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Rate parameters and gradient correlations of proteins are very important to engineer- 
ing investigations of gradient-elution chromatography. Before canying out computer 
simulations for gradient process, these rate parameters and gradient correlations must be 
determined from experimental data. This work presents a systematic method for estimat- 
ing and determining these parameters and correlations using experimental data and 
computer-simulation results based on isocratic runs. The values determined were then 
employed in gradient-elution studies by putting them into the rate model to peform 
computer simulations. Experimental runs under gradient conditions using the parame- 
ters and correlations just referred to were carried out in a DEAE Sepharose CL-6B 
ion-exchange chromatography. Comparisons between the experimental data and the 
simulation results show good agreement. 

Introduction 
Gradient elution, first developed by Aim et al. (1952) as a 

liquid chromatographic technique, has found applications in 
almost every form of chromatography that uses a liquid mo- 
bile phase (Lederer and Lederer, 1957). Gradient elution 
chromatography plays a very important role in separation of 
biomolecules in both analytical studies and large-scale 
processes (Frey, 1990). The recent, rapid development of the 
biotechnology industry demands downstream recovery and 
purification techniques with high selectivities. Consequently, 
their proper applications require fundamental engineering 
studies on these separation processes. 

While the use of gradient elution for analytical-scale chro- 
matographic separation is well established (Freiling, 1955, 
1957; Jandera and Churacek, 1974, 1978, 1979, 1985; Jan- 
dera, 1989; Snyder, 1961, 1964; Snyder et al., 1979, 1989a,b; 
Snyder and Glajch, 1990; Tomellini and Hartuich, 1985; 
Tomellini et al., 1986), few studies have addressed the basic 
features of adsorption kinetics and mass-transfer characteris- 
tics of industrial uses of gradient-elution chromatography. 
The major problem with gradient-elution bioseparations is 
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that the development, scale-up, and optimization of the 
processes depend on trial and error. This is usually time- 
consuming and expensive, especially for large-scale proc- 
esses. 

In order to carry out a complete engineering study of gra- 
dient-elution chromatography, a mathematical model is 
needed, which will more realistically simulate the chromato- 
graphic process than conventionally employed models. The 
model must take into account the combined effects of axial 
dispersion, film mass-transfer resistance, intraparticle diffu- 
sion, and surface adsorption kinetics. By using available nu- 
merical methods and high-speed computers, the mathemati- 
cal model can be solved and then used to guide industrial 
scale-up, design, and optimization of the gradient-elution 
chromatography systems. Before 1985, the mathematical 
models used in most studies of this area were relatively sim- 
ple-plate theory, for instance-and were not adequate to 
describe the actual gradient-elution process. In recent years, 
a more realistic approach, the rate model, which is based on 
the mass balance in the mobile phase and the stationary 
phase, was adopted by Gibbs and Lightfoot (19861, and Kang 
and McCoy (1989). To solve the models, Kang and McCoy 
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used the method of moments together with the numerical 
method of Runge-Kutta, while Gibbs and Lightfoot applied a 
special method developed by Reis et al. (1979) together with 
the method of finite difference. 

Yamamoto and coworkers (1983a,b) have investigated, 
theoretically and experimentally, gradient elution in ion- 
exchange chromatography of proteins. By applying a continu- 
ous-flow plate model, they demonstrated how a simple analy- 
sis of small-scale experiments can guide the design and oper- 
ation of large-scale separations of proteins by ion-exchange 
chromatography. However, the plate model required some 
simplifying assumptions, which limits its effectiveness. Kang 
and McCoy (1989) improved the studies just mentioned by a 
fundamental treatment of the transport phenomena in an 
ion-exchange column. A rate model of material balance was 
applied to the mobile phase and the method of moments was 
used to solve the model. While the rate model for the mobile 
phase is more accurate in describing the gradient-elution 
process than the plate model, the effects of intraparticle dif- 
fusion and surface adsorption kinetics have been ignored. 
Furthermore, although the method of moments (Kucera, 
1965; Schneider and Smith, 1968) has long been popular with 
chromatographers, primarily because of its simplicity and 
possibility of working in the frequency domain where solu- 
tions are easily obtained, it suffers from a number of inher- 
ent drawbacks. One of them is that too much weight is placed 
on the tail part of the output peak corresponding to larger 
values of time, where signal noise and eluting impurities may 
contribute to inaccurate measurements (Anderssen and 
White, 1971). 

Gibbs and Lightfoot (1986) have employed a more sophisti- 
cated rate model, which takes into account the mass trans- 
port of both mobile phase and stationary phase, and the sur- 
face adsorption kinetics. An assumption was made that the 
protein adsorption equilibrium constants were not position 
dependent, which is different from the real situation in which 
the protein adsorption equilibrium constants are functions of 
both time and position. Frey (1990) presented a set of equa- 
tions for gradient-elution chromatography based on the exact 
solution of the isocratic model plus the effect of the “solvent 
modifier.” Tsao and coworkers (1992) also adopted a rate 
model (Gu et al., 1992) in their studies on strategies for 
large-scale gradient-elution chromatography. The model was 
used to predict the protein peak positions and profiles of gra- 
dient concentrations. An empirical gradient correlation was 
used for proteins eluted in an ion-exchange system. Luo and 
Hsu (1993) applied the rate model in the investigation of in- 
traparticle protein diffusion effect on gradient-elution chro- 
matography. The individuaI and combined effects of three 
important factors-intraparticle diffusivity, adsorbent parti- 
cle diameter, and linear gradient slope on the separation of 
proteins-were studied. A general strategy for design and 
optimization of gradient-elution process for biomolecule sep- 
arations was suggested based on the investigation. 

The purpose of this study was to establish a general proce- 
dure to estimate rate parameters and to determine gradient 
correlations based on experimental runs and computer simu- 
lations. The ultimate goal was to develop a methodology and 
an engineering tool for process development, scale-up, and 
optimization of gradient-elution chromatography for 
biomolecule separations. 
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Figure 1. Chromatography column. 

Model for Gradient-Elution Chromatography 
Generally speaking, liquid chromatography for bio- 

molecules is a combined process of fluid mechanics, mass 
transfer, and adsorption. Figure 1 is a schematic of a chro- 
matographic system. The upper part of the figure is a column 
packed with adsorbent particles. Sample component i, with 
an initial concentration of Co,i, flows through the column with 
eluting buffer in the z direction at an intersticial velocity, u ;  
Ci is the concentration of sample component i in the mobile 
phase; Cb,, is the concentration of eluting buffer component 
j in the mobile phase; E is the column void fraction; D, is 
axial dispersion coefficient. The lower part of the figure is an 
enlarged spherical adsorbent particle. CP,; is the concentra- 
tion of sample component i in the liquid part (pore) of the 
particle; Cbp,, is the concentration of eluting buffer compo- 
nent j in the liquid part (pore) of the particle; Cs,i is the 
concentration of sample component i on the solid surface of 
the particle; Cb,, is the concentration of eluting buffer com- 
ponent j in the solid surface of the particle; D - is intraparti- 
cle diffusivity; kf , i  is film mass-transfer coefficient; and k ,,; 
and k2,i are kinetic constants. 

In gradient elution processes the ionic strength, pH, con- 
centration and composition of the mobile phase (i.e., eluting 
buffer) are changed with time according to a preset program. 
Since the retention strengths of the feed components depend 
on the conditions of the eluting buffer, the kinetic constants 
and distribution coefficients of these feed components are 
functions of mobile phase ionic strength, pH, or composition. 
This fact links the sample and the eluting buffer to form a 
complete mathematical model. 

Using the assumptions below, the following mathematical 
model, which takes into account the combined effects of axial 
dispersion, film mass-transfer resistance, intraparticle diffu- 
sion, and surface adsorption kinetics, can be used to describe 
the gradient-elution process in an ion-exchange column: 

1. The flow pattern is described by an axially dispersed 
plug-flow model. 

2. The film mass-transfer rate is represented by a linear 
driving-force expression. 

3. All particles packed in the column are spherical. 
4. The adsorption kinetics are first order. 

F’. 
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Mass balances for sample components 
Mobile-phase mass balances are 

with initial and boundary conditions 

C,(Z > 0,t = 0) = CP,& > O,t  = 0 )  = 0 

Stationary-phase mass balances are 

with initial and boundary conditions 

+I,=,=o 

Particle surface adsorption rates are 

Note that in Eq. 3 

cih=o- = C0,;(to,, 2 t 2 0) 

c;l,,o- = O(t  > t o , , ) ,  

which means a pulse input. And in Eq. 9 

where i = 1,2, . . . , n ,  where n is the number of sample com- 
ponents; j =  1, 2, ... , h, where h is the number of eluting 
buffer components. In these equations L is the length of the 
adsorbent bed; is the loading time, and Cbp,i refers to 
mobile-phase buffer concentrations. It can be seen from Eq. 
12 and Eq. 13 that the kinetic constants, k,., and k2,;, of sam- 
ple components are functions of mobile-phase buffer concen- 
trations, Cbp,j; thus the concentration of the eluting buffer 
needs to be considered in order to solve the sample's equa- 

tions. When an equilibrium is reached for a first-order kinet- 
ics described by Eq. 9, the adsorption equilibrium constant of 
a sample component, Ka,;,  can be expressed as the ratio of 
the forward kinetic constant and the backward kinetic con- 
stant, 

Unlike the situation in isocratic elution where Ka+' is con- 
stant, in gradient-elution chromatography Ka,' is a function 
of mobile-phase parameters such as pH, ionic strength, and 
composition. For example, protein retention in an anion-ex- 
change chromatography is affected by the difference between 
the pH of the mobile phase and the pl of the protein, the 
larger the difference, the larger the Ka,, ,  thus the stronger 
the protein binding to the stationary phase. Protein retention 
is also affected by the ionic strength of the mobile phase, the 
lower the ionic strength, the larger the Ka,; ,  thus the stronger 
the protein binding to the stationary phase. Therefore, in or- 
der to solve the preceding equations for sample components, 
a set of equations for the mobile-phase eluting buffer is 
needed. 

Mass balances for the eluting bufler 
Mobile-phase mass balances are 

with initial and boundary conditions 

2 i, = = 0. (18) 

Stationary-phase mass balances are 

with initial and boundary conditions 

(20) 

(21) 
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Particle surface adsorption rates are capacity of the adsorbent. At equilibrium, Eq. 26 reduces to 
the familiar Langmuir isotherm: 

(23) 

where j = 1, 2,  . . . , h,  where h is the number of components 
in the eluting buffer. Notice that in Eq. 17 

j =  1 
CS?' = 

cp,i + Kd, i  
(27) 

(24) Here Kd,i is the dissociation constant given by the following 
relation: 

which means that the input buffer profile is a function of 
time. Notice that the eluting buffer concentration, Cb,j, is a 
function of both time and position. Consequently, the ad- 
sorption equilibrium constant of a sample component, K,,, ,  is 
also a function of time and position. 

In many bioseparations, the sample concentrations are 
dilute. This results in first-order adsorption kinetics. In 
agarose-based ion-exchange chromatographic processes ad- 
sorption equilibrium can be reached because usually the dif- 
fusion of biomolecules is the rate-limiting step (Skidmore et 
al., 1990). At equilibrium, the first-order adsorption rate 
equation, Eq. 9. becomes a linear isotherm: 

(25)  

where K,,, is the adsorption equilibrium constant of sample 
component i .  Here one needs to be aware that although the 
isotherm is linear, the model is a nonlinear system because 
K,,i is a nonlinear function of mobile-phase parameters. 

For kinetics with higher orders, Eq. 9 will be altered. In 
the case of a second-order reversible interaction, the equa- 
tion can be written as 

Here i = 1, 2, . . . , n,  where n is the number of components 
in the sample; and C,  represents the maximum adsorption 

(28) 

There are n + h sets of partial differential equations in this 
model. Here n represents the number of biomolecule compo- 
nents in the loading sample solution, and h represents the 
number of eluting buffer components. By adopting the di- 
mensionless groups in Table 1, the equations in the model 
can be written in dimensionless forms. The dimensionless 
forms of Eqs. 1 to 13 for sample component are 

-=--(T d u ,  1 .*.pi7-a a'u, .*.pi- d u ,  

dX 87 Pe '*' ' dX P.' ' 

Table 1. Dimensionless Groups 

Qi(q,7 = 0) = Si(q,r = 0) = 0 

(33) 

(34) 

Dimensionless fluid concentration of sample component i in particle 
Dimensionless surface concentration of sample component i in particle 
Dimensionless mobile-phase concentration of sample component i 
Dimensionless fluid concentration of buffer component j in particle 
Dimensionless surface concentration of buffer component j in particle 
Dimensionless mobile-phase concentration of buffer component j 
Dimensionless diffusivity parameter for sample component i 
Dimensionless diffusivity parameter for buffer component j 
Dimensionless kinetic parameter for sample component i 
Dimensionless kinetic parameter for sample component i 
Dimensionless kinetic parameter for buffer component j 
Dimensionless kinetic parameter for buffer component j 
Dimensionless axial distance 
Dimensionless radial distance in particle 
Peclet number 
Distribution ratio for sample component i 
Distribution ratio for buffer component j 
Bed-length parameters for sample component i 
Bed-length parameters for buffer component j 
Film-resistance parameter for sample component i 
Film-resistance parameter for buffer component j 
Contact time parameter 
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(35) 
ub,j(x > 0,r = 0) = 1 (54) 

(37)  

Equations 15 to 24 can be written in dimensionless form: 

For a linear adsorption isotherm, the equilibrium case of Eq. 
37 can be written as 

Si = K, , iQi .  (52) 

In many cases the molecular sizes of the desorbents are 
much smaller than the biomolecules and the adsorbent pores. 
Thus the governing equations of the eluting buffer, Eqs. 42 to 
51 can be reduced in dimensionless form as follows: 

(53) 
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(56) 

where m = ~ / ( 1 -  E ) .  

The preceding set of partial differential equations (PDEs) 
was then transformed into a set of ordinary differential equa- 
tions (ODES) by applying the method of orthogonal colloca- 
tion (Finlayson, 1972, 1980; Raghavan and Ruthven, 1983; 
Villadsen and Stewart, 1967; Villadsen and Michelsen, 1978). 
FORTRAN programs were written to solve these ODES by 
calling an ODE solver IVPAG with Gear's method (Gear, 
1971) in IMSL software library (IMSL User's Manual, 1989) 
on an IBM RS/6000 Model 950 mainframe computer. The 
effects of various parameters on sample elution peaks were 
investigated (Luo and Hsu, 1992, 1993). Rate parameters and 
gradient correlations were estimated and determined using 
experimental data and computer-simulation results based on 
isocratic runs. 

Experimental Study 
The experiments in this study can be classified into two 

categories. The first category contains experiments using iso- 
cratic elution runs. They are used to estimate rate parame- 
ters and determine adsorption equilibrium-constant correla- 
tions. In the simulations in previous studies the rate parame- 
ters required by the rate model and adsorption equilibrium- 
constant correlations were taken from the literature (Luo and 
Hsu, 1993). Because these parameters and correlations are 
affected by the column adsorbent and packing, they should 
be determined for each experimental system under isocratic 
conditions. This same experimental system can then be used 
for later gradient-elution studies. The second category con- 
tains experiments using gradient-elution runs. The experi- 
mental data were collected by a PC data-acquisition system. 

Experimental system 
Experimental Appuratus. The experiments were conducted 

in a 1.5- x40.0-cm glass column (Spectrum Medical Indus- 
tries, Inc., Los Angeles, CAI. The packed adsorbent bed 
height was 22.0 cm. An adjustable plunger was used to mini- 
mize the dead space over the top of the bed to assure accu- 
rate buffer gradients. The buffer gradients were generated by 
an SSI 220 B HPLC pump and a model 231 gradient con- 
troller with a keypad (Scientific Systems, Inc., State College, 
PA). The ultraviolet absorbance of the eluent from the col- 
umn was measured by a LKB 2238 Uvicord SII monitor 
(LKB-Produkter AB, Bromma, Sweden). The operating 
wavelength was 280 nm. The flow cell used in the monitor 
was a standard cell with an optical path length of 0.25 cm. 

The experimental results were recorded by two means. The 
first one was a LKB 2210 1-channel potentiometric recorder 
(LKB-Produkter AB, Bromma, Sweden), which was used to 
show chromatograms directly during the experiments. The 
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second one was a computer data-acquisition system (Zenith 
Data Systems Corporation, St. Joseph, MI), which was used 
to record the chromatograms in digital forms so that they 
could be transferred later to an IBM RS/6000 Model 950 
mainframe computer for data processing and analysis. When 
necessary, a fraction collector RediFrac (Pharmacia Biotech, 
Piscataway, NJ) was used to collect fractions. 

p-Lactoglobulin from bovine milk was 
used as the model protein in the experimental study. p- 
Lactoglobulin was chosen because it has unique characteris- 
tics. p-lactoglobulin A (LGA) has aspartic acid and valine, 
while /3-lactoglobulin B (LGB) has glycine and alanine at 
residues 64 and 118, respectively (Piez et al., 1961). Their 
molecular weights are about the same, 35,500 (Townend et 
al., 1960). The slight differences in amino acid sequences re- 
sults in very close isoelectric points of these two proteins. 
The pI value is 5.21 for p-lactoglobulin A and 5.34 for p- 
lactoglobulin B (Kaplan and Foster, 1971). Proteins with little 
difference in pl values are difficult to separate by isocratic 
elution in ion exchange chromatography. These two proteins 
have been separated over an anion exchanger by gradient 
elution (Piez et al., 1961), therefore they make a good “model” 
binary pair for this work. The proteins were purchased from 
SIGMA Chemical Company (St. Louis, MO). Three times 
crystallized and lyophilized p-lactoglobulin (Lot. 01301, which 
contained approximately equal amounts of p-lactoglobulin A 
and p-lactoglobulin B, was used for parameter estimation and 
separation studies. p-Lactoglobulin A (Lot. 7880) and p- 
lactoglobulin B (Lot. 8005) were used for determination of 
adsorption equilibrium constant correlations. 

In this work, a weak anion exchange resin 
DEAE (diethylaminoethyl) Sepharose CL-6B (Pharmacia 
Biotech, Piscataway, NJ) was chosen as the adsorbent. 
Sepharose CL-6B is a porous, agarose-based matrix in a 
beaded form, which is cross-linked for high stability. The di- 
ameter of the adsorbent particle is 0.011 cm. It was chosen 
for the present work because it was used before for p-lactog- 
lobulin intraparticle diffusion studies (Boyer and Hsu, 1992) 
and gradient-elution studies (Yamamoto et al., 1983b), where 
adsorption isotherms and intraparticle diffusivity correlation 
were determined. Adsorption for both proteins is linear as 
long as the protein concentrations are less than 0.03% (weight 
to volume, Yamamoto et al., 1983b). 

In order to generate ionic-strength (salt) 
gradient, two buffer reservoirs were used. The starting buffer, 
buffer A, was 18 mM TRIS/HCl, pH 7.9. The ionic- 
strength-altering buffer, buffer B, was 0.5 M sodium chloride. 
For a gradient-elution process, buffer A and buffer B were 
mixed by an HPLC pump and a gradient of ionic strength of 
this mixture was generated by altering the relative flow rates 
of buffers A and B. The flow rates were changed according 
to a preset program so that the ionic strength of the mixed 
buffer was a function of time. 

Model Proreins. 

Adsorbent. 

BufSeer System. 

Rate Parameter Estimations by lsocratic Elution 
Runs 

The dispersion coefficient, D,, bed void fraction, E ,  intra- 
particle diffusivity, Dp, and film mass-transfer coefficient, kf, 
are important process parameters in the rate model. For a 
gradient-elution process, the effect of eluting buffer condi- 
tions on the strength of protein adsorption is critical to 

process modeling. Therefore, before carrying out computer 
simulations for gradient elution, these rate parameters and 
gradient correlations must be found from experimental data. 
In the case of the current experimental system, the gradient 
correlations are expressed by the relationships between the 
protein adsorption equilibrium constants and the ionic 
strength of the eluting buffer. 

Estimation of dispersion coeflcient, D,, and bed void 
fraction, E 

To estimate dispersion coefficient, DL, and bed void frac- 
tion, E ,  pulse experiments were conducted in the column us- 
ing 0.5% Dextran 2000 (SIGMA, Lot. D-5376) as an indica- 
tor. The reason for using high molecule weight Dextran is to 
eliminate intraparticle diffusion so that an accurate column 
void fraction can be obtained. In order to prevent any ad- 
sorption effect, 0.5 M NaCl was used to elute the Dextran at 
a flow rate of 1.5 mL/min. This process can be described by 
a “dispersion model,” which is discussed in detail by Leven- 
spiel (1972). In this model, if column diameter, column length, 
and flow rate are all fixed, dispersion coefficient and void 
fraction will be the only parameters affecting the Dextran 
peak. The dispersion coefficient and void fraction were esti- 
mated by the following procedures. The experimental peak 
was recorded by a PC data-acquisition system and then trans- 
ferred to a mainframe computer. On the mainframe, the fixed 
system parameters such as column diameter, column length, 
and flow rate were put into the “dispersion model.” Com- 
puter simulations were conducted by gradually changing the 
values of the dispersion coefficient, DL, and bed void frac- 
tion, E ,  to curve fit the experimental data. While E affects 
the position of the peak, DL affects the shape of the peak. 
The larger E ,  the longer the elution time. The larger DL, the 
wider the peak. By matching the position of the simulated 
peak with the position of the experimental peak, it was found 
that the bed void fraction, E ,  is 0.28. For the purpose of com- 
parison, we also determined the void fraction using the em- 
pirical method, that is, taking the ratio of elution volume of 
the Dextran, V, and the column void volume, V,. The value 
of V/V, is 0.29. The two results are very close and the differ- 
ence between them is only 3%. Using this bed void fraction 
(0.28), the simulation was repeated to estimate the dispersion 
coefficient. DL was estimated as 0.235 cm2/min by compar- 
ing the shape of the simulation peak with the shape of the 
experimental peak. 

Estimation of firm mass-transfer coeflcient, k, 

the correlation of Kataoka et al. (1973) 
The film mass-transfer coefficient, k,, was determined from 

(58) k f - = 1.85m’pRe- 2flSc- 2fi, 
U 

where m = ~/(1- E ) ,  Re is the Reynolds number, and Sc is 
the Schmidt number. For this system at a flow rate, F ,  of 1.5 
mL/min, kf was calculated to be 0.22 cm/min. Since the 
rate-limiting step of this chromatographic process is intra- 
particle diffusion, variation of k,  over a range of f 50% from 
the correlated value resulted in no significant change in the 
simulation curve. 
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Estimation of initial adsorption equilibrium constants, 
and intraparticle dimivity, Dp,i 

In this case, 0.5% p-lactoglobulin was used as an indicator 
to conduct pulse experiments on the column with 0.5 M NaCl 
as the eluting buffer. The adsorption equilibrium constants 
obtained using this high-power eluting buffer are called ini- 
tial adsorption equilibrium constants, KO,,. Here i = 1 indi- 
cates P-lactoglobulin A and i = 2 indicates P-lactoglobulin B 
in this experimental system. For ion-exchange chromatogra- 
phy with adsorption equilibrium, the relationship between 
equilibrium constants, K,,,,  and initial equilibrium constants, 
KO,;, is expressed by 

Ka,i  = KO,;  + Aa,;IB~,i  (59) 

based on the studies of Gibbs and Lightfoot (19861, and Ya- 
mamoto et al. (1983a), where A,,, and B,,, are constants. 
The adsorption equilibrium constant, K , , ,  is an important 
parameter in gradient elution chromatography. It is slightly 
different from the distribution coefficient, K , ,  which is de- 
fined as the ratio of the concentrations of the sample in the 
stationary phase and the mobile phase, while K,,, is defined 
as the ratio of the stationary-phase-sample surface concen- 
tration to the stationary-phase-sample liquid concentration in 
an adsorbent particle. 

The estimation procedure was similar to that used for the 
dispersion coefficient and bed void fraction. The fixed system 
parameters such as column diameter, adsorbent particle di- 
ameter, and flow rate, together with the dispersion coeffi- 
cient and bed-void-fraction values previously obtained, were 
put into the model presented earlier in this article, which is 
also identified as the “diffusion model.” Computer simula- 
tions of these isocratic elution runs were conducted by gradu- 
ally changing the values of the initial adsorption equilibrium 
constants, KO,,, and intraparticle diffusivity, Dp,& to curve fit 
the experimental data, as shown in Figure 2. While KO,, af- 
fects the position of the peak, Dp,, affects the shape of the 
peak. The larger the KO,,, the longer the elution time. The 
larger the Dp,,, the narrower the peak. By matching the posi- 
tion of the simulation peak with the positin of the experimen- 
tal peak, it was found that the initial equilibrium constants, 

= 0.6 for both j3-lactoglobulin A and P-lactoglobulin B. 
With this initial equilibrium constant the simulation was con- 
ducted again. The intraparticle diffusivity was estimated as 
DP,, = 1.74 X lo-’ cm*/min by matching the shape of the sim- 
ulation peak with the shape of the experimental peak. The 
protein effective intraparticle diffusivity, D,, can be calcu- 
lated using the relationship Dp = De/eP, here eP is the poros- 
ity of the adsorbent particle (Pharmacia, 1987). Note that the 
effective intraparticle diffusivity, De, is based on the total 
volume of the adsorbent particle. The intraparticle diffusivity 
or “pore diffusivity,” Dp, is based on the accessible or pore 
volume of the adsorbent particle. 

Determination of gradient correlations of adsorption 
equilibrium constants by isocratic elution runs 

In this study, a new method was developed to determine 
the values of the constants KO,;, Aa,; ,  and Ba,;. This method 
is simpler and less time-consuming than the isotherm method 
used by Yamamoto et al. (1983b). P-Lactoglobulin A (0.025%) 
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Figure 2. Estimated initial equilibrium constants, 
and intraparticle diffusivity, Dp,i. 
Results: KO,, = 0.6, D,,,, = 1.74 x lo-* crnyrnin, for both 
LGA and LGB. 

and P-lactoglobulin B (0.025%) were studied individually in 
the DEAE Sepharose CLdB chromatographic column. The 
eluting buffer was a mixture of 0.018 M TRIS/HCI at pH 7.9 
and 0.5 M NaCl. The buffer’s ionic strength was varied from 
0.18 M to 0.30 M for different isocratic runs. For each ionic 
strength, an equilibrium constant value was found, respec- 
tively, for P-lactoglobulin A and P-lactoglobulin B by com- 
paring the elution times of the simulation and the experimen- 
tal data. From this, correlations of the equilibrium constants 
of P-lactoglobulin A and P-lactoglobulin B as functions of 
ionic strength of the mobile phase were found. 

Determinations of constants A,,,i and B, for 
p -lactoglobulin A and p -lactoglobulin d 

Using the method mentioned earlier, the corresponding 
values of equilibrium constants, KO,; for P-lactoglobulin A 
(LGA) or P-lactoglobulin B (LGB) could be determined for a 
selected ionic strength. Figure 3 shows a data point of Ka,LGB 
as an example of the estimation procedure. In this figure, the 
experimental peak was obtained by an isocratic elution of P- 
lactoglobulin B in the DEAE column. The eluting buffer used 
was a mixture of 50% buffer A (0.018 M TRIS/HCl, pH 7.9) 
and 50% of buffer B (0.5 M NaCl), which had an ionic 
strength of 0.25 M. The experimental peak was recorded by a 
PC data-acquisition system and then transferred to a main- 
frame computer. On the mainframe, the fixed-system param- 
eters such as column diameter, adsorbent particle diameter, 
and flow rate, together with the dispersion coefficient, bed 
void fraction, intraparticle diffusivity, film mass-transfer coef- 
ficient obtained from the preceding studies, were put into the 
model. Computer simulations of isocratic elutions were con- 
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Figure 3. Equilibrium constant of p -lactoglobulin B 
(LGB) when I = 0.25 M; results: Ka,LGB = 1.27. 

-.. \ 

ducted by gradually changing the value of the adsorption 
equilibrium constant of LGB, K a , L G B ,  to curve fit the experi- 
mental data. The larger is, the longer the elution time 
will be. By comparing the position of the simulation peak 
with the position of the experimental peak, it was found that 
the equilibrium constant of LGB, K a , L G B  = 1.27, for ionic 
strength, I =0.25 M. Using this procedure, the values of 
Ka,LCA and were determined at various ionic 
strengths from 0.18 M (65% buffer A) to 0.30 M (40% buffer 
A), and the data are listed in Table 2. Notice here the ionic 
strength, I ,  is defined by Debye-Huckel theory as follows: 

where C, is the concentration of the kth type of ion, and Z ,  
is the charge on the kth type of ion (Pimentel and Spratley, 
1971). 

For the purpose of data analysis, Eq. 59 was rearranged by 
moving K a i  from the righthand side to the lefthand side. 
After taking logarithms on both sides of this equation, it be- 
comes 

log( K a , ,  - = log + Ba.i log I .  (61) 

This equation provides a linear relationship between log 
( K a , ,  - K O , , )  and log I for both P-lactoglobulin A and 
P-lactoglobulin B. 

Table 2. Values of Ka,i  at Various Ionic Strengths 

Ionic strength, I (M) 0.18 0.20 0.25 0.30 
K,, P-lactoglobulin A 8.12 5.21 1.78 1.07 
K,, P-lactoglobulin B 4.82 3.10 1.27 0.92 
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Y 
g o  _ ............................................... ........................ 
3 

...... 

-0.4- ............................................................................... ...... 

-0.64 I 
-0 75 -0.7 -0.65 -0 6 -0 55 -0 5 

Log (1) 

I ~xp.data. LGA *t fip.data. LGB I 

Figure 4. Constants Aa,{ and 6a,i for p-lactoglobulin A 
(LGA) and p-lactoglobulin B (LGB) by linear 
regression. 

A,,,,,= 535x10-4,  B~,',,= -5.31. 
Experimental results: A,,,,, = 6.20X E,,,,, = - 5.56; 

By putting the data in Table 2 into Eq. 61, linear regres- 
sions were performed as shown in Figure 4 for both LGA 
and LGB. The values of A a , ;  were determined from the in- 
tercepts of the Y axis, and Ba,i were determined from the 
coefficients (i.e., slopes) of the X axis. It was found that for 
P-lactoglobulin A, Aa,LGA = 6.20X B a , L G A  = -5.56; for 
P-Lactoglobulin B, Aa,LGB = 5.35 X B a , L G B  = -5.31. 
Thus, the equilibrium constant correlations for these two 
proteins can be written as: 

Ka,LGA = 0.6+6.20X Z-5.56 (62) 

Ka.LGB = 0.6+5.35X Z-5.31. (63) 

These two equations were used to plot K a , L G A  and K a , L G B  

as functions of ionic strength, I ,  as shown in Figure 5 for 
both LGA and LGB. For comparison, the experimental data 
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Figure 5. Equilibrium constant from correlations of 

p -lactoglobulin A (LGA) and p -lactoglobulin 
B (LGB) vs. experimental data. 
Cor.: correlation. 
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Table 3. System Parameters of a DEAE Sepharose CLdB 
Column 

Column diameter, D,  cm 1.5 

Initial ionic strength of the bufPer, I,,, M 
Final ionic strength of the buffer, If, M 
Sample loaded, S,, mL 5.0 

Column length, L, cm 22.0 
Adsorbent particle diameter, d , cm 0.011 

0.196 
0.255 

were plotted in the figure as well. It can be seen that the 
K a , L G A  and K a , L G B  curves plotted according to the correla- 
tions are very close to the experimental data points. 

Gradient Elution of p-Lactoglobulin A and 
p -Lactoglobulin B and Comparison of 
Experimental Data and Simulation Results 

Once the parameters and correlations had been found, 
computer simulations were carried out with gradient-elution 
runs by putting these experimentally determined parameters 
and correlations into the model. The system parameters are 
listed in Table 3. The rate and gradient parameters are sum- 
marized in Table 4. 

In order to verify the simulation results, 5 mL of 0.025% 
P-lactoglobulin was separated in the same DEAE Sepharose 
CL-6B column by gradient elution. The gradient profiles were 
formed by altering the eluting buffer composition with 0.018 
M TRIS/HCI, pH 7.9 as buffer A, and 0.5 M NaCl as buffer 
B. The experimental data were plotted together with the sim- 
ulation results, as shown in Figure 6. Comparisons were made 
between the experimental data and the simulation results. 
The solid curves are the simulated peaks and the dotted 
curves are the experimental peaks. Good agreement was 
found between them. 

General Systematic Procedure for Estimating Rate 
Parameters and Protein Gradient Correlations 

This study provides a systematic method for estimating rate 
parameters and gradient correlations of P-lactoglobulin A 
and P-lactoglobulin B in an ion-exchange column using ex- 
periments and computer simulations. This method can be ap- 
plied to general situations of gradient-elution chromatogra- 
phy of biomolecules. Figure 7 shows a summary of this 
method. System parameters such as column diameter, ad- 
sorbent particle diameter, and bed height are known from 

Table 4. Protein Rate and Gradient Parameters on a DEAE 
Sepharose CG6B Column 

Protein P-Lactoglobulin A P-Lactoglobulin B 
Bed void fraction, c 0.28 0.28 
Dispersion coefficient, 

Film mass-transfer 

Initial adsorption 

D, , cm2/min 0.235 0.235 

coefficient, k,, cm/min 0.22 0.22 

equilibrium constant, 
K0.i 0.6 0.6 

Intraparticle diffusivity, 
Dp, cm2/min 1 . 7 4 ~  10-5 1.74X 

Constants An,i 6.20X 5.35 x 1 0 - ~  
Constants L?o,i -5.56 -5.31 

0.0018 I - in : Ionic strength at column inlet 
I -out : Ionic strength at column outlet 
- : simulation results 

: Experimental data 
0.0015 
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i 
.- 

LGA g 
I - in 
I * out 

0.0003 -- 

0.63 

0.54 

0.45 

0.36 
v - 
d 
M 

0.27 
w 
u .- c - 

0.18 

0.09 

0.00 
000 30.00 60.00 90.00 120.00 150.00 180.00 

Elution Time, t (min) 

Figure 6. Simulation results vs. experimental data for 
gradient elution of p -lactoglobulin on DEAE 
Sepharose CI-6B with a linear gradient. 
Initial ionic strength: 0.196 M; final ionic strength: 0.255 M; 
running time: 150 min. 

the design. To estimate the bed void fraction, E ,  and disper- 
sion coefficient, DL,  pulse experiments are conducted on the 
column using Dextran 200, or other large molecules, as an 
indicator. Then computer simulations with a “dispersio: 

syswn paranleien a 
Edlnatiom of 

I 
mL diffusion model 

I i 
with diffuim model 

hKati2 elutiaui of Estimatim of 
K,.iatagiven 

givm buffer smngth buffer strength 

I Repeat last step I at a different buffer 

Dcterminacions of 
gradient constants 

Figure 7. General procedure for estimating rate param- 
eters and gradient correlations. 
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mode1”are carried out to obtain E and DL by curve fitting 
the experimental data. Once DL and E are determined, they 
are used to estimate the initial adsorption equilibrium con- 
stants, KO,, ,  and intraparticle diffusivity, Dp,,. Pulse experi- 
ments are conducted with isocratic elution using high-power 
eluting buffer. Computer simulations of these isocratic elu- 
tions are carried out with the model presented in this article 
to determine the values of Dp,, by matching them to 
experimental data. 

Next, the corresponding value of equilibrium constant, Ka,,  
of component i can be determined for a selected mobile- 
phase condition (ionic strength in this study). Experiments 
are conducted using isocratic elutions to collect data under 
different mobile-phase conditions (various ionic strengths 
from 0.18 M to 0.30 M in this study). System parameters to- 
gether with rate parameters obtained from steps given earlier 
are put into the model to carry out computer simulations. 
Ka,,  can then be determined by matching the simulation peak 
with the experimental peak. Finally, the gradient constants of 
component i (for example, constants A,,c and Ba,, for both 
P-lactoglobulin A and P-lactoglobulin B in this study) are de- 
termined by data analysis to establish the gradient correla- 
tions in which K,, are expressed as functions of the parame- 
ters of the eluting buffer. These correlations and the rate 
parameters estimated earlier can then be used for gradient 
elution studies. The same approach can be extended to mul- 
ticomponent gradient elution chromatography. 

Conclusions 
In this work, a new method was developed to determine 

the values of constants KO,,,  A,,,, and Ba,, in the protein 
gradient correlations based on experimental data and simula- 
tion results of a rate model. This method is simpler and less 
time-consuming than the isotherm method used by Ya- 
mamoto et al. (1983b). The protein adsorption isotherm in 
the model could be either linear or nonlinear, depending on 
the concentration of the protein solution. In both cases, the 
overall model is a nonlinear system due to the nonlinear fea- 
ture of the gradient-elution process, that is, protein adsorp- 
tion equilibrium constants are nonlinear functions of 
mobile-phase salt (NaCI) concentration. 

Experimental studies were carried out to estimate rate pa- 
rameters and protein gradient correlations using Gibbs and 
Lightfoot’s (1986) equations and the authors’ data for chro- 
matographic profiles of P-lactoglobulin A and P-lactoglobu- 
lin B. These correlations, and the rate parameters estimated 
were then employed in gradient-elution studies by putting 
them in the model. Comparisons were made between the ex- 
perimental data and the simulation results. Good agreement 
was found between them. 

This systematic method was illustrated step by step in Fig- 
ure 7. It can be applied to general situations of gradient-elu- 
tion chromatography of biomolecules. The rate model used 
in this study can handle both linear and nonlinear adsorption 
isotherms by employing either Eq. 25 or 27. Although the 
dilute sample solutions used in this study have linear 
isotherms, the method can be readily extended to the situa- 
tion of more concentrated protein solutions with nonlinear 
adsorption isotherms. In addition to salt gradient, the princi- 
ple of this method can also be applied to other types of gradi- 
ents such as pH or organic solvent composition. 
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Notation 
CbOJ = mobile-phase initial concentration of buffer component 

Cblnp,f = mobile-phase input concentration of buffer component 

I i n P ( t )  =input ionic strength profile 

A I =change of ionic strength, M 

Pe = V l/DL, Peclet number 

1, k g p 3  

j ,  kg/cm3 
d =adsorbent particle diameter, cm 

I, =initial ionic strength 

Kb,j =distribution coefficient of buffer component j ,  cm3/cm3 

QbSj = Cbp,JCbp,,, dimensionless concentration of buffer com- 
ponent J 111 particles 

Qi = Cp,~/C0,,, dimensionless fluid concentration of sample 
component i in particles 

R =adsorbent particle radius, cm 
r =radial distance from center of spherical particle, cm 

Sb,l = Cbs,j/Cbo.j, dimensionless surface concentration of buffer 

S,  = Cs,i/Co,i, dimensionless surface concentration of sample 

S, =sample loaded, mL 

component j in particles 

component i in particles 

s = A I/AV, linear gradient slope, M/mL 
T =tF/Vo, dimensionless time, equivalent to 0 used by Ya- 

t =time, min 
mamoto et al. (1983b) 

ir,i =retention time of sample component i ,  min 
Ub,j = Cb,f/Cbo,f, dimensionless mobile-phase concentration of 

buffer component j 
Ubinp,f = Cbrnp,l/Cbo,l, dimensionless mobile-phase input concen- 

tration of buffer component j 
U, = Ci/Co,i, dimensionless concentration of sample compo- 

nent i in mobile phase 
u =superficial velocity, cm/min 

AV =change of elution volume, mL 
X =z/L, dimensionless axial distance 
z =axial distance coordinate, cm 

V * = Laplacian operator 
p =viscosity of fluid, g/cm-min 
p = Vr*e/(LD K(1- €11, bed-length parameter 
p =density of the fluid, g/cm3 
Q =r/R, dimensionless radial distance in particle 
6 = k R / (  D K ) ,  film-resistance parameter 
$I =d(l- E P / ,  distribution ratio 
T =Dpt/R2, contact-time parameter 

T,,~ = Dpto,,/R2, input contact-time parameter of sample com- 

0 =dimensionless time, used by Yamamoto et al. (1983b) 
A = intraparticle Peclet number 

ponent i 
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