
Numerical Studies of Multicomponent 
Chromatography Using pH Gradients 

Douglas D. Frey, Andrew Barnes, and John Strong 
Dept. of Chemical and Biochemical Engineering, University of Maryland Baltimore County, Baltimore, MD 21228 

A general numerical method is developed for multicomponent chromatography for 
the case where a p H  gradient occurs and several buffering species are present that 
become adsorbed together with the components being separated through an ion-ex- 
change mechanism. Acid-base equilibrium relations are used to determine the ionic 
compositions in the liquid and adsorbed phases and are solved using a single-variable 
Newton’s method. The differential material-balance relations are integrated numerically 
using the method of characteristics. The transport relations are incorporated using a 
matrix analog of the linear-driving-force approximation. The resulting method accounts 
for the adsorption of each ionic form of each buffering species, for multicomponent 
difisional interactions arising ffom induced electric fields, for volume and concentra- 
tion overloading of proteins, and for changes in the adsorption capaciy caused by pH 
variations. Numerical calculations illustrate factors governing the selection of the adsor- 
bent and buffer components for use in separating mixtures of proteins using retained, 
internally generated pH gradients. 

Introduction 

A number of workers have developed methods for deter- 
mining the adsorption dynamics of ion-exchange chromatog- 
raphy where several buffering species are employed that be- 
come adsorbed together with the components being sepa- 
rated. However, these previous methods all contain approxi- 
mations that limit their ability to predict detailed behavior. 
For example, the methods of Helfferich and Bennett (1984a,b) 
and Klein et al. (1982) apply to local-equilibrium behavior as 
well as to Langmuir isotherms and Riemann boundary condi- 
tions. Similarly, the methods of Sluyterman and Elgersma 
(1978) and Murel et al. (1985, 1986) use empirical heights of 
an equilibrium stage, rather than the actual transport rela- 
tions, as well as approximations for determining the liquid- 
phase pH. Finally, none of these methods are able to deter- 
mine the effluent concentration profile for a protein intro- 
duced as a feed slug into a chromatography column. 

In contrast to this previous work, this study accounts quan- 
titatively for the various phenomena that occur, including the 
diffusional processes in the particle pores and the acid-base 
equilibrium relations in the liquid and adsorbed phases. With 
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such a model, rational strategies can be developed for select- 
ing operating conditions, adsorbents, and buffer composi- 
tions in chromatographic processes where pH gradients oc- 
cur. Of special interest in this regard is the process of chro- 
matofocusing where a column is presaturated with a buffer at 
one pH, and elution is carried out with an instantaneous 
change from the presaturation buffer to an eluent containing 
a mixture of buffering species at another pH. This results in 
an internally generated, gradual pH gradient in the column 
effluent (as opposed to a pW gradient generated by external 
mixing) that can be used in protein separations (Scopes, 1987). 

The work described here is related to the studies of En- 
gasser and HorvAth (1974) and of Saville and Palusinski 
(1986), who investigated the effect of pH in bound enzyme 
systems and in electrophoresis, respectively. This work is also 
related to the study of Saunders et al. (19891, who investi- 
gated the chromatography of amino acids, and to the study of 
Berninger et al. (1991), who investigated chromatography in 
reacting systems. In this work, however, several simplifica- 
tions and extensions are employed so that numerical calcula- 
tions involving large numbers of components can be per- 
formed efficiently. In particular, there are no assumptions 
made concerning which ionic forms of a particular buffering 
species are present, and all species, including the ionizable 
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Figure 1. Solute band overtaken by a change in solvent 

modifier composition. 

functional groups attached to the adsorbent, are treated in 
an identical manner, which facilitates model development. In 
addition, the transport relations are incorporated using effi- 
cient matrix approximations and the material-balance rela- 
tions are integrated using the method of characteristics with 
a variable step size. Finally, the methods developed here ac- 
count for variations in adsorption capacity caused by the ef- 
fect of pH on weakly acidic or basic functional groups at- 
tached to the adsorbent. 

Although the main purpose of this study is to develop a 
general numerical method for ion-exchange chromatography 
employing pH gradients, it has three additional objectives: (1) 
to compare numerical calculations with experimental data 
obtained in this study and in previous studies by other work- 
ers; (2) to use numerical calculations to illustrate factors gov- 
erning the selection of adsorbent-buffer systems for produc- 
ing gradients in pH and total ionic concentration; and (3) to 
use numerical calculations to investigate the behavior under- 
lying protein separations in chromatography columns when 
internally generated pH gradients are employed. 

Migration of Solute Bands: Basic Concepts 
Figure 1 illustrates axial composition profiles in a chro- 

matography column under local-equilibrium conditions when 
a step change in the concentration of a solvent component, 
termed here the solvent modifier, overtakes a solute band 
and causes a change in the adsorption equilibrium constant 
for the solute. For simplicity, linear equilibrium is assumed 
so that the upstream and downstream sides of the solute band 
remain as abrupt steps. Under these conditions, a step change 
in concentration travels through the column with a velocity 
given by (Wankat, 1986, 1990) 

1172 

(1) 

If Eq. 1 is written for both the solvent modifier and the 
solute, it follows that the change in solute concentration 
caused by its interaction with the solvent modifier is given by 

where u and d denote conditions upstream and downstream 
of the step change in solvent modifier, p denotes the solute, 
and m denotes the solvent modifier. 

Consider the case when u, is equal to thc velocity of an 
unadsorbed solute and is therefore much greater than either 
up+ or which is approximately the situation in ion-ex- 
change chromatography when a change in total ionic concen- 
tration is used to form a gradient. Equation 2 then yields 
Cp,I,/Cp,d = U ~ , , , / U ~ , ~ ,  which indicates that the change in 
solute concentration is determined by equilibrium behavior. 
Alternatively, when a pH change is used to form a gradient, 
it is possible for the velocity of the pH change to be signifi- 
cantly less than the velocity of an unadsorbed solute. In par- 
ticular, if the criterion up+ > u, > is satisfied, then Eq. 2 
yields CJ,,Ii/Cp,d < 0: the equilibrium model predicts an infi- 
nite solute concentration change so that mass-transfer resis- 
tances determine the band shape. When that occurs, any 
solute downstream from the step change in solvent modifier 
has a velocity less than the solvent modifier step and is even- 
tually overtaken by the step. Conversely, any solute upstream 
from the solvent modifier step has a velocity greater than the 
step, and eventually overtakes it, so that all of the solute tends 
to be located at the step. When the change in solvent modi- 
fier is gradual, rather than stepwise, all of the solute collects 
analogously at the point on the gradient where up = u,. In 
either case, a focusing effect occurs that has thc potential of 
producing narrow solute bands. 

Liquid-Phase Equilibria for Buffering Species 
Consider a buffering species such as malic acid that has 

two ionizable functional groups and therefore three ionic 
forms. The acid-base dissociation reactions can be written as 

where A ; ,  A?, and A: denote the most negatively charged, 
the second most negatively charged, and the most positively 
charged individual ionic forms of the buffering species A,.  
Equations 3 and 4 lead, respectively, to the following equilib- 
rium relations: 

Substitutions using Eqs. 5 and 6 yield the following expres- 
sions for the amount of each individual ion present: 
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CAT = (7) 

KA , , flu Id, 1 C A I  

cH+ + K A ,  fluld,l  + K A , , f l u ~ d , l  KA,,flu~d,2/cH+ 

'-k KA,,fluid.l/CHf + KA,, f lu~d, l  K A , , f l u ~ d , 2 / C i t  

(8) CAY = 

, (9) t cA; = 
+ CH+/KA,,flu~d,2 + C i t / ( K A , , f l ~ ~ d , l  KA, , f lu~d,2)  

The electroneutrality condition in the liquid phase can be 
written 

where Kw,fluid is the liquid-phase dissociation constant for 
water. Substitution of Eqs. 7-9 into Eq. 10 yields 

, (11) 
K w , f l u i d  +C,+-- 

CH+ 

which can be solved for CH+ using Newton's method. How- 
ever, since f (CH+ ) is more nearly a linear function of ln<CH+ ) 
(that is, of pH), rather than CH+, the efficiency of Newton's 
method can be increased by using logarithmic extrapolation 
according to the following recurrence relation: 

where k and k + 1 denote consecutive iterates. The deriva- 
tive df(CH+ )/dCH+ is given by 

c c -  c 

w 

Adsorbed Phase ,nert support 

Figure 2. Structure of adsorbent particle. 

buffering species that have a single ionizable functional group, 
or which are strong electrolytes, by evaluating the appropri- 
ate equilibrium constants as either very large or very small to 
yield the desired behavior. 

Under certain conditions the electroneutrality condition for 
the liquid phase (as well as certain other relations discussed 
below) can be solved analytically. For example, if only two 
monofunctional buffers are present, if the protein concentra- 
tion is small enough so that the presence of proteins can be 
ignored in the electroneutrality condition, and if the pres- 
ence of H+ and OH- ions are similarly ignored, then Eq. 11 
reduces to a quadratic equation for CH+. In this study these 
types of simplified analytical relations will be not be utilized 
since the goal of this study is to develop a numerical method 

The hydrogen ion concentration determined in this way can 
be substituted into Eqs. 7-9 written for each buffering species 
to calculate the concentrations of all ions present in the liq- 
uid phase. Therefore, if the concentration of each buffering 
species (such as CA,> is given, then the amount of each indi- 
vidual ion (such as CAT ) can be determined by solving itera- 
tively a single equation for the unknown CH+ and then sub- 
stituting that value into Eqs. 7-9. Although Eqs. 11 and 13 
assume that all buffering species have two ionizable func- 
tional groups, those equations can be modified to account for 
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that can account for any number of buffering species, for high 
protein concentrations, and that can be readily modified to 
account for various nonidealities, such as composition-de- 
pendent equilibrium parameters. 

Adsorbed-Phase Equilibria for Buffering Species 
Figure 2 illustrates the three phases that constitute a typi- 

cal adsorbent: (1) a phase co'ntaining the adsorbates; (2) the 
liquid-filled pores; and (3) an inert phase onto which the ad- 
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sorbate-containing phase is attached. The acid-base equilib- 
rium relations that apply to the buffering species in the ad- 
sorbed phase, as well as the expressions for interphase equi- 
librium described in later sections, can be formulated by rep- 
resenting the adsorbed phase as a concentrated electrolyte 
solution with all species, including the functional groups at- 
tached to the adsorbent, uniformly distributed. Consider the 
case where each of the three phases shown in Figure 2 has a 
uniform composition and where one or more types of ioniz- 
able functional groups are attached to the adsorbent. Fur- 
thermore, so that the resulting equations can be put into a 
form identical to that in the preceding section, it is assumed 
that each functional group attached to the adsorbent can ex- 
ist in three different ionic forms so that the following acid- 
base dissociation reactions apply: 

where R;, RY, and R: denote the most negatively charged, 
the second most negatively charged, and the most positively 
charged forms of the functional group R,. 

Equilibrium relations identical to those given by Eqs. 5 and 
6 apply to the buffering species present in the adsorbed phase 
and can be written 

where the subscript ads denotes concentrations per unit vol- 
ume of adsorbed phase. Equations 16 and 17 lead to the fol- 
lowing relations: 

The electroneutrality condition in the adsorbed phase can be 

Kw,sorbent 

qH+,ads 
-0 .  (21) 

By substituting Eqs. 18-20 written for each buffering 
species into Eq. 21, a relation of the form g(qH+,ads) = 0 can 
be developed and the quantity qH+,ads solved for using New- 
ton’s method. The resulting equations are identical in form to 
Eqs. 11-13, but with the concentrations in the adsorbed phase 

replacing the liquid-phase concentrations and the summation 
extended to include the adsorbent functional groups. There- 
fore, as was the case for the liquid phase, if the total concen- 
tration of each buffering species (such as qA,,adP) is known, 
the individual ion concentrations (such as qA:,ads) can be de- 
termined by solving iteratively a single equation for qH+,ads 
and then substituting that value into Eqs. 18-20. 

The procedure just described yields the concentrations of 
each ion in a uniform adsorbed phase from the total amount 
of each buffering species in that phase. The total amount of a 
particular ion inside the adsorbent, however, also includes 
the unadsorbed ions in the particle pores. Although this con- 
tribution can be included in the calculation, the major reason 
for determining the individual ion concentrations in the par- 
ticle is to use them in the matrix approximation for the 
mass-transfer rate described below. Therefore, it will usually 
be acceptable to ignore the unadsorbed ions in the particle 
pores when determining the individual ion concentrations in 
the particle. Furthermore, since the overall chromatographic 
behavior is largely determined by the strongly adsorbed ions, 
it will often be acccptable to ignore the unadsorbed ions in 
the particle pores throughout the entire calculation. 

lnterphase Equilibrium for Buffering Species 
If the adsorbed phase is envisioned to be a homogeneous 

solution, and since at equilibrium the chemical potential of 
any electrically neutral combination of ions is the same in the 
adsorbed and extraparticle liquid phases, a set of equilibrium 
relations for these phases can be developed which, for the 
particular ionic species A;, can be written 

Note that H +  is used to form the electrically neutral ion 
combination since it is always present in both phases. In Eq. 
22, KA;,ads is an equilibrium parameter that may be a func- 
tion of the adsorbed phase composition since it accounts for 
thermodynamic nonideality and the osmotic pressure differ- 
ence between the adsorbed and extraparticle liquid phases. If 
Eq. 22 is written for the ions A ;  and A]:, the results can be 
combined to yield a relation describing stoichiometric ion ex- 
change: 

where KA-A; ,ads is the ion-exchange equilibrium constant. 
If the dxtraparticle liquid-phase composition is specified, 

then the electroneutrality condition in the adsorbed phase 
(Eq. 21) can be written in the form h(qH+,ads) = 0 by solving 
Eq. 22 written for each ionic form of each buffering species 
for the concentration of that ion in the adsorbent, and then 
substituting those quantities into Eq. 21 along with Eqs. 18-20 
written for the adsorbent functional groups. This equation 
can then be solved for qH+,ads using Newton’smethod in which 
case, if the adsorption equilibrium parameters (such as 
KA;,ads) are not functions of composition, the following rela- 
tion can be used to determine dh(qH+,ads)/dqH+,adS: 
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tion the quantity zp,fluldcp, summed over all the proteins. If 
Eq. 27 is employed, the derivative df(CH+ )/dCH+ needed in 
the solution of Eq. 11 by Newton's method is given by Eq. 13, 
but with the following term added to the right side: 

2 2 dh(qHt,ads) = ( '2: qA:,ads ZApqA:,ads ' A ;  qA;,ads 
&H+,ads I = 1 qHt,ads qH+,ads qH+,ads 

+ + 

Kw,sorbent + l + y  
qH+,ads 

A similar approach can be used to incorporate the protein 
(24) 

When the adsorption equilibrium parameters are functions 
of the adsorbed phase composition, then Eq. 24 can still be 
employed to determine qH+,ads using Newton's method by 
evaluating the functions qA:,ads(KA:,ads, qH+,ads, CH+,  C,:), 

qH+,ads, CH+, CA; ) at the current iteration using the adsorbed 
phase composition from the previous iteration. The total 
amount of buffering species in the particle includes the unad- 
sorbed material in the pores according to 

qA:,ads(KA:,ads, qH+,ads? CHf, 'A:), and qA;,ads(KA;,ads, 

where p and are the volume fractions occupied by the ad- 
sorbed phase and by the pores, respectively, in the particle. 

The equilibrium parameters just described for a particular 
buffering species are not independent. Instead, the defini- 
tions of these quantities imply that 

(26) 

with similar relations applying to the second ionization equi- 
librium for Ai .  In general, the liquid-phase, acid-base equi- 
librium parameters are known, and the adsorption equilib- 
rium parameters are fitted to experimental data. Acid-base 
equilibrium parameters in the adsorbed phase can then be 
calculated from Eq. 26. Note that if the adsorption equilib- 
rium parameters are functions of composition, adsorbed- 
phase, acid-base equilibrium parameters are also functions of 
composition, and a modification of Newton's method similar 
to that just described must be used when solving the relations 
describing acid-base equilibrium in the adsorbed phase. 

incorporation of Proteins into the Liquid- and Ad- 
sorbed-Phase Acid-Base Equilibrium Expression 

To incorporate proteins into the electroneutrality condi- 
tion, the effective net charge as determined by acid-base 
titrimetry is needed as a function of pH (Tanford, 1960). Over 
a limited range, this charge can be approximated by a polyno- 
mial in pH such as 

- 
ZP,,fluid - 'r,ref,fluid + ar,flu,d(pHr,ref,fluid -pH fluid) 

The electroneutrality condition for the liquid phase, Eq. 
10, can be modified by adding to the left side of that equa- 

charge into the adsorbed-phase electroneutrality expression 
by assuming that Eq. 27 also applies to the adsorbed pro- 
teins. The extent to which this is true is generally unknown, 
in which case if Eq. 27 is used for both the liquid and ad- 
sorbed phases, the parameters in that equation should be 
considered as empirical constants that yield the best fit to 
experimental data. 

Incorporation of Proteins into the lnterphase 
Equilibrium Expressions 

The representation of the adsorbed phase as a homoge- 
neous electrolyte mixture is probably less applicable when the 
adsorbate is a macromolecular ion such as a protein than 
when the adsorbate is a small ion. In addition, a rigorous 
description of protein adsorption should account for the mul- 
tiple charged states that exist for a protein and for the pH 
difference between the liquid and adsorbed phases. For sim- 
plicity, this study ignores these complications and instead fol- 
lows the usual practice of employing a single empirical charge 
to describe the ability of each protein to displace buffer ions 
in the adsorbed phase. Therefore, as was the case for the 
buffering species, protein adsorption equilibrium can be ex- 
pressed by equating the chemical potential of electrically 
neutral combinations of ions to yield 

where, over a limited range, the characteristic protein charge 
can again be approximated by a polynomial in pH such as 

Equations 22 and 29 can also be combined to yield an expres- 
sion describing stoichiometric ion exchange: 

Normally, the characteristic charge for the ion exchange of a 
protein is smaller than its charge determined by acid-base 
titrimetry, since only a portion of the net protein charge in- 
teracts with the adsorbent surface. Over a sufficiently small 
pH range, a linear relation between the characteristic charge 
and pH can be assumed with typical values for a i ix  varying 
from 0.5 to 2.5 pH-' (Hearn et al., 1987). 
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The equilibrium amount of protein adsorbed can be deter- 
mined for a specified extraparticle liquid-phase composition 
by first calculating the equilibrium hydrogen ion concentra- 
tion in the adsorbed phase. This is done by substituting Eq. 
29 solved for the adsorbed-phase protein concentration into 
the adsorbed-phase electroneutrality condition (Eq. 21) mod- 
ified to include the proteins by extending the summation to 
include the quantity z ~ , , ~ ~ ~ C ~ ,  for all the proteins. As an ap- 
proximation, z ~ , , , ~ ~  can be either equated to z ~ ~ , ~ ~ ~ , ~  or deter- 
mined by Eq. 27 with the pH in the adsorbent substituted for 
pH In the former case the derivative needed in Newton's 
method for solving for qH+,ads from the electroneutrality re- 
lation is given by Eq. 24, but with the following term added: 

while in the latter case the following terms are added: 

As in the preceding section, the choice of which option to 
use will generally have to be determined experimentally. In 
any event, it is necessary to include the proteins in the elec- 
troneutrality condition only when their concentration is large. 
For dilute proteins, the equilibrium pH of the adsorbed phase 
can be determined without considering the proteins, and the 
amount of protein adsorbed can be determined explicitly from 
Eq. 29. 

The method just described ignores the fact that adsorbed 
proteins prevent by steric interactions the adsorption of other 
proteins on adjacent surface sites (Brooks and Cramer, 1992). 
This effect, which becomes important at high protein concen- 
trations, can be included here by suitable modification of Eq. 
29. For simplicity, however, steric interactions will be ignored 
and it will be assumed that only a moderate amount of con- 
centration overloading exists, where Eqs. 29 and 31 can usu- 
ally fit the protein adsorption isotherms. 

Transport Relations 
If it is assumed that mass transfer occurs only in the pores 

of the adsorbent, then the mass-transfer rate is given by the 
Nernst-Planck equation as follows (Frey and Wong, 1989; 
Leaist and Lyons, 1981) 

where the subscript i denotes any of the ions present, and 
Dieff is an effective diffusivity that includes the effects of par- 
ticle porosity and tortuosity. If equilibrium exists between the 
pore fluid and the adjacent adsorbed phase in the pore, and 
if the ratio of the equilibrium concentrations of ion i in the 

entire particle and in the pore liquid at an average particle 
composition is denoted by Ai, then Eq. 34 can be written 
approximately as 

If Eq. 35 is written for each ion, an expression for the total 
electric current can be developed which, when set equal to 
zero, can be used to eliminate the electric potential from Eq. 
35. This results in relations of the following type 

where 

k = l  " k  

and where Ntotal is the total number of species present, in- 
cluding the hydrogen and hydroxide ions. Equation 37 can be 
used to calculate the mass-transfer rate using any of the ma- 
trix approximations discussed by Wong and Frey (1989). The 
simplest procedure, which is exact for small mass-transfer 
driving forces, is to use the relation 

where the overbars denote the average concentration in the 
particle. It should be noted that satisfying the condition of no 
electric current appears to be essential in order to accurately 
predict the effluent pH profile and that, for ion-exchange 
"resins" that have an ill-defined pore structure and where the 
entire particle constitutes the adsorbed phase, Eqs. 35-38 still 
apply, but with Dieff/Ai replaced by Di,, that is, by the 
resin-phase diffusivity of ion i. 

Material-Balance Relations and their Integration 
If axial dispersion is ignored, the material-balance relation 

describing each buffering species can be written 

d CAI J q A  +aufluid-+(l-a)-=o (39) 
JCA, 

a- 
d t  dX d t  

where 

(40) 

Equations 39 and 40, together with the equilibrium relations, 
can be solved numerically using the method of characteristics 
with a modified Euler integration method in Figure 3 
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t 
Figure 3. Characteristic directions for the method of 

characteristics. 

(Acrivos, 1956; Loureiro and Rodrigues, 1991). To apply the 
method, the equations are integrated in two characteristic di- 
rections. Along the type I characteristics the following ap- 
plies: 

(%I  = RAL, 
I 

(41) 

while the following applies along the type I1 characteristics: 

(42) 

In the general case, the initial conditions in the adsorbent 
bed and the boundary conditions at the bed entrance are 
specified. To determine the concentrations at any interior 
point i , j  (see Figure 3) Newton’s method is first used to de- 
termine the individual ion concentrations in each phase from 
the total amounts of each buffering species in each phase at 
the points i - 1,j and i,j - 1. The transport rates of each in- 
dividual ion at the points i - 1,j and i,j - 1 can then be de- 
termined using Eq. 38 and summed to yield the rate of inter- 
phase mass transfer for each buffering species at those loca- 
tions. The quantities can then be used in Eqs. 41 and 42 to 
estimate the change in the concentrations of the buffering 
species (dC,, and dqAz)  along each characteristic using Euler’s 
method. Next, those estimates are used to calculate in se- 
quence the individual ion concentrations in both the liquid 
and adsorbed phases using Newton’s method and the rates of 
interphase mass transfer at the point i,j. Finally, this esti- 
mate for RA, at the point i , j  is used to recalculate the con- 
centrations of the buffering species at iJ by making a second 
Euler integration step from the points i - 1,j and i , j  - 1 us- 
ing an average value of RA, for the interval in question. 

The efficiency of this procedure can be increased in sev- 
eral ways. First, an adjacent, previously solved point can be 

used to supply the starting guesses whenever Newton’s 
method is employed to determine the individual ion concen- 
trations. Second, the numerical integration is generally stable 
if vnUiddf/dx < 1, in agreement with recognized stability crite- 
ria (Press et al., 1986). Since values for d f  and dx must also 
be chosen to ensure accuracy, this implies that the time and 
distance grid spacing can often be increased as time pro- 
ceeds, while keeping the ratio dt/dx constant, to account for 
the fact that the concentration gradients inside the column 
usually decrease in magnitude with time. Third, stepwise 
composition changes at the column entrance can be smoothed 
to prevent the occurrence of very large transport rates for the 
first distance grid point. 

Comparisons with Measured Effluent pH Profiles 
Although detailed experiments will be reported later, it is 

useful to include here sufficient experimental results to verify 
the accuracy of the theory just described. For the experi- 
ments performed here, SOO-pm, strong-base, anion-exchange 
particles (Bio Rex MSZ1, Bio-Rad Laboratories) composed 
of 12% cross-linked styrene-divinylbenzene copolymer 
derivatized with quaternary amine groups were packed into a 
1 cmx  17 cm column. A pump (Model RP-SY with a Model 
RHlCKC pump head, Fluid Metering) and pulse dampener 
(Model PD-60-LF) were used to deliver the solvent to the 
column. The pH in the column effluent was measured using a 
custom-fabricated sampling cell into which was inserted an 
Orion Model 91-03 pH minielectrode connected to an Orion 
Research Model 701A Ionalyzer. The buffers used were N -  
morpholinoethane sulfonic acid (MES, pK, = 6.1) and N- 
morpholinopropane sulfonic acid (MOPS, pK, = 7.2), which 
were obtained from Sigma and Boehringer Mannheim Gmbh, 
respectively. 

Figure 4 shows theoretical calculations and experimental 
results for a column that was presaturated with a 50-mM 
NaOH solution titrated to pH 7.44 with MOPS, and eluted 
with a 50-mM NaOH solution titrated to pH 6.1 with MES. 
Note that the time axis in Figure 4 was nondimensionalized 
using the quantity L/vflu,d, which is denoted by to. The calcu- 
lations assume that KAY ,ads = KAY,ads = 1 for both buffering 
species so that KMES-MOPS-,ads = 1, which is the expected 
value since MES and MOPS are structurally similar. Accord- 
ing to Eqs. 22 and 23, this ills0 implies A, = qtotal/C,,,,, for 
the anionic forms of MES and MOPS. 

The first pH transition in the profile shown in Figure 4 is 
square-root broadening in nature (that is, its width is propor- 
tional to the square root of the distance traveled) since MES 
is absent in the transition so that the transition involves only 
changes in the concentration of MOPS. The position of this 
transition is determined mainly by the ratio KMOPSo,ads/ 
KMoPS-,ads and by the ion-exchange capacity of the adsor- 
bent (qR), while its shape (such as its width) is determined by 
the ratio KMopsD,ads/KMOPS- ,ads and by the diffusion coeffi- 
cients for MOPS- and MOPS’. The second pH transition in 
Figure 4 is self-sharpening in nature since it involves the ion 
exchange of MES- and MOPS-. Its position is determined 
by qR, while its shape is determined by the parameter 
K,,,- ,MOPS- ,ads and by the diffusion coefficients of MES- 
and MOPS-. The diffusivities of H +  and OH- have only 
minor effects on the pH profile. 
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(1 - to) 1 to 
Figure 4. Experimental and calculated effluent pH pro- 

file for a chromatography column packed with 
a strongly basic anion-exchange adsorbent 
presaturated with N-morpholinopropane sul- 
fonic acid (pK,=7.2) at pH 7.44 and eluted 
with N-morpholinoethane sulfonic acid (pK, 
=6.1) at pH 6.1. 
Calculations correspond to qR = 0.95 M, and to Dt,+&, = 
3.35 X lo-'  and KA;,ads = KApad,  = 1 for both buffering 
spccies. 

In order to achieve the best fit to the data, the quantity 
D,/Az was set equal to 3.35 X lo-' cm2/s for each form of 
each buffering species, and to 3.8 x lo-' and 2.2X cm2/s, 
respectively, for H +  and OH-. Since Bio Rex MSZl is a 
typical ion-exchange resin in that it does not have well-de- 
fined pores, these quantities should be interpreted as diffu- 
sion coefficients in the adsorbed phase, that is, as D,?. These 
diffusivities are all approximately 4 X l op3  times their values 
in aqueous solution and compare well with diffusion coeffi- 
cients measured in related systems (Jones and Carta, 1993). 
The ion-exchange capacity used in the calculations was 30% 
less than the capacity for small ions measured by titrating the 
resin in the hydroxide form with dilute HCI. This also agrees 
with the results of Jones and Carta, who found that ion-ex- 
change capacities decrease significantly with the size of the 
adsorbed ion. As shown in Figure 4, good agreement was 
achieved between experimental results and numerical calcu- 
lations using these parameters. 
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Figure 5. Effluent pH and buffering species concentra- 
tion profiles for an adsorbent with equal 
amounts of strongly and weakly basic func- 
tional groups. 
The column is initially in equilibrium with 0.05 M buffer 1 
and 0.025 M anion 1 at pH 8. Feed conditions: 0.05 M buffer 
1; 0.083 M buffer 2; 0.083 M buffer 3, pH 6. pK, values and 
charges on the acidic form for buffers 1, 2, and 3 are 8.0, 
7.0, 6.0 and 1, 0, 0, respectively. The total anion concentra- 
tion is denoted by the solid circles. 

well-defined buffering species rather than synthetic polymer 
buffers. Since the most common types of amphoteric buffer- 
ing species have functional groups with pK, values suffi- 
ciently different that the titration of only one such group de- 
termines the ion-exchange behavior, it will be assumed that 
all buffering species are monofunctional weak electrolytes. 
Finally, since good agreement between theory and experi- 
ments was achieved in Figure 4 where only monovalent ions 
were present, it will also be assumed in the following calcula- 
tions that K,; ,ads = KAP,ads = 1 for every buffering species so 
that KAY,; ,ads = 1 for all the exchanging ions. These simplifi- 
cations imply that the simulations presented here are some- 
what idealized and primarily serve to illustrate the general 
behavior of chromatography systems employing pH gradients. 
More realistic systems will be investigated in future studies in 
conjunction with detailed experimental results. 

Figure 5 illustrates effluent pH and concentration profiles 
produced under conditions generally employed in chromato- 
focusing on anion-exchange adsorbents (Hutchens et al., 
1986a,b; Pharmacia, 1980). In particular, the column is pre- 
saturated at pH 8 with a mixture of a strong acid (that is, an Numerical Studies of pH Gradient Formation 

Although the technique of chromatofocusing as typically 
practiced employs synthetic-polymer buffers composed of 
large numbers of buffering species, for clarity in the calcula- 
tions shown here only the minimum number of buffering 
species needed to illustrate the effects under consideration 
will be used. In addition, as will be demonstrated, a small 
number of buffering species will be sufficient for many prac- 
tical purposes. Furthermore, this work emphasizes the use of 

acid that produces inert anion 1)  and a buffering species 
whose pK, is near the presaturation pH value and whose 
acidic form is a cation (that is, buffer 1, whose pK, is 8). The 
eluent pH is 6 and is composed of a mixture of buffering 
species whose pK, values span the pH range of interest. This 
mixture contains the same buffering species used to presatu- 
rate the column along with two other buffering species hav- 
ing lower pK, values and whose acidic forms are uncharged, 
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Table 1. Physical Properties Used in Numerical Calculations 

Symbol* Value 
~~ 

1.5 
4.0 
0.0 

1 x cm2 s 
2 x ~ ’ c m  s 
9X10-6 cm s 4 
5 x 1 ~ ~  cm/s 4 

100 p m  
1.0 
1.0 

10 cm 
1 M  
0.1 cm/s 
0.35 
1 .o 

*The symbol A denotes any of the charged forms of A ,  

that is, buffers 2 and 3, whose pK, values are 7 and 6, respec- 
tively. 

The pK, values for the functional groups attached to the 
adsorbent in the calculations shown in Figure 5 were chosen 
so that the adsorbent behaves like those commonly used in 
chromatofocusing, such as the specialized forms of polyeth- 
yleneimine-derivatized agarose manufactured by Pharmacia 
(1980). More specifically, an anion exchanger was employed 
that has equal amounts of two types of functional groups: a 
strongly basic group that is always positively charged and a 
weakly basic group whose pK, is 8.25 so that it is nearly un- 
charged when the liquid-phase pH is 8 (in which case the 
adsorbed-phase pH is 9.3) and is nearly fully charged when 
the liquid-phase pH is 6 (in which case the adsorbed-phase 
pH is 7.3). A particle diameter of 100 p m  was employed, 
which is typical for process-scale chromatography, and the 
effective diffusion coefficient in the pores for all the charged 
forms of each buffering species was cm*/s. As discussed 
earlier, KA;,ads and were set equal to unity for all 
ions, and the presence of unadsorbed material in the particle 
pores was ignored, that is, fi = 1 was assumed for the pur- 
pose of determining adsorption equilibrium. Other parame- 
ters are summarized in Table 1 and the figure caption. 

Figure 5 shows that, for the conditions just described, there 
is a small pH increase at the start of the elution step due to 
the behavior of buffer 1. In particular, there is a significant 
amount of the unchanged form of buffer 1 initially in the 
adsorbent. The pK, of buffer 1 is sufficiently large, however, 
so that a substantial decrease in pH converts all of buffer 1 to 
the positively charged form, which is weakly adsorbed. After 
this initial pH increase, there is a pH decrease in a series of 
two self-sharpening transitions to a pH plateau below the 
eluent pH. These self-sharpening transitions are caused by 
the adsorption of buffers 2 and 3 and have velocities that 
satisfy Eq. 2 written for the plateau concentrations of any of 
the buffering species or for the plateau concentrations of in- 
ert anion 1. Since the concentration of inert anion 1 changes 
by only a small amount in these two transitions, Eq. 2 indi- 
cates that the adsorbed-phase concentration of inert anion 1 
must also change by only a small amount. This implies that 
the increase in adsorbed concentrations of buffers 2 and 3 
during the two transitions is nearly equal to the increase in 
adsorbent ion-exchange capacity. 

In the final portion of the effluent profile in Figure 5 there 
is a gradual increase in pH to the value for the eluent. Figure 
5 also shows that the total ionic concentration in the effluent 
does not remain constant. Instead, it is largely determined by 
the fraction of buffer 1 that is ionized since that buffering 
species is the only one that forms a cation and it is never 
adsorbed in large amounts. This shows that when an anion- 
exchange adsorbent is employed, buffering species can be se- 
lected for the eluent that are positively charged in their acidic 
form, and that have pK, values between the presaturation 
and elution pH values, so that the titration of these buffering 
species causes the liquid-phase total ionic concentration to 
increase during a particular pH transition. Furthermore, since 
the total ionic concentration increases when the pH de- 
creases, this effect can be used to assist in protein de- 
sorption. 

The results shown in Figure 5 can be compared to experi- 
mental data reported in the literature, for example, that of 
Hutchens et al. (1986a,b), who used as an eluent a multicom- 
ponent mixture of buffering species including 2-amino-2-hy- 
droxymethyl-1,3-propanediol (TRIS) having a pK, of 8.06; 
N-(2-acetamido)-2-aminoethane sulfonic acid (ACES) having 
a pK, of 6.9; and MES, having a pK, of 6.15, which corre- 
spond closely to the properties of buffers 1, 2, and 3, respec- 
tively. For example, Figure 4 of Hutchens et al. (1986a) as 
well as Figure 4 of Hutchens et al. (1986b) show results using 
a polyethyleneimine-silica adsorbent possessing roughly equal 
portions of strongly and weakly basic functional groups to- 
gether with a TRIS buffer at pH 8 as the presaturant and the 
multicomponent buffer mixture just described as the eluent. 
All of the features just mentioned were observed for this sys- 
tem, including a small increase in pH above the presaturation 
value at the start of the elution step and a decrease to a pH 
of approximately a 0.5 unit below the eluent pH near the end 
of the elution step. As shown in Figure 6, similar features are 
also observed for commercially available chromatofocusing 
systems (see also Pharmacia, 1980, Figures 18 and 22). Note 
that in Figure 6 the elution step was terminated before the 
column became equilibrated with the eluent. 

As just mentioned, for the buffer system used in Figure 5 
an increasing ion-exchange capacity with a decreasing pH is 
required to produce a series of pH steps corresponding to 
the adsorption of buffering species in the eluent. Several ex- 
perimental studies have also indicated that an adsorbent with 
a buffering capacity in the pH range of interest is required to 
achieve a controlled pH gradient (Pharmacia, 1980). This 
conclusion is also consistent with the calculations in Figure 7, 
which illustrates the effluent pH and concentration profiles 
for the same eluent and presaturation conditions as in Figure 
5, but with an adsorbent having a fixed ion-exchange capac- 
ity. As shown, after an initial pH fluctuation, the concentra- 
tion of inert anion 1 in both the liquid and adsorbed phases 
is again nearly constant as the pH decreases from the presat- 
uration value. However, since the ion-exchange capacity is 
fixed, there must also be a small change in both the ad- 
sorbed- and liquid-phase concentrations of the negatively 
charged forms of buffers 2 and 3 during the transition. This is 
accomplished by having a large pH decrease during the tran- 
sition so that, although the liquid-phase concentrations of 
those two buffering species are significant on the upstream 
side of the transition, the liquid-phase concentrations of the 
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negatively charged forms of those buffering species are small 
on that side. 

Although the buffer system in Figure 5 represents those 
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Figure 7. Effluent pH and buffering species concentra- 
tion profiles for an adsorbent with only 
strongly basic functional groups. 
The column is initially in equilibrium with 0.05 M buffer 1 
and 0.025 M anion 1 at pH 8. Feed conditions: 0.05 M buffer 
1; 0.083 M buffer 2; 0.083 M buffer 3, pH 6. pK, values and 
charges on the acidic form for buffers 1, 2, and 3 are 8.0, 
7.0, and 6.0 and 1, 0, 0, respectively. 
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Figure 8. Effluent pH and buffering species concentra- 
tion profiles for an adsorbent with only 
strongly basic functional groups. 
The column is initially in equilibrium with 0.05 M cation 1 
and 0.066 M buffer 1 at pH 8.0. Feed conditions: 0.05 M 
cation 1; 0.083 M buffer 2; 0.083 M buffer 3, pH 6. pK, 
values and charges on the acid form for buffers 1, 2, and 3 
are 7.5, 7.0, 6.0, and 0, 0, 0, respectively. The total anion 
concentration is equal to the concentration of cation 1. 

widely employed in chromatofocusing, Figures 8 and 9 illus- 
trate an alternative buffer system, similar to that used for the 
experiments in Figure 4, which has several advantages. For 
the calculation shown, all of the buffering species are un- 
changed in their acidic form. The column is again presatu- 
rated at pH 8 with the buffering species having the highest 
pK,, that is, buffer 1, which has a pK, of 7.5 and an anionic 
form that is adsorbed at the presaturation pH. Finally, the 
only cations present are inert in the sense that they are con- 
jugate bases of strong acids so that they do not participate in 
acid-base equilibrium. This buffer system is similar to that 
used in the studies by Sluyterman and Wijdenes (1978). 

Figure 8 illustrates the effluent pH and concentration pro- 
files for the buffer system just described, and for an ad- 
sorbent that has only strongly basic functional groups and 
therefore a fixed adsorption capacity, while in Figure 9 the 
same buffer system is used but with an adsorbent that has 
equal amounts of strongly and weakly basic functional groups 
and therefore an adsorption capacity that varies with pH. A 
comparison of the figures indicates that presaturating the ad- 
sorbent with the anionic form of the buffering species with 
the highest pK, value makes it possible to produce a pH pro- 
file that decreases in a series of well-defined steps even 
though the adsorbent does not contain weakly basic func- 
tional groups. Furthermore, when the column is presaturated 
as just stated, the effluent pH no longer decreases below the 
eluent pH as in Figure 5.  This behavior, which is consistent 
with the results in Figure 4, is due to the fact that the anion 
that is initially adsorbed onto the column is removed in the 
first two pH transitions. These observations also agree with 
the work of Murel et al. (19861, who investigated related 
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Figure 9. Effluent pH and buffering species concentra- 
tion profiles for an adsorbent with equal 
amounts of one weakly (pK, = 8.25) and one 
strongly basic functional group. 
The column is initially in equilibrium with 0.05 M cation 1 
and 0.066 M buffer 1 at pH 8; feed conditions: 0.05 M cation 
1; 0.083 M buffer 2; 0.083 M buffer 3, pH 6. pK, values and 
charges on the acidic form for buffers 1, 2, and 3 are 7.5, 
7.0, 6.0 and 0, 0, 0, respectively. 

methods for producing pH gradients using strong-base ion- 
exchange adsorbents. 

It should be emphasized that strong-base ion-exchange ad- 
sorbents have several practical advantages for protein separa- 
tions as compared to the specialized, weak-base adsorbents 
now commonly employed in chromatofocusing. These advan- 
tages include the fact that strong-base adsorbents tend to be 
less expensive, to have a higher protein adsorption selectivity 
due to their higher surface charge density, to have a higher 
protein adsorption capacity, to have a higher lot-to-lot con- 
sistency in adsorbent properties, and to be available in a wider 
variety of forms so that adsorbents with enhanced mechani- 
cal and chemical stability or superior mass-transfer proper- 
ties can be employed. For these reasons, the adsorbent-buffer 
system shown in Figure 8 is likely to be a practical alternative 
to systems currently used for chromatofocusing. 

Numerical Studies of Protein Separation 
In this section numerical calculations are employed to in- 

vestigate protein separations using internally generated pH 
gradients. Figure 10 depicts the separation of three proteins 
introduced into the column at dilute concentration in a small 
feed slug and using the same adsorbent-buffer system em- 
ployed in Figure 8. Physical properties were chosen to be typ- 
ical of small proteins, that is, a value of 2 X  cm2/s was 
employed for the effective diffusivity in the particle pores. 
The parameter birx was set equal to zero and the value of 
uGlx used was 1.5 pH-', which is an average of the values 
obtained by Hearn et al. (1987) for four different proteins. 
Other parameters are given in Table 1. As was the case in 
Figure 4, the first pH transition in Figure 10 is square-root 
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Figure 10. Simulated separation of proteins introduced 
in trace amounts using the same conditions 
as in Figure 7. 
Protein feed concentration was 10-' M. Numbers above 
the protein bands denote the isoelectric point. 

broadening in nature, while the second and third transitions 
are self-sharpening. 

As shown in Figure 10, the three proteins are readily sepa- 
rated under the conditions shown. In addition, it can be seen 
that the presence of self-sharpening pH transitions is benefi- 
cial since these transitions are comparatively steep and there- 
fore are able to concentrate as well as separate proteins 
through a focusing effect even though the protein mass-trans- 
fer efficiency is relatively low. Figure 10 also shows that pro- 
tein bands that elute later in time are located on the pH 
gradient farther from their isoelectric points as compared to 
protein bands that elute earlier in time. In particular, the 
three proteins shown have isoelectric points of 7.0, 6.5 and 
5.75 and have band centers located on the pH gradient 0.1, 
0.4, and 0.7 pH units higher than their isoelectric points, re- 
spectively. This behavior is due to the fact that proteins must 
be more highly charged, and hence farther from their isoelec- 
tric pH, to become more strongly retained by the column. 
This behavior also agrees with the observations of Sluyter- 
man and Wijdenes (19781, who observed protein bands elut- 
ing at a position on the pH gradient up to one pH unit away 
from their isoelectric point. The net effect is that the two 
bands farthest upstream satisfy the focusing criterion de- 
scribed by Eq. 2, and are therefore positioned on steep pH 
transitions where a focusing effect leads to relatively narrow 
bands. In contrast, the first protein band is located on a pH 
plateau and is comparatively broad. 

Figures 11 and 12 illustrate the effect of volume overload- 
ing, and a combination of volume and concentration over- 
loading, respectively. Both figures employ the same condi- 
tions used in Figure 10 except that a feed slug width of 10 to  
was employed, which is 40<% of the total elution time. In 
keeping with the use of Eqs. 29 and 37 for describing the 
protein adsorption and diffusional behavior, however, only a 
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Figure 11. Simulated separation of proteins under vol- 
ume overloaded conditions. 
Feed slu size was 10 to  and protein feed concentration 
was lO-'M. Numbers above the protein bands denote the 
isoelcctric point. 

modest amount of concentration overloading was employed 
in Figure 12. As shown, despite the severe amount of volume 
overloading, and despite the relatively large particle size used, 
the protein bands are still well resolved. In particular, the 
two bands that are primarily located on a pH transition, and 
that are therefore subject to strong focusing effects, have 
widths similar to those in Figure 10. In contrast, the first pro- 
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Figure 12. 

tein band, which is still located primarily on a pH plateau, is 
nearly as broad as the feed slug. Figures 11 and 12 also indi- 
cate that concentration overloading leads to broader bands 
and a somewhat degraded separation. This is because the 
presence of proteins at high concentration in a pH transition 
causes the transition to become more shallow. This is most 
apparent for the protein band farthest upstream in Figures 
11 and 12 since that band is located on the pH gradient far- 
thest from its isoelectric point so that it has the largest net 
charge of the three proteins shown. 

The calculations in Figures 11 and 12 indicate that it is 
practical to develop preparative chromatography processes 
using limited numbers of buffering species so that a protein 
band is confined to either a pH transition or plateau as de- 
sired. In this regard, Figures l l  and 12 illustrate a practical 
goal when using internally produced pH gradients. Namely, 
since proteins tend to have limited solubilities near their iso- 
electric point, the early eluting protein bands should be lo- 
cated on a pH plateau where the focusing effect is weak since 
they are positioned on the pH profile near their isoelectric 
point. In contrast, protein bands that are eluted later in time, 
and that tend to be positioned on the pH profile farther away 
from their isoelectric point, should be located on a steep pH 
transition where a strong focusing effect leads to narrow 
bands with a high average protein concentration. 

Conclusions 
A general numerical method based on the method of char- 

acteristics is developed for chromatography employing pH 
gradients under conditions where several buffering species are 
adsorbed onto the stationary phase. The method is able to 
predict the detailed behavior of such systems, such as the 
shape of the pH gradient, the location of protein bands rela- 
tive to their isoelectric point, and the variation in liquid-phase 
total ion concentration. In contrast to widely recommended 
operating procedures, it is shown that it is not necessary in 
chromatographic processes such as chromatofocusing that 
employ retained pH gradients to use an adsorbent with a 
buffering capacity provided that the column is presaturated 
with an adsorbed buffering ion having a pK, value near the 
presaturation pH. Such a presaturation condition also en- 
sures that a monotonically decreasing pH gradient is achieved. 
It is also shown that a properly designed preparative chro- 
matography system can produce either highly concentrated 
proteins or proteins near their concentration in the feed slug, 
depending on the choice of buffering species. 
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Notation 
ai, bi =fitting parameters, pH-' and pH-' 
A, B =buffering species (e.g., A; )  or any charged form of a 

buffering species (e.g., A; 1, according to context Simulated separation of proteins under vol- 
ume and concentration overloaded condi- 

CA =concentration in liquid phase, mol.cm3 
D ,  =diffusion coefficient. cm2. s-'  n 

tions. dp =particle diameter, cm 
Feed slug size was 10 f o  and protein feed concentration 
was M. Numbers above the protein bands denote the 
isoelectric point. 

F =Faraday constant, 96,487 C-equiv-' 
KA,ads = adsorption equilibrium constant for buffering species 

K A  B,ads = exchange equilibrium constant for buffering species 
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KA,nuld,l =first liquid-phase dissociation constant for buffering 

KA,flu,d,2 =second liquid-phase dissociation constant for buffering 
species, mol. cm-’ 

species, mole cm -’ 
KP,ads =adsorption equilibrium constant for protein 

KR,,  =first dissociation constant for adsorbent functional group, 

KR”2 =second dissociation constant for adsorbent functional 

Kw,ads =dissociation constant for water in adsorbent, mo12-cm-6 
Kw,flurd =dissociation constant for water in liquid phase, molZ - cm - 6  

m o ~  * cm-’ 

group, mol - cm-’ 

N, =number of buffering species 
Np =number of proteins 
NR =number of functional group types attached to adsorbent 
qA =concentration per unit volume of particle, m o l - ~ m - ~  

qA,ads =concentration per unit volume of adsorbed phase, mole 

R, =ion exchange functional group attached to adsorbent 
R, =adsorption rate of A per unit volume of particle, mole 

cm-’ 

cm-’ 
t =time, s 

=L/Unu,d, 
up =velocity of a protein concentration level, cm.s-’ 

ufluld =interstitial velocity of fluid, cmes-’ 
u, =velocity of a concentration level of component i ,  cm.s-’ 
x =axial distance down column, cm 
z =ionic charge 

Greek letters 
a =void volume in bed 
p =volume fraction of adsorbed phase in sorbent 

Si j  =Kronecker delta function 
E =internal porosity of particle 

A, =ratio of concentrations of a component in the adsorbed 
and liquid phases at equilibrium 

pb =bulk density of particle, g.cm-3 

Superscript and Subscript 
+ , - , o =charge type 

* =value in equilibrium with contacting phase 
ads =adsorbed phase 
A ,  =buffering species 

eff =effective value 
fluid =liquid phase 

i =component i 

d =downstream from composition change 

ix = related to ion-exchange mechanism 
m =solvent modifier 
P, =protein 
q =quantity based on particle phase concentration driving 

force 
ref =reference value used in charge calculation 

total =value corresponding to total equivalent concentration 
u =upstream from composition change 
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