 2.298 12.79

8.2 1.816 12.03

8.25 1.442 11.8

8.3 1.087 11.3

8.35 0.8404 11.23

8.4 0.519 11.35

8.45 0.3188 11.03

8.5 0.2029 10.9

8.55 0.1112 10.61

8.6 0.06064 10.86

8.65 0.01616 10.66

8.7 0 10.5

8.75 0 10.44

8.8 0 10.24
8.85 0 9.95

8.9 0 9.726

8.95 0 9.424

9 0 9.046

9.05 0 8.516

9.1 0 8.799

9.15 0 8.189

9.2 0 6.654

9.25 0 7.545

9.3 0 7.226

9.35 0 6.811

9.4 0 6.459
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9.45 0 6.086

9.5 0 5.92

9.55 0 5.447

9.6 0 5.12

9.65 0 4.863

9.7 0 4.493

9.75 0 4.037

9.8 0 3.865

9.85 0 3.533

9.9 0 3.236

9.95 0 2.974

10 0 2.632

10.05 0 2.45

10.1 0 2.163

10.15 0 1.92

10.2 0 1.684

10.25 0 1.384

10.3 0 1.195

10.35 0 1.014

10.4 0 0.8202

10.45 0 0.6856

10.5 0 0.5203

10.55 0 0.4117

10.6 0 0.31

10.65 0 0.2011

10.7 0 0.1461

10.75 0 0.09365

10.8 0 0.03462

10.85 0 0.02432

10.9 0 0
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B.8 Large Volime Injection, 3/1

Time

min

0.012375

I.767857

5.299285

8.508214

II.43214

12.35357

14.27142

15.19285

17.55000

16.32857

18.06428

16.86428

17.56071

17.18571

16.95000

16.30714

15.94285

17.87142

17.12142

17.89285

19.36071

19.44642

15.98571

16.05000

17.97857

14.98928

15.57857

15.90000

15.05357

14.30357

15.32142

15.72857

16.32857

14.94642

15.82500

15.69642

15.08571

14.23928

14.19642

14.66785

15.55714

16.10357

15.00000

15.75000

15.67500

C1

mg/ml

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.252857

0.899035

1.796785

3.041785

3.579642

4.599642

4.158214

4.616785

4.918928

4.880357

4.652142

5.047500

5.229642

5.453571

4.969285

5.261785

5.255357

5.030357

4.773214

4.725000

4.892142

5.221071

5.390357

5.029285

5.304642

5.251071

C2

mg/M

4.7

4.75

4.8

4.85

4.95

5

5.05

5.1

5.15

5.2

5.25

5.3

5.35

5.4

5.45

5.5

5.55

5.6

5.7

5.75

5.8

5.85

5.9

5.95

6.05

6.1

6.15

6.2

6.3

6.35

6.4

6.45

6.5
6.55

6.6

6.65

6.7

6.75

6.8

6.95

7

7.05

7.1

7.15

7.2

326



16.21071 5.431071 7.25

16.01785 5.365714 7.3

14.93571 4.963928 7.35

16.06071 5.395714 7.4

15.60000 5.213571 7.6

15.92142 5.320714 7.65

14.98928 4.959642 7.7

14.48571 4.836428 7.75

14.41071 4.671428 7.8

14.21785 4.713214 7.85

14.35714 4.638214 7.9

14.20714 4.615714 7.95

14.42142 4.615714 8

14.12142 4.445357 8.05

14.98928 5.052857 8.1

14.71071 4.716428 8.15

15.66428 4.868571 8.2

14.01428 4.316785 8.25

14.68928 4.915714 8.3

15.62142 5.166428 8.35

15.40714 5.132142 8.4

14.06785 4.651071 8.45

15.60000 5.209285 8.5

14.71071 4.887857 8.55

15.47142 5.117142 8.6

14.65714 4.915714 8.65

13.96071 4.631785 8.7

14.73214 4.890000 8.75

15.41785 5.127857 8.8

15.19285 5.022857 8.85

14.37857 4.803214 8.9

14.71071 4.912500 8.95

14.45357 4.850357 9

13.17857 4.497857 9.05

14.06785 4.839642 9.1

12.75000 4.526785 9.15

12.38571 4.507500 9.2

11.76428 4.440000 9.25

11.33571 4.516071 9.3

9.177857 3.857142 9.35

9.270000 4.180714 9.4

7.553571 3.664285 9.45

6.866785 3.615000 9.5

8.411785 4.901785 9.55

5.030357 3.268928 9.6

4.755000 3.570000 9.65

3.793928 3.297857 9.7

3.122142 3.204642 9.75

2.482500 3.187500 9.8

1.990714 3.063214 9.85

1.477500 2.978571 9.9

1.108928 2.942142 9.95
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0.830785 2.873571 10

0.608357 2.885357 10.05

0.446678 2.905714 10.1

0.441321 2.905714 10.15

0.424714 3.541071 10.2

0.226714 2.825357 10.25

0.153214 2.876785 10.3
0.100564 2.948571 10.35

0.057932 2.805000 10.4

0.037982 3.103928 10.45

0.003410 2.959285 10.5

0 2.958214 10.55

0 2.869285 10.6

0 2.920714 10.65

0 2.769642 10.7

0 2.656071 10.75

0 2.748214 10.8

0 2.762142 10.85

0 2.865000 10.9

0 2.868214 10.95

0 2.704285 11

0 2.570357 11.05

0 2.607857 11.1

0 2.482500 11.15

0 2.468571 11.2

0 2.297142 11.25

0 2.152500 11.3

0 2.005714 11.35

0 1.779642 11.4

0 1.587857 11.45

0 1.524642 11.5

0 1.162500 11.55

0 1.086428 11.6

0 0.897964 11.65

0 0.735535 11.7

0 0.606214 11.75

0 0.492642 11.8

0 0.396214 11.85

0 0.317571 11.9

0 0.235928 11.95
0 0.184392 12

0 0.144000 12.05

0 0.103221 12.1

0 0.079542 12.15

0 0.059464 12.2

0 0.041667 12.25

0 0.028789 12.3

0 0.017121 12.35

0 0.009835 12.4

0 0.003150 12.45

0  0 12.5

0  0 12.55
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l^ipendix C

nie Analogy Between HTO in Adsoiption and HETTP in Chromatogxs^fay

Ihe tenns HBTP or mu are used to evalviate packed columns for vise

in adsorption tcwers, distillation colvmns or chrcroatography colvimns.

Use of such reduced quantities instead of the mass transfer coefficient

directly is preferable since it changes less over the length of the

column. The term HIU is primarily used in design of adsorption and

distillation columns and is defined as^:

mu = Z/NIU (1)

vhere NIU is the number of transfer units and Z is the hei^t of the

packed bed. Assuming overall mass transfer resistance in the gas phase

for a adsorption column:

NTU= f Im^y (2)
yl. ̂ ^-yA^ (yA-yA)

Analogously, the HETP for a chrcmatography column is given hy:

HETP = Z/N (3)

Vihere N is the number of theoretical plates or scroetimes called the

colvnnn efficiency. For snail sanple sizes the efficiency can be

calculated from the shape of the guassian peak:

N = (t^af = 5.545 (tVWi^)2 (4)

A summary of the ncraenclature for this e^pendix is given at the end.

Since adsorption and distillation coe continuous processes and

chronatography is generally a batch process the NIU and N are analogous
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quantities, r^resenting the number of ideal equilibrium stages, but

are calcaolated very differently.

In adsorption or distillaticxi, the HIU is a function of the vapor

or liquid flew rate and the mass transfer coefficient for the

correspcaTding phase. Hie HIU r^resents resistance to transfer

of the solute in the column assuming overall resistance in the gas

phase;

Hiug = (5)

Similarly, in chromatography the HETTP is a function of the Peclet

Number (linear velocity, particle size and molecular diffusion

coefficient), the mass transfer coefficient and the capacity factor of

the solute. Hie HBTP r^resents band broadening of the solute frcm

various sources. Van Deerater^ shewed that the HETP varies according

to:

== o^/z (6)

HETP/c^ = A + B/Pe + CPe (7)

Hie first term is the contribution of edcfy diffusion viiich results frcm

curved flew streams and nonuniform flew throu^ the channels of the

paciking. Hie second term is a result of molecular diffusion of the

solute throu^ the column vhich is significant at lew flew rates. Ihe

last term is due to contributions because of a finite rate of mass

transfer of the solute from the mobile phase to the particle. Hiis

can also be written as:

HETP = 2D^U^ + 2U„ kV(l+k'o)% (8)

Vhere the first term is an axial di^iersien term and the second term

is contributions to band broadening because of mass transfer
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resistances. Ihe mass transfer coefficient, k,, is defined according

to the linear driving force model

dq/dt = -Kf (q - q*) (9)

The number of plates reqtiired in a chrcmatogrc^iiic s^jaration is often

much larger than in distillation. Ifc^ever in a distillation process,

separation at a given time is occurring throu^out the entire column,

thcu^ a particular solute molecule traverses a fraction of the column.

In chrcmatogr^Jhy at a given time only a small fraction of the column

is utilized, cdthcu^ all the solutes have e^q^erienced the entire

column xjpan elxition.

In the design of adsorption or distillation towers the HEU is

used in the calculation. HcMever at one time the e^roach to designing

a packed tower was from data for a tray tower and thus one had

correlation to find the hei^t of packing equivalent to a theoretical

plate (HETP). The total hei^t in the packed tower was determined by

multiplying the number of equilibrium trays by the HETP. The HETP and

the HHJ are related:

HiU = HEJTP ((mV/L)-l)/ln(mV/L) (10)

For a strai^t equilibrium and operating line the HETP can be related

the HTU and \dien (mV/L =1) the two quantities are equal.

When a tray tower is used, the adsorption or distillation

process is cOTtinuous not batch and the column has been discritized in

space by the tray, tut is continuous (in the mathematical sense) in

time. Chroroatogre^y on the other hand is a batch proc^ess and in its

most ccRimon use as a packed column, it continuous in ̂ )ace as well as

time. However, there are two ways of modeling ohranatogr^hy. One is
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to write the differentieil mass balance and solve it numerically vAiich

usucdly at seme point involves discritization and minimizing the

numerical errors vdiich result. In the general case the space and time

increments have no physical meaning, except in the case of the semi-

ideal model. Ihere are seme inplementations of the semi-ideal model,

vAiere dz is chosen to be equal to the HBTP (E<?i.6) in order to have

the specified amcunt of band broadening at infinite dilution. Ihe

second approach to modeling a chrcnatographic s^aration is to consider

the process as a series of batch tanks, the Craig model. Ihen, the

mobile phase is transferred from one tank to the next after eqwiilibrium

is reached. In this case the nunher of Craig stages (tanks) does not

have physical meaning either. However, it can be shewn that the number

of idecQ. equilibrium stages is equal to the number of Craig stages for

solutes with infinitely long retention times'

N = (N^+1) (1 + k'^)A'o (11)

vhere k'y(l + k'^) r^resents the ratio of the amount of solute

adsorbed in the stationary phase to the toted, amcunt of solute. Ihe

nature of the Craig model forces discritization in both time and space.

It can be shewn that the Craig nodel is equivalent to one form of

finite difference discritization. In this case the ratio of the space

and time increment is equal to the linear velocity which is consistent

with the physical model of tanks in series. For columns of high

efficiency the Craig nodel and the solution to the mass balance

equation for a variety of inplementations give the same result.

332



Die tern HETP or mu is used to evaluate the performance of

packed columns for various processes. Althou^ these various processes

are analogous in seme ways, they are very different.

MGMENCUVTQRE

a  surface area of packing per unit volume of packing
Dg Axied Dispersion Coefficient
(1 Particle size
HETP Hei^t Equivalent to a Theoretical Plate
HIU Hei^t of a Transfer Iftiit
k' capacity factor,
k'jj capacity factor at infinite dilution
kf mass transfer coefficient in adsorpticsi column

Overall gas phase mass transfer coefficient
L  Liquid flew rate
m  slope of the equilibrium curve
N  Number of Theoretical Plates, Efficiency
Nj. NUniber of Craig stages
NIU Nunher of Transfer Iftiits
Pe Peclet Number

instantanecus concentration of solute in stationary phase
q  equilibrium concentration of solute in stationary phase
a  standard deviation
t  time

t„ Retention time of solute
Ug linear velocity of liquid throuc^ packed bed
V  Gas flew rate throu^ packed column

Width at half hei^t of a guassian peak
y^ ccnposition of solute A in the gas
y^ concentra1n.on of solute A in the gas phase in equilibrium with

the liquid
y^ g ccmposition of solute A in gas stream entering the column
y^'jj ccnposition of solute A in gas stream leaving the column
z' length
Z  Adsorption or Distillation Column hei^t
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