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The continuous separation of proteins was performed in 
a countercurrent gradient chromatography (CGC) sys- 
tem. A magnetically stabilized fluidized bed (MSFB) was 
used to establish true countercurrent contact of a solid 
resin wi th  a l iquid buffer. Stable pH gradients were 
formed in the system in less than 10 min and remained 
stable throughout the course of the separation experi- 
ment (>2 h). The shape of the pH gradient, which ulti- 
mately controls the resolution and purity of the separa- 
tion, can be controlled by making simple adjustments in 
the interstitial velocities of the liquid and solid phases. 
We have performed the separation of myoglobin and hu- 
man  serum albumin (HSA) using th is  device and 
achieved concentration factors of 1.75 for myoglobin and 
1.2 for HSA. A mathematical model that has no adjust- 
able parameters has been developed that predicts the 
focusing behavior and capabilities of the CGC system. 
Using the model, we  have estimated the optimum phase 
velocities, particle diameters, and equilibrium parame- 
ters necessary for achieving high purity and high con- 
centrations. 0 1995 John Wiley & Sons, Inc. 
Key words: countercurrent gradient chromatography 
protein separation human serum albumin chromatog- 
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INTRODUCTION 

Many different separation processes are required for the 
downstream recovery of fermentation products, such as 
therapeutic enzymes and monoclonal antibodies. Because 
these products typically require different purification treat- 
ments, a recovery process may call for a complicated multi- 
component purification scheme (more than five steps), or 
a simple crude separation (two or three steps). Final product 
specifications may demand high product yield (>99% re- 
covery), high concentration (increases of one to three orders 
of magnitude), or high purity (>95%).10333 Although no 
separation technique can meet all of these specifications, 
the achievement of more than one separation goal in a single 
unit is desirable. 

Focusing is a separation method that accomplishes sev- 
eral of these goals at once. Solute focusing involves the 
separation and concentration of solutes based on a specific 
characteristic (net charge, density, size, hydrophobicity, 
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etc.) and uses the combination of a gradient and a force to 
resist the disruptive effects of diffusion and dispersion. In 
focusing, a solute will concentrate in a sharp, narrow zone 
at a discrete location in the separation system. By using the 
mechanism of focusing to separate solutes from multicom- 
ponent feeds, it is possible to achieve high concentration 
while resolving multiple peaks. 

Presently, there exist several focusing techniques that can 
meet the demands of high concentration and high resolu- 
tion. ' I  In isoelectric focusing ( I E F ) , ~ ~ , ~ ~ . ~ ~  the most widely 
used focusing technique, amphoteric solutes are separated 
in a stable pH gradient on the basis of isoelectric point (PI). 
Although IEF has a high power requirement and requires 
the use of special chemicals such as carrier ampholytes or 
immobilines, IEF is well known for its ability to provide 
extremely high resolution and is widely used for high purity 
separations. 

Several other focusing techniques have been developed to 
increase the potential impact of focusing. In one such tech- 
nique, counteracting chromatographic electrophoresis 
(CACE),'4.'c'8 solutes are focused in a gradient of matrix 
pore sizes and are separated on the basis of molecular 
weight. Like IEF, CACE requires the use of high-power 
electric fields to perform separations, but because the sep- 
aration is performed chromatographically, the technique 
may scale more easily than IEF. 

Of the existing focusing techniques, one of the easiest to 
scale is chromatofocusing (CF).27-29 CF is a batch chro- 
matographic focusing technique that is used to separate am- 
photeric solutes in a time-variant pH gradient. As the pH 
changes in a CF column, solutes are eluted from the column 
in order of their respective isoelectric points. CF has the 
advantage of scalability, no power requirement, and high 
resolution. 

We have developed a chromatographic focusing tech- 
nique based on the principle of chromatofocusing called 
countercurrent gradient chromatography (CGC). l 2  Using 
countercurrent contact, CGC separates amphoteric solutes 
on the basis of ionic charge in a stable (time-invariant) pH 
gradient. CGC is continuous, is easy to scale, and can con- 
centrate and separate solutes from multicomponent feeds. 
Note that CGC is not restricted to separations in pH gradi- 
ents; separations based on other solute characteristics (hy- 
drophobicity, temperature, etc.) can also be performed. 
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The mechanism and operation of a CGC system is shown 
in Figure 1 .  In the figure, a stable pH gradient is formed 
along the length of the column by the countercurrent contact 
of a low pH solids phase with a high pH liquid phase." 
Solutes entering the bottom of the column are negatively 
charged (high pH) and are repelled by the negatively 
charged cation exchanger. The solutes are carried upward 
by the liquid phase until they reach their equilibrium posi- 
tions (location near the isoelectric point of the solute). If a 
solute moves above this point, it becomes positively 
charged and adsorbs onto the cation exchange resin. Once 
adsorbed, the solute is carried down the column with the 
resin until it again reaches the vertical location where the 
pH = pl and desorbs from the resin. This cyclic adsorption/ 
desorption mechanism caused by the combination of coun- 
tercurrent flow and a stable pH gradient produces steady 
state focusing in the region of the solute's isoelectric point. 
Solutes with different PI values can be separated and con- 
centrated at different locations in the column based on this 
focusing principle. 

Performing separations in the CGC system has several 
advantages over current focusing techniques. CGC is a con- 
tinuous chromatographic technique that is easy to scale and 
is capable of performing high capacity separations. The 
technique does not require the use of carrier ampholytes. 
Hence, separation of the products from the ampholytes is 
not required. In addition, CGC does not require a high 
power electric field to achieve focusing. Different types of 
pH gradients can be formed according to the desired sepa- 

Low pH Liquid 
Solids Outlet 

l l r  

ration; these gradients are easy to form and can be adjusted 
throughout the experiment by merely changing the liquid or 
solid flow rates. 

The one major disadvantage of CGC is that countercur- 
rent solid-liquid motion is necessary. Although there are 
many simulated countercurrent systems that can approxi- 
mate this p e r f o r m a n ~ e , ' . ~ . ~ . ~ . ~ ~  we have chosen to use a 
magnetically stabilized fluidized bed (MSFB). The MSFB 
is a continuous flow system that provides true countercur- 
rent contact between the adsorbent phase and the liquid 
phase.22 In the MSFB, magnetically susceptible solids 
(e.g., nickel particles) are stabilized in the presence of a low 
power (10 W/L), uniform, vertically oriented magnetic 
field. The stabilized particles retain the fluidlike properties 
of a fluidized bed and can be drawn down through the 
column in plug-flow motion, thus achieving countercurrent 
contact.2 The magnetic field serves only to stabilize the 
particles and does not participate in the formation of the pH 
gradient or in the separation of solutes, and the field does 
not introduce any heat into the system. Dispersion and mass 
transfer properties of the MSFB are similar to those of 
packed bed systems. l 3  Solute separations in MSFBs offer 
the advantages of high separation efficiencies, large 
throughput rates, continuous feed injection, low pressure 
drop, direct fermentation broth processing, and ease of op- 

Although the MSFB does provide the countercurrent con- 
tact necessary for proper operation of the CGC system, the 
requirement of a magnetically susceptible support is some- 

eration. 3,4.7,30,3 1 
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Figure 1. Separation of solutes A, B, and C in a CGC focusing system. Each solute focuses near its respective 
isoelectnc point along the length of the column and can be withdrawn as a pure component. The mechanism of 
this focusing is shown in the insert. A solute is negatively charged at positions where pH > PI. In this region, 
the solute does not adsorb onto the negatively charged resin and is camed up the column. At pH < PI, the solute 
is positively charged. In this region, the solute adsorbs onto the negatively charged resin and is carried down the 
column. At pH = PI, the solute is neutrally charged and therefore focuses near that position. 
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what restricting. While there is an abundance of commer- 
cially available nonmagnetic chromatographic supports de- 
signed specifically for the separation of biological mole- 
cules, magnetically susceptible versions are not always 
readily accessible. 

A multisupport MSFB alleviates this problem by using 
inert magnetic particles to stabilize nonmagnetic separation 
resins.7 In a multisupport bed, magnetically susceptible par- 
ticles and nonmagnetic particles are simultaneously intro- 
duced into the column in the presence of a low power mag- 
netic field. The nonmagnetic particles are trapped by the 
magnetically susceptible particles and held in a magnetic 
matrix; the fraction of nonmagnetic particles in this matrix 
is set by adjusting the inlet velocity of the two solids phases 
into the column. The multisupport MSFB possesses all of 
the flow characteristics and mass transfer properties of a 
single support MSFB and has been used for continuous 
protein separations.6 

In this article, we will describe the basic phenomena of 
CGC and discuss experimental and theoretical results that 
we have obtained. We use a multisupport MSFB system to 
perform the experimental separation and focusing of pro- 
teins. We use our mathematical model to predict the sepa- 
rations of those proteins and to optimize the experimental 
parameters. 

THEORETICAL MODEL 

In modeling the CGC system, we have assumed that there is 
no solids dispersion (i.e., plug flow motion of the solids). 
Burns and Graves2 have shown that solids dispersion is 
nonexistent in MSFB systems. We also assume that the 
solutions are dilute and that the solutes’ adsorption iso- 
therms are linear. This assumption is reasonable based on 
the experimental range of concentrations that are achieved 
in this system. However, this assumption must be modified 
if the model is extended to concentrated solutions. Intrapar- 
ticle diffusion is neglected because the rate of radial trans- 
port of solute into the particle is several orders of magnitude 
smaller than the rate of convective transport. For this type 
of countercurrent adsorption system, the rate of adsorption 
and desorption is governed by the convective mass transfer; 
solutes adsorb near the surface and do not penetrate into the 
particles. Intraparticle diffusion has been neglected in sim- 
ilar models reported in the literature for countercurrent ad- 
sorption systems.24 

With these simplifying assumptions, the overall differen- 
tial mass balance equations for solute in the bulk fluid and 
particle phases are: 

ac V L d C  a2c 1 - E 

at E dz  Laz2 E 
+ E - - -  ku(c - c*) (1)  _ -  - --- 

aq vs dq 1 - E +- ka(c - c*) - - ____ - 
at 1 - E d 2  E 

where vr and vs are the liquid and solids superficial veloc- 

ities, c and q are the solute concentrations in the liquid (per 
liquid volume) and solids (per solid volume) phases k is the 
mass transfer coefficient, a is the surface area per volume 
for the solids, E is the void fraction, z is the position in the 
column, t is time, and E L  is the liquid dispersion coefficient. 
The mass transfer coefficient is determined from the corre- 
lation for packed beds 

( 3 )  

where v0 is the superficial velocity, d is the particle diam- 
eter, D is the solute diffusion coefficient, and u is the ki- 
nematic viscosity. 

Eqs. (1) and (2) are coupled through an equilibrium iso- 
therm. When the concentration of solute in the mobile phase 
is low, the asumption of a linear adsorption isotherm is 
valid where K(z) is the equilibrium constant, i.e., 

q = K(z)c* (4) 

Note that the liquid-solid equilibrium is a function of pH 
and, therefore, distance. Also, for mixed-bed systems, Eq. 
(1)-(4) must be modified to account for a fraction of non- 
magnetic support in the bed. This modification is accom- 
plished by multiplying K(z) (reduced capacity of the col- 
umn) and u (reduced area for transport) by the volume frac- 
tion of nonmagnetic support. 

The variables are made dimensionless with the following 
parameters : 

where L is the bed height, c,, is the initial feed concentration 
in the liquid phase, 9 is the dimensionless liquid-phase 
solute concentration of solute, 2; is the dimensionless length 
of the column, <D is the dimensionless solid phase concen- 
tration, and T is the dimensionless time. 

Substituting the above dimensionless variables and as- 
suming steady state, we arrive at the following dimension- 
less equations: 

d q  1 d2* 

where the dimensionless parameters are defined as: 

(1 - E ) V ~  - interstitial liquid velocity 
EVS interstitial solids velocity 

- u =  

vLL convective rate 
EE dispersive rate 

Per. = - = . 
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(1  - E) mass in solids 
mass in liquid - (10) W) = m y  - 

ka(1 - E)L mass transfer rate 
(1 1) - - St = 

"L  convective rate 

The model also includes the effect of product withdrawal 
from ports placed along the length of the column. For prod- 
uct withdrawal, the term xyLWL is subtracted from Eq. (5) 
where x is the fraction of liquid from the port and y is the 

vo liquid ratio -. 
V L  I 

The boundary conditions below state that the feed enters 
at the bottom of the column in the liquid phase, and pure 
solids (no solute) enter at the top of the column: 

a t < = O ,  W = l  

a t ( = l ,  @ = O  

dW 
dS 

a t < = I ,  - -  - 0  

For the pH gradient, the boundary conditions are: 

a t ( = O ,  W = l  

d q  
a t ( = l ,  - = 0  

Note that, in the case of focusing, ?{(<) is a function of pH 
and can be approximated by a hyperbolic tangent. For mod- 
eling purposes, we use the following expression for ?{([): 

4 

where X,,, is the maximum equilibrium coefficient for 
adsorption, /3 is a scale factor, pH, is inflection point of the 
equilibrium curve, and pH(() represents the position- 
dependent pH gradient in the column. For qualitative pH 
gradient prediction, we have assumed no buffering (i.e., no 
hydrogen ion adsorption/desorption). For this case, the 
model will predict the simple mixing of two countercurrent 
streams. The equilibrium constant is, therefore, a partition 
coefficient and is assumed to be equal to 1. 

Eqs. (5) and (6) were combined with Eqs. (7) and (12) 
and solved using finite difference methods. l 9  The equations 
were used to predict the concentration profiles of the solute 
as a function of position in the column. We have used this 
model to study the effects of the specific parameters on the 
resulting concentration profiles and to determine the opti- 
mum conditions for obtaining high resolution separations. 
Because all parameters in the model are determined inde- 
pendently, we have also used the model for a priori predic- 
tions of our experimental focusing results. Note that, for the 

experimental runs with sideport withdrawal, the model was 
applied to each section of the column and the liquid velocity 
was adjusted accordingly. 

MATERIALS 

Nickel particles (100 to 150 k m  in diameter) were pur- 
chased from Aesar. Amberlite IRC-50 (100 and 170 p m  in 
diameter) resin was donated by Rohm & Haas. Myoglobin 
from horse skeletal muscle, chicken egg white lysozyme, 
human serum albumin (HSA), and ovalbumin were pur- 
chased from the Sigma Chemical Company. Specific char- 
acteristics of these proteins are shown in Table I. Buffers 
including Tris(hydroxymethy1)-aminomethane (Tris buffer) 
and sodium acetate, were purchased from Sigma Chemical 
Company. Water was distilled using a Bronsted glass still 
and deionized in a Nanopure I1 deionizer. All other chem- 
icals were purchased from commercially available sources. 

METHODS 

Column Construction and Operation 

A 2-cm i.d. Plexiglass column was constructed with a rub- 
ber septum along its side (see Fig. 2). The column has a 
diameter of 2.54 cm and an adjustable length ranging from 
10 to 100 cm. Hypodermic needles (27G Y2') are inserted at 
different vertical locations along the septum for sample 
withdrawal. A 0.2-cm-thick polyethylene liquid distributor 
with pore sizes of 25 to 40 p m  is placed at the bottom of the 
column, and a 0.5-cm-diameter tube is inserted into the 
center of the distributor for solids withdrawal. 

The solids are added to the column by pumping liquid 
buffer into a 5-cm-diameter x 50-cm-long glass reservoir 
with a 0.3-cm drawn tip at the bottom and the solids flow 
rate controlled by the flow of buffer to the reservoir. Solids 
are removed from the column at a constant flow rate by 
placing the solids withdrawal tube into a sealed vacuum 
Erlenmeyer flask filled with desorbing buffer. When liquid 
is pumped out of the flask through the side arm, solids are 
drawn down through the column at a steady rate. Note that, 
to keep the linear velocity of liquid in the column constant, 
the liquid feed to the column is increased by the same 
amount as is being withdrawn from the solids withdrawal 
tube. 

Fluid samples are removed from the bottom of the col- 
umn through an opening in the solids withdrawal tube, and 

Table I. Physical characteristics of proteins 

Diffusion 
coefficienta 

Protein ( D  x 10-7) M W ~  PI 

Myoglobin 11.3 17,000 6.8' 

Lysozyrne 11.8 14,400 11.0' 
Ovalburnin 5.1 45,000 4.1' 

Human serum albumin (HSA) 5.1 65,000 4.9b 

"Ref. 19; 'ref. 20; 'ref. 32. 
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Figure 2. Experimental set-up. Nickel particles and ion exchange resins are added at the top of the column 
using the solids reservoirs. The solids are stabilized in the column using magnetic coils. The liquid buffer and 
protein feeds are introduced at the bottom and removed at the top of the column. These samples along with 
samples withdrawn along the side of the column through a rubber septum are sent to a spectrophotometer for 
analysis. 

samples along the length of the column are removed 
through the needles and placed in the rubber septum. The 
fluidizing medium is introduced through a port below the 
liquid distributor and liquid overflow is removed at the top 
and collected for analysis. Magnetic coils (modified Helm- 
holtz coils, 13.5 cm in diameter X 2.5 cm thickness, with 
centers spaced 9 cm apart) that are needed for the stabili- 
zation of the magnetic particles are constructed to produce 
magnetic fields as high as 150 Gauss. 

Support Preparation and Regeneration 

Fresh ion exchange support is washed in a chromatography 
column with a 0.1 M NaOH solution until the pH of the 

Table 11. Typical run conditions. 

Parameters 
Experimental 

range for testing 
~~ ~ 

Liquid flow rate 
Solids flow rate 
Liquid buffer 

Solids equilibration buffer 

Magnetic field 
Bed height 
Bed ratio 
Initial protein concentration 

3-30 mL/min 
1-15 mL/min 
Tris buffer, pH 10.0, 

0.05-0.2 M 
Sodium acetate buffer, pH 4.0, 

0.05-0.2 M 
5&80 Gauss 
16 crn 
35%/65% resin to nickel 
0.1 mg/mL 

supernatant approaches 10 and the absorbance of the super- 
natant at 280 and 410 nm is less than 0.002. The solids are 
then rinsed with deionized water. Next, a solution of 0.1 M 
HCl is passed through the column until the supernatant ap- 
proaches a pH of 5 ,  and the solids are then equilibrated in 
0.1 M sodium acetate buffer to a pH of 4.5. Between ex- 
periments, the solids are washed with 0.1 M Tris solution 
(pH 10) and then the above procedure is repeated. For the 
nickel particles, the 150-~rn particles are washed with 1 .O 

1.0 

0.8 

2 
2 
3 

g- 0.6 

m 
k? 0.4 - 
c 0 
v1 
." 
8 
E 0.2 
E 

0.0 
4 5 6 7 8 9 10 

PH 

Figure 3. Model pH gradient. The mathematical model predicts that the 
pH gradient can be adjusted by varying the ratio of liquid to solids velocity 
(u). 
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s: 

I 2min  
0 4min 
A 6min  
D 8min  

10min 
30 niin 

0 60min 
A 120 min 

5 6 I 8 9 10 

PH 

Figure 4. Formation of a stable pH gradient. IRC-50 ion exchange solids and 
nickel particles equilibrated to pH 5 in sodium acetate buffer are introduced at the 
top of the column. Tns buffer adjusted to pH 10 is introduced at the bottom of the 
column. The approach to steady state is shown for a u value of 3.5. The gradient 
becomes stable in 10 min and remains stable for -2 h. 

M KC1 and then deionized water for 30-min intervals until 
the supernatant becomes clear (the absorbance at 610 nm is 
monitored). The nickel is then equilibrated with 0.1 M so- 
dium acetate buffer to a pH of 4.5. 

Adsorption Isotherms 

After preparation as described above, equal volumes 0:' the 
resin particles are equilibrated to different pH values (i.e., 
4.5, 5 ,  6, 7, 8, 9, 10) with 0.1 M Tris buffer. Three mil- 

Miters of protein solution (pH 4.5) are added to I .O mL of 
resin (pH 4.5) in a 13 X 100 mm test tube and mixed using 
a Fisher Scientific Hematology/Chemistry mixer. The 
amount of protein adsorbed after 1,  2,  and 3 days is mea- 
sured using a Hewlett Packard Diode Array Spectrophotom- 
eter (280 nm and 410 nm [rnyoglobin]) to confirm that 
equilibrium was reached (point at which the concentration 
of protein in the liquid remains constant). All experiments 
are carried out at room temperature. The final pH values of 
each solution are measured when equilibrium is reached. 

6 

5 

4 

1 

0 

0 p H = 4 , K - 8 0  
p H = 5 , K - 7 8  

A p H = 6 , K - 5 5  
O pH = 7.5, K - 27 
0 p H = 8 , K - 1 0  

A pH = 9.5, K - 0.75 

0.0 0.1 0.2 0.3 0.4 

c (mg/ml solution) 

Figure 5.  
The equilibrium constant, K ,  decreases as a function of pH. 

Equilibrium curves for myoglobin on IRC-50 (-COOH) resin as a function of pH 
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Figure 6. Xshift profiles for myoglobin. Equilibrium data obtained after 
2 h were significantly different than those obtained after 2 days. Using the 
2-h data in the model gave an underprediction of the focusing location in 
the column. 

Analysis of Protein Mixtures (Myoglobin + 
One Protein) 

The solutions are analyzed using a spectrophotometer and 
measuring the absorbance at 280 nm for total protein con- 
centration and at 410 nm for myoglobin concentration. The 
corresponding absorbance reading for myoglobin at 280 nm 
is then determined. The concentration of the second protein 
is determined from the difference. 

Typical Focusing Experiment 
Initially, the column is filled with the fluidizing medium 
(sodium acetate buffer adjusted to pH 4.5). With the fluid- 
izing buffer flowing and the magnetic field set at 80 Gauss, 
nickel and resin particles (equilibrated to pH 4.5) are intro- 
duced at the top of the column at a volume ratio of 65/35 
(nickelhesin). When the level of solids reaches 16 cm, the 
solids withdrawal pump is turned to maintain a constant bed 
height of 16 cm. The fluidizing medium is switched 
to Tris buffer (pH 10) and the pH of the column is moni- 
tored at different locations. After a steady state pH pro- 
file is obtained (approximately 15 min), the fluidizing me- 
dium is switched to a protein feed solution of 0.1 mg/mL. 
The experimental conditions were varied as indicated in 
Table 11. 

RESULTS AND DISCUSSION 
We have used a multisupport MSFB to form stable pH 
gradients and to separate proteins in these gradients. The 
mixed bed consists of 35% ion exchange resin and 65% 
nickel particles. The ratio of nonmagnetic to magnetic par- 
ticles is controlled by adjusting the ratio of the solids flow 
rates from the two solids reservoirs. Thus, as long as the 
MSFB is stably fluidized, different ratios of solids can be 
used in the system. Our mathematical model accurately pre- 
dicts our experimental results and can be used to optimize 
solute focusing in CGC. 

Model Predictions and Experimental Verification 
We have used the model to predict the shape of the pH 
gradient as a function of the ratio of interstitial velocities of 

=A00 data 
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I human serum albumin \ \  
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PI =4.9 
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Figure 7. Xshifts for several proteins. Equilibrium data was determined experimen- 
tally for different proteins on the cation exchanger IRC-50 and fit to a hyperbolic 
tangent function. 
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Figure 8. Straight adsorption of lysozyme. A 0.05 mg/mL feed solution 
of lysozyme adjusted to pH 4 in sodium acetate buffer is introduced at the 
bottom of the column that has been equilibrated at pH 4. Essentially, all of 
the lysozyme is continuously withdrawn from the bottom of the column. 
The model parameters are u = 2, Sr = 2, Pe, = 103, and X function 
shown in Figure 7. 

the liquid and solids phase (u). Figure 3 illustrates the pH 
gradients predicted by the model for a range of u values. 
Because the gradient is formed by the continuous exchange 
of H +  ions along the length of the column, adjustments in 
the fluid flow rates can be used to control the gradient. The 
model shows that, as u is increased from 0.1 to > 5 ,  the 
shape of the pH profile in the column changes from a shal- 
low linear gradient to a steep constant pH profile. These 
model results suggest that different gradient profiles can be 
formed, and that precise control of the gradient shape can be 
exercised by simple adjustments in u. 

A 
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data 

- model 

0 
A 

0.0 I 
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Figure 9. Single component focusing of myoglobin. A 0.2 mg/mL feed 
solution of myoglobin Tris buffer is introduced at the bottom of the col- 
umn. A concentration factor of 1.7 times is achieved in the system, a value 
that is predicted by the mathematical model. The model parameter values 
are Sr = 2, Pe, = 105, and u = 2; X is shown in Figure 7. 
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purity = 70% HSA ' 
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Figure 10. Separation of myoglobin and human serum albumin. At po- 
sition 0.5, a sample that was 64% myoglobin (1.75 times concentrated) 
was obtained. At position 0.75, a sample 1.2 times concentrated of HSA 
was obtained. With Sr = 2, Pe, = 103, u = 2, and the X values from 
Figure 7, the model predictions of this separation agreed very well with the 
experimental results. 

To verify the qualitative model results, we have formed 
experimental pH gradients in our CGC system. In general, 
we were able to duplicate the variety of pH profiles shown 
in Figure 3; Figure 4 shows an example of one such profile. 
The solids were adjusted to pH 5, the liquid buffer was 
adjusted to pH 10, and u was set at a value of 2. Note that, 
for this u value, a stable, relatively linear pH gradient is 
formed in less than 10 min and remains stable throughout 
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I 

Dimensionless Length, z/L 

Figure 11. Effect of X shift on location of peak maximum. A peak will 
focus at the position where X = 1. The model values for these solutes are 
u = 1, St = 50, and Pe, = 105. 
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Figure 12. Effect of pH gradient on peak location. With this steep gradient, the 
solute peaks are severely overlapped. The model values for these solutes are u = 3, 
St = 200, and Pe, = 103. 

the course of the experiment (approximately 2 h). More- 
over, as long as sufficient material is available (solids and 
liquid buffer), the gradient would remain stable indefi- 
nitely. 

The stable pH gradient controls the partitioning of the 
solute between the solid and liquid phases and allows fo- 
cusing to occur. This partitioning is represented by the equi- 
librium constant, K, and varies depending on the pH in the 

column (greater than 1 at low pH to a near zero value at high 
pH). Figure 5 shows the experimentally determined equi- 
librium curves for myoglobin on IRC-50 as a function of 
pH. To obtain this relationship, we measured the isotherms 
at both short (measured isotherms after 20 min to 2 h) and 
long (measured isotherms for 2 to 3 days) times. Figure 6 
shows these isotherms for myoglobin. We determined that 
while the proteins remained in the column for <2 h, using 

(i) 
Kmax = 18 
p = 0.9 
pH1 = 7.0 

(ii) 
r m a x  = 18 
p = 1.5 
pH1 = 7.0 
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Figure 13. Effect of pH gradient on peak location. The hypothetical solutes are 
identical to those used to generate Figure 12. The value of u is changed to 1.9 to 
achieve a new pH gradient. 
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Dimensionsless Length, z/L 

Figure 14. Effect of u on peak location. When u = 1, a peak will focus 
where 'X - 1. When u > 1, the peak will focus above that position and 
when u < 1, a peak will focus below that position. At extreme values of 
cr, column end effects cause peak loss out of the ends of the column. The 
model parameters values are St = 10, Pe, = 105, X,,, = 20, p = 2, and 
pH, = 7. 

the dynamic isotherms gave an underprediction of focusing 
in CGC. However, the static isotherms gave relatively good 
predictions of the experimental results. Figure 7 shows the 
static equilibrium profiles for myoglobin and other model 
proteins on IRC-50, a weak acid cation exchanger. 

We refer to this shift in the equilibrium constant as the 
%shift. The X-shift determines whether or not a solute 
can be focused in CGC for a given pH gradient. At pH < 
PI, a protein will be positively charged, and will adsorb 
onto a cation exchanger; in this case, 3% will be greater than 
1. On the other hand, at pH > PI, the solute will be nega- 
tively charged and 7% will approach zero. The reverse case 
is true for an anion exchanger. Also, because 7% is related to 
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the equilibrium constant of the adsorption isotherm, differ- 
ent 3% values exist for different proteidexchanger systems. 
The %shift can usually be represented by a hyperbolic tan- 
gent function [Eq. (12)]. Note that for the %shifts shown in 
Figure 7, the shifts occur for all proteins between the pH 
values of 6 and 9. One of the characteristics of a weak acid 
or base resin is that there exists a gradual change in its 
exchange capacity as a function of pH.*' Thus, the gradual 
change in the 3%-shift that occurs within the 6 to 9 pH range 
is a combination of the resin exchange properties and the 
ionic nature of the solute. 

When solutes do not exhibit a YC-shift, they will not focus 
in the column and CGC behaves like a simple continuous 
adsorption column. For instance, Figure 7 shows that 
lysozyme does not exhibit a shift in X in the pH range from 
4 to 10. Using the MS-MSFB system, we performed the 
countercurrent adsorption of lysozyme with commercially 
available nonmagnetic resin (Fig. 8). A mixed bed column 
of cation exchange resin (35%) and nickel particles (65%) 
was adjusted to a constant pH of 4 in sodium acetate buffer, 
and a feed solution of 0.05 mg/mL of lysozyme in sodium 
acetate buffer (pH 4) was introduced at the bottom. Because 
lysozyme was positively charged when introduced, and 
throughout the column, it was continuously adsorbed and 
removed from the bottom of the column. In addition, vir- 
tually no lysozyme was detected exiting from the top of the 
bed. 

We solved the mathematical model using the experimen- 
tally determined equilibrium isotherms, a published mass 
transfer correlation (for packed beds) and the experimentally 
obtained pH gradient. We have found that this model with 
no adjustable parameters predicts fairly well the results of 
not only this simple adsorption run (Fig. 8) but also our 
solute focusing runs. The accuracy of these model predic- 
tions further indicate that the assumptions used to develop 
the model were indeed reasonable. 

" 0.0 0.2 0.4 0.6 0.8 1.0 
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Figure 15. 
concentration C/C, increases. In this case, Sr = 20, Pe, = 105, u = I ,  and pH, = 7. 

Effect of p on focusing. As p is increased, the width of the peak decreases and the achievable 

470 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 48, NO. 5, DECEMBER 5, 1995 



m a r  = 1000 looo< 800 

2 
?J - 600 
s M 

2 
K 

rl 

II - 400 

200 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

500 

400 

300 

200 

100 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

Dimensionless Length, z/L 
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Figure 16. 
In this model prediction, St = 10, u = 1, and Pe, = 105. 

For solutes that exhibit a 7C-shift in the column, focusing 
is possible. We introduced 0.2 mg/mL of myoglobin in 0.1 
M phosphate buffer into a stable linear pH gradient (pH,,, 4 
to pHbottom 8). We were able to continuously focus myo- 
globin at a dimensionless position of 0.5, and were able to 
continuously withdraw a solution that was 0.34 mg/mL (1.7 
times the feed concentration) at a rate of 0.064 mg/min (see 
Fig. 9). Figure 9 also shows that the mathematical predic- 
tions agree quite well with the experimental results. 

A more interesting focusing result was observed when we 
introduced a solution of 0.05 mg/mL myoglobin and 0.05 
mg/mL human serum albumin. We were able to detect a 
focused peak of myoglobin (1.75 times concentrated) at a 
dimensionless position of 0.5 and a focused peak of human 
serum albumin (1.2 times concentrated) at a dimensionless 
position of 0.75 (see Fig. 10). By withdrawing liquid 
streams from dimensionless positions of 0.5 and 1.0, we 
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Figure 17. Effect of Pe, on peak width. As long as Pe, is greater than 
100, Dispersion has no effect on focusing in CGC. In this model predic- 
tion, St = lo00 and port withdrawal rate = 0.01% of total flow. The other 
model parameters values are u = 1, XmaX = 20, p = 2, and pH, = 7. 

obtained solutions that were approximately 64% myoglobin 
and 70% HSA, respectively. 

The agreement between the model predictions and the 
experimental results indicates that this predictive model (no 
adjustable parameters, all parameters determined indepen- 
dently) can be used to predict the optimum operating con- 
ditions of the CGC system. Thus, although the peaks shown 
in Figures 9 and 10 are far from optimal, we can use the 
model to determine that appropriate operating conditions 
that will yield highly concentrated and purified peaks. 

Optimizing Solute Focusing 

As shown earlier, there are four dimensionless parameters 
that affect focusing and resolution in CGC: Pe, (disper- 
sion), St (rate of mass transfer), X ( 5 )  (equilibrium), and u 
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Figure 18. Separation of myoglobin and ovalbumin. In this separation, 
Sr = 2 which produced peaks with low concentrations. The other model 
parameters are Pe, = 105 and u = 2; SC is shown in Figure 7. 
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Figure 19. Effect of St on peak width. As St in increased, the maximum value of CIC, increases for no port 
withdrawal (a) and the width of the peak decreases for port withdrawal (b). The model parameter values are u 
= 1, Pe, = 105, XI,,, = 20, p = 2, and pH, = 7. Port withdrawal was 0.01% at 5 = 0.5. 

(interstitial velocity ratio). We can use the mathematical 
model to evaluate the degree of focusing that can be ob- 
tained in CGC and to determine the effect of these param- 
eters on peak width and peak location. 

Peak Location 

The focusing location of the peaks is important because it 
will affect the resolution of the separation. The peak max- 
imum of a focused solute will be located near where 

50 I l 
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I 30 - 
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Figure 20. Effect of St on peak resolution. The model predicts that high 
values of St sharpen the front edge of the focused peak (Sr = 100). Even 
if the peaks are not resolved, relatively pure samples can be withdrawn in 
this steady state system. The model parameter values are u = 2, Pe, = 
105, and X,,, p, and pH, are determined from Figure 7. 

X(5)  = 1. By combining an equilibrium isotherm and a 
typical pH gradient, we can generate a plot of X ( 5 )  versus 
position in the column. We can then use this function for 
X ( 5 )  and the mathematical model to predict the location of 
the peak solute concentration. As shown in Figure 11, the 
position in the column where each solute’s X(5)  value 
equals 1 is the location of the focused peak. 

It seems feasible that this focusing location would coin- 
cide with the location where pH = PI. However, because 
the local charge distribution of proteins is not uniform,33 a 
protein may exhibit the cyclic odoff adsorption behavior at 
pH values not equivalent to its PI. For example, although 
the PI of ovalbumin is 4.6, the position where X ( 5 )  = 1 is 
pH 7.1. For myoglobin, the position where X(5 )  = 1 also 
occurs at pH 7.1 even though its PI (-7) is much higher 
than that of ovalbumin. Thus, the peak location is not nec- 
essarily determined by the isoelectric point of a solute. 

By manipulating the pH gradient, the location where 
X(5)  = 1 and, therefore, the location of the focused peak 
can be changed. Figures 12 and 13 show the effect of ad- 
justing the pH gradient to obtain an improved separation. In 
Figure 12, the X-shifts of two different solutes are shown 
for a given pH gradient. In this case, the model predicts that 

Table 111. Parameter ranges. 
~ 

Parameters Range of operation Typical value 

Pe, Pe, significant if < 1O00, I 0’ 
typical MSFB = 10’ to lo6 

X O < X < l ,  X >  1 0.01-lo00 

St Sr > 1 5-100 
typical MSFB = lO-’to lo-’ 
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Figure 21. Prediction of multicomponent separation of model proteins. (a) The predicted 
separation of ovalbumin and HSA in an optimized CGC system. Experimental parameters that 
are achievable in the CGC system were used. The parameter values used were: Sr = 50 (dp = 

100 mm, L = 50 cm) and IT = 1.0 (vL = vs = 0.027 c d s ) .  "JC-shift data were used from 
Figure 7.  (b) pH gradient used to calculate the hypothetical separation. 

while both peaks will focus, there will be severe overlap of 
the peaks. When the pH gradient is adjusted to the more 
shallow profile shown in Figure 13, the peaks separate with 
achievable purities of >99%. 

Because the shape of the pH gradient is manipulated by 
adjusting u, the peak location is ultimately controlled by 
adjusting u. A final note on peak location is that, for ex- 
treme values of u, column end effects may result. For val- 
ues of u near 1, the effect on peak location is minimal; 
values above or below 1 cause the peak to focus at YC(&,) 
values that are slightly above or below 1, respectively. At 
high u values (faster liquid flow), the liquid convective rate 
will be greater than the mass transfer rate and solute will be 
carried out of the top of the column, leading to shallow, 
broad peaks (see Fig. 14); the upper peak in Figure 12 
suffered from such an end effect. At low u values (faster 
solids flow), a similar effect is seen at the bottom of the 
column. 

Peak Width 

The Xshift not only affects the location of the focused peak 
but also the width of a peak. Figure 15a shows column 
Xshift profiles having different p values and the corre- 
sponding peaks that are generated in the column. Note that 
the larger the magnitude of p, the smaller the peak width 
that is obtained and the higher the maximum solute concen- 
tration. Increasing the value of YC,,, can also increase the 
maximum solute concentration, as shown in Figure 16. 
However, increasing YC,, will only lead to narrower peaks 
when the solute is continuously removed from the column at 
that location using a withdrawal port; under those condi- 
tions, the maximum solute concentration is relatively con- 
stant. 

An obvious parameter that affects the peak width in most 

chromatographic systems, but was not significant in our 
experimental studies, is Pe,. Pe, indicates the effect of 
axial dispersion on the focused peak in CGC. Due to the 
lack of solids mixing in the MSFB, there is a low amount of 
radial and axial dispersion in the system as compared with 
normal fluidized beds.5 Our model indicates that, as long as 
the value of Pe, is greater than -lo2, the focusing of sol- 
utes is not affected by dispersion (Fig. 17). Based on ex- 
perimental studies, typical values of Pe, for an MSFB range 
between lo2 and lo6. For all experiments in this study, Pe, 

The most important parameter that affects peak width is 
St.  St indicates the rate of transfer of a solute between the 
solids and liquid. High values of St  (fast mass transfer) lead 
to high concentrations (high CK,) of the solute and sharply 
focused peaks. To achieve a focusing effect, St must be 
greater than 1 .O. At a low value of St (1 < St < 5) a focused 
peak can be obtained, but at a low concentration and with a 
large width. Figure 18 shows the experimental results of the 
separation of myoglobin and ovalbumin with St = 2. Note 
that the severe overlap of the peaks was predicted by the 
mathematical model. 

Figure 19 shows the effect of St on the width of focused 
peaks. Figure 19a shows that as St  is increased, and the 
maximum achievable concentration increases by several or- 
ders of magnitude. Note that, for Figure 19a, no liquid is 
withdrawn from the center of the column. Withdrawing 
liquid from the center of the column permits continuous 
collection of the focused solute, but reduces the maximum 
obtainable solute concentration. Figure 19b shows the pre- 
dictions for a column with such a withdrawal. As expected, 
the maximum obtainable concentration is reduced. Note 
that, for this case, the width of the peak also decreases. 

Another important characteristic of St is that increasing 
the value of St will lead to a sharper front of the adsorbing 

> lo3. 
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edge of the peak. A sharp peak edge will allow at least one 
component to be obtained in relatively pure form even 
though the solute peaks are overlapping. For example, the 
separation of myoglobin and ovalbumin shown in Figure 18 
can be improved by increasing St .  When St is increased to 
100 (Fig. 20), the resolution is still poor, but by withdraw- 
ing myoglobin at a dimensionless position of 0.4, a sample 
that is 97% pure can be obtained. Because CGC is a steady 
state, continuous system, and if no other peaks are with- 
drawn from the system, this stream can represent close to 
100% recovery of the myoglobin. 

Model Separation 

The appropriate parameter ranges necessary for ideal focus- 
ing are listed in Table 111. Typical values are also given 
along with values for the experimental work reported here. 
The low St values of our experimental runs, due mostly to 
the large particle diameter (370 pm) of our ion-exchange 
resin, prevented us from obtaining sharp, highly concen- 
trated peaks. However, using the parameter ranges listed 
and our mathematical model, we can predict the experimen- 
tal conditions that would yield highly resolved peaks. 

Particle diameters of 100 pm or less should provide suf- 
ficiently fast mass transfer for proper focusing. Using a 
similar liquid velocity as that used in our current experi- 
ments, and a similar solids velocity, St would be 50, u 
would be approximately 1 ,  and Pe, would be on the order 
of lo3. The equilibrium data for ovalbumin (PI 4.7) and 
HSA (PI 4.9) were then used in conjunction with a nearly 
linear pH gradient to predict the extent of separation possi- 
ble with this smaller resin. We chose these example proteins 
to illustrate a more complex separation because they have 
similar isoelectric points (ApI = 0.2). Our model predic- 
tions (Fig. 21) show that these components can be separated 
and focused with high resolution in the column. 

CONCLUSIONS 

We have developed a fully predictive mathematical model 
and used the model to determine the appropriate experimen- 
tal conditions necessary to achieve high concentrations and 
high purity in CGC. We have also demonstrated experimen- 
tally that solutes can be concentrated and purified in stable 
pH gradients. A solute can be concentrated by many times 
its feed concentration as long as the parameters Pe,, St ,  X, 
and IJ are within the optimum ranges for that protein sys- 
tem. The mathematical model for focusing is in good qual- 
itative and quantitative agreement with the experimental 
results and indicates that the focusing of solutes can be 
easily predicted. We have shown that resolution can be 
controlled by adjusting the key separation parameters and 
by withdrawing samples from optimum locations. Further- 
more, we have identified the overall criteria necessary for 
high purity separations of amphoteric solutes in CGC. 
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NOMENCLATURE 

surface area per unit volume (cm2/cm3) 
solute concentrations in the liquid phase per liquid volume (mg/ 
mL) 
particle diameter (cm) 
solute diffusion coefficient (cm*/s) 
liquid dispersion coefficient (cm2/s) 
mass transfer coefficient (cm/s) 
equilibrium constant (mg/mL solids/mg/mL liquid) 
bed height (cm) 
Peclet number (convective ratddispersive rate) 
inflection point of equilibrium Kshift curve 
solute concentrations in the solids phase per solid volume (mgl 

Stanton number (mass transfer ratekonvective rate) 
time (s) 
superficial velocity (cm/s) 
liquid superficial velocity (cm/s) 
solids superficial velocity ( c d s )  
position in the column (cm) 

mL) 

Greek letters 

0 scale factor 
x fraction of liquid removed from the port 
E void fraction 
Q dimensionless solid phase concentration 
y liquid velocity ratio (vdvLI)  
?%,,, maximum equilibrium value for adsorption over defined equilib- 

rium shift 
X(() dimensionless equilibrium parameter (mass in solidslmass in liq- 

uid) 
u dimensionless velocity parameter (interstitial liquid velocity/ 

interstitial solids velocity) 
T dimensionless time 
v kinematic viscosity (cm2/s) 
T 
( 

dimensionless liquid phase solute concentration 
dimensionless length of the column 

Superscripts 

* equilibrium 
o initial 
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