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ion-exchange processes involving weak electrolytes are influenced strongly by the pH 
via the occurrence of association/dissociation equilibria. This influence was investi- 
gated quantitatively through binary displacement experiments with different electrolytes 
to gain better insight in the role of the pH and to test a jived-bed ion-exchange model 
used for the description of multicomponent processes. The two major factors determin- 
ing the ion-exchange behavior of weak electrolytes are the actual exchange of counter- 
ions and the sorption of neutral species. The sorption of neutral species resulted in 
concentration fluctuations superimposed on the normal ion-exchange profiles, whereas 
pH fluctuations inherent to ion-exchange processes in general also influenced concen- 
tration through modified ionic ji-actions. The relative importance of these contributions 
is determined by the magnitude of parameters such as resin capacity, distribution coeffi- 
cients of neutral species, and selectivities of ions, as well as by operating conditions such 
as concentrations of all species. 

Introduction 
Ion-exchange chromatography is one of the major proc- 

esses for the separation of charged components. Due to the 
presence of undissociated species, ion-exchange processes of 
weak electrolytes are more complex than processes involving 
only strong electrolytes. Models for ion exchange that have 
been set yp for strong electrolytes (F6ti et al., 1994; Myers 
and Byington, 1986) are not applicable to weak electrolytes 
since they do not take the partitioning of the nonionic species 
into account. In other models that have been set up for weak 
electrolyte systems, the active participation of neutral species 
in the exchange process has often been neglected (Helfferich 
and Bennett, 1984a,b; Saunders et al., 1989; Jones and Carta, 
1993; Kitakawa et al., 1994). In later work, Helfferich consid- 
ered the uptake of weak electrolytes by ion-exchange resins 
to be a superposition of the exchange of ions and a linear 
uptake of undissociated species (Helferrich, 1990). This the- 
ory was adopted by Tao (1995). Jansen et al. (1996a), follow- 
ing the approach of Kawakita and Matsuishi (1991), have de- 
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rived a rigorous ion-exchange model from basic thermody- 
namic equilibrium relations. This Donnan Ion exchange 
equilibrium model (DIX model) not only describes the usual 
exchange of counterions but it also takes the uptake of coions 
and neutral species into account. For dilute solutions the 
model was shown to be converging to conventional models as 
far as the uptake of counterions is concerned. 

The basis for chromatographic processes is the equilibrium 
distribution of components between a mobile and a station- 
ary phase. Secondary equilibria occur if, in addition to the 
phase equilibria, the concentration and/or form of an in- 
volved species is chemically altered. Then the distribution be- 
comes a function of the normal distribution and of the chem- 
ical equilibrium. In contrast to our previous work, where the 
ion-exchange equilibrium is treated as a phase equilibrium 
(Jansen et al., 1996a), ion exchange is usually considered as a 
chemical reaction. The term “secondary chemical equilibria” 
is then used instead. An extensive treatise of secondary 
(chemical) equilibria in chromatography is given by Karger et 
al. (1980). It is well known that chemical reactions may affect 
the behavior of weak electrolytes in chromatographic and re- 
lated processes. Keller and Giddings (1960) discussed the oc- 
currence of multiple spots arising from a single component in 
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paper chromatography. They mentioned chemical equilibria, 
including dissociation equilibria and complexation, as possi- 
ble sources of multiple spots. Peak splitting of a single com- 
ponent into two distinct peaks connected by a zone of low 
concentration of the same substance is also known in capil- 
lary electrophoresis (Ermakov et al., 1994). The basis of this 
phenomenon is the presence of a charged and uncharged form 
of the same substance, the former moving electrophoretically 
and the latter driven by electroosmosis. Similar phenomena, 
the more or less independent behavior of different ionic forms 
of a single component, were also observed in anion-exchange 
processes with weak acids (Jansen et al., 1996b). 

Scope and objective 
In a previous article a rigorous ion-exchange equilibrium 

model (Jansen et al., 1996a) was incorporated in a fixed-bed 
model in order to describe the dynamic behavior of ion- 
exchange columns (Jansen et al., 1996b). The dynamic model 
was applied to single-component processes and verified ex- 
perimentally for the weak electrolytes N-acetylmethionine 
and acetic acid. In the present study the model is applied to 
aqueous solutions containing more than one solute. The at- 
tention is focused on systems containing chloride and/or the 
weak electrolytes acetic acid and N-acetylmethionine. A mix- 
ture of the latter components plus L-methionine results from 
the enantioselective enzymatic hydrolysis of N-acetyl-DL- 
methionine. This reaction is employed for the industrial pro- 
duction of enantiomerically pure L-methionine, where acetic 
acid is a byproduct and N-acetyl-D-methionine remains un- 
converted (Wandrey and Flaschel, 1979; Chibata and Tosa, 
1976). The separation of these compounds is therefore of 
considerable commercial interest. This acylase process is one 
of the most important processes for the industrial production 
of L-amino acids in general. The work presented here is part 
of a study to develop a chromatographic reactor in which the 
just-mentioned reaction is integrated with a first chromato- 
graphic separation step of the reaction mixture (Jansen et al., 
in preparation). 

It was shown previously that the uptake of neutral species, 
in addition to the uptake of ions, has a considerable effect on 
the behavior of single-component ion-exchange processes and 
that the pH plays an important role. Preliminary studies with 
two-component systems demonstrated that displacement of 
one weak electrolyte by another led to concentration fluctua- 
tions that were assumed to have the same origin as the phe- 
nomena observed in single-component processes. This as- 
sumption will be tested in the present study for two-compo- 
nent systems in which chloride, acetic acid, and N-acetyl- 
methionine are involved. For that purpose experiments will 
be performed in which one electrolyte is displaced by an- 
other, and simulations will be done with the dynamic fixed- 
bed ion exchange model. The attention is focused on two fac- 
tors that are related to the occurrence of dissociation equilib- 
ria. On the one hand, there is a reduction of the retention of 
weak electrolytes if its ionic fraction is reduced by the transi- 
tion into the neutral form. On the other hand, the retention 
is increased by the uptake of the neutral species. The net 
effect of these factors is investigated in this study, with em- 
phasis on the pH and the degree of dissociation or the 
strength of the weak electrolytes. A third factor, that be- 

comes important at high electrolyte concentrations, is the ad- 
ditional uptake of coions, but this is irrelevant for the rela- 
tively low concentrations applied in this work. 

Modeling and simulation 
The DIX equilibrium model used in this study has been 

described in detail elsewhere (Jansen et al., 1996a). The re- 
sulting equation for the equilibrium concentrations of univa- 
lent counterions in the resin phase reads as follows: 

(1) 

with auxiliary functions A and C defined as: 

Here c is the concentration, S is the selectivity, Q is the 
resin capacity, index a denotes anions, c cations, R the resin 
phase, and L the liquid phase. The selectivity between two 
univalent ions a and b is defined as follows: 

(3) 

The resin phase concentration of univalent coions (here 
cations) is given by 

(4) 

In this respect the model differs from traditional ion- 
exchange models. It describes the uptake of coions, whereas 
traditional ion-exchange models assume complete exclusion 
of coions due to the Donnan effect (Helfferich, 1962). For 
neutral species i a linear relation between resin-phase and 
liquid-phase concentrations with an overall distribution coef- 
ficient, K ; ,  was derived (Jansen et al., 1996a): 

( 5 )  

This equation applies to all neutral species, including undis- 
sociated weak acids or bases as well as net neutral zwitteri- 
ons, like many amino acids in solution. As shown in the Ap- 
pendix, this distribution coefficient can be related simply to 
the resin-phase-dissociation constant, which cannot be mea- 
sured directly. Linear uptake of neutral components was also 
proposed by Helfferich (1990), whose theory was adopted by 
Tao (1995). In other ion-exchange models, the resin-phase 
concentrations of these species are often related to the ionic 
concentrations via the dissociation constants (Kawakita and 
Matsuishi, 1991; Mehablia et al., 1994). If different forms of 
a single component coexist, for example, an anionic, cationic, 
and/or neutral form, the total uptake of that component by 
the resin is given by the sum of the contributions of Eqs. 1, 4, 
and 5. 
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The dynamic fixed-bed model is based on a differential 
mass balance for each component over a fixed bed, assuming 
plug-flow with axial dispersion (Jansen et al., 1996b): 

Here 0 is the dimensionless time, E is the void fraction of the 
bed, z is the dimensionless longitudinal coordinate, Pe is the 
PCclet number, U,,L/ED, with u,, the superficial velocity, L 
the column length and D the dispersion coefficient. If inter- 
nal and/or external mass-transfer limitations exist, these ef- 
fects are lumped together with axial dispersion to give an ap- 
parent dispersion coefficient. The Ptclet number then com- 
prises mass-transfer effects as well. In general this lumping 
works well if mass transfer and diffusion are not too impor- 
tant, but models in which mass transfer is incorporated ex- 
plicitly could also be used (Guiochon et al., 1994). Assuming 
local equilibrium and using the chain rule, the changes in 
time of resin- and liquid-phase concentrations are related as 
follows: 

(7) 

where n is the number of components. Substitution of this 
equation into the mass balance, Eq. 6, gives, after some mi- 
nor rearrangements, the following equation (in vector nota- 
tion): 

Here I,, is the n-dimensional identity matrix, r is the Jaco- 
bian matrix of partial derivatives, with ri,j = dciR/acf, c is 
the vector of concentrations, and p is the volume ratio of 
resin and liquid phases, (1- E ) / E .  The set of differential 
equations is solved by backwards discretization of the space 
variable using finite differences and Taylor expansion (Carta 
et al., 1988; DeCarli et al., 1990; Golshan-Shirazi and Guio- 
chon, 1992; Guiochon et al., 1994): 

dc; Az d2c; Az2 d3c; 
, (9) + - - - ... 1 

-(c," - .&L , )  = - - - - 
A Z  dz 2! d Z 2  3! dZ3 

where l/Az equals the number of spatial discretization steps, 
and index k denotes the kth discretization step. Using only 
the first term in this Taylor expansion series, the error is of 
the order of Az, and the coefficient of this error is the sec- 
ond-order partial differential, d2c,L/az2. The second-order 
term in Eq. 8 is eliminated through substitution of actual dis- 
persion by numerical dispersion, using the appropriate num- 
ber of discretization steps, N (Guiochon et al., 1994): 

(10) 

The following equation is then obtained for the variation of 
the concentrations in time: 

The course of the concentrations as a function of time is ob- 
tained by numerical integration of this equation with a 
fourth-order Runge-Kutta algorithm. 

Materials and Methods 
Chemicals 

Acetic acid and sodium chloride (analytical grade) were 
obtained from Baker, Deventer, The Netherlands. N-acetyl- 
DL-methionine and DL-methionine were obtained from 
Sigma, St. Louis, MO. Hydrochloric acid and sodium hydrox- 
ide solutions (analytical grade) were obtained from Merck, 
Darmstadt, Germany. Arginine monohydrochloride was ob- 
tained from Mann, New York. The strong-base, macrop- 
orous, hydrophilic ion-exchange resin Macro-Prep Q was ob- 
tained from Bio-Rad, Hercules, CA. 

Analyses 
Off-line analyses of acetic acid and N-acetylmethionine 

were done by HPLC on a Bio-Rad HPX-87H column of 7.8 
mm internal diameter and 30 cm in length, operating at 60"C, 
with UV detection at 210 nm. The eluent was a 10-mM phos- 
phoric acid solution of pH 2 at a flow rate of 0.6 mL/min. 
Chloride was determined with a chloride-specific Orion model 
96-17B combination chloride electrode (Orion, Boston, MA). 

Column characterization 
A fixed bed of Macro-Prep Q resin with a bed length of 6.0 

cm was prepared in a glass column with an internal diameter 
of 1.5 cm; the total bed volume was 10.60 mL. The dead vol- 
ume of the system and the effective void fraction of the bed 
were determined by pulse-response analysis using arginine as 
inert tracer at a concentration of 10 mmol/L dissolved in 10 
mmol/L hydrochloric acid with an eluent of 10 mM hydro- 
chloric acid. The dead volume in tubes and detectors was 
determined from the results of experiments with zero bed 
height. The void fraction was calculated from the total bed 
volume and the difference between total liquid volume and 
dead volume of the system. 

The ion-exchange capacity of the bed was determined by 
equilibration of the bed with a 0.1-M sodium hydroxide solu- 
tion and subsequent washing with deionized water to remove 
the excess OH-. Then this bed was equilibrated with a 0.1-M 
hydrochloric acid solution until breakthrough occurred, and 
washed with deionized water. The effluent of the equilibra- 
tion step with hydrochloric acid and the subsequent washing 
step was collected and titrated with a 1-M sodium hydroxide 
solution. The bed capacity was recalculated from the amount 
of hydrochloric acid fed to the column and the excess amount 
found with the back-titration. 

Displacement experiments 
The column was equilibrated with a 100-mM solution of an 

electrolyte (eluent A ,  see Table 1). At t = O  the eluent was 
replaced by a solution of another electrolyte (eluent B )  of 
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Table 1. Applied Electrolytes and Experimental Conditions 
for the Displacement Experiments 

_ _ _ _ _ ~  ~ 

Electrolyte System 
Eluent A + pH pH Flow 
Eluent B --f Eluent Eluent Rate Dimensionless 
Eluent A A B (mL/min) Block Width 

Ac -+ AcM -+ Ac 6.98 7.05 1.221 10.1 11 
AcM+Cl +AcM 5.02 5.04 1.225 10.114 
Ac -+ C1-+ Ac 4.91 5.04 1.206 9.987 
Ac--fAcM-+Ac 4.89 5.02 1.251 10.359 

equal molarity and approximately equal pH. After 50 min the 
feed was switched back to the original eluent A and the col- 
umn was equilibrated with eluent A for another 50 min. The 
applied electrolytes and the precise experimental conditions 
are given in Table 1. Although the feed concentration of the 
electrolytes was always 100 mmol/L, the sodium concentra- 
tion was sometimes lower due to incomplete dissociation of 
the acid. For acetic acid at pH 5 the sodium concentration 
was 64 mmol/L and for N-acetylmethionine at pH 5 this was 
97 mmol/L; in all other solutions the sodium concentration 
was higher than 99.5 mmol/L. In view of the intended sepa- 
ration of acetic acid and N-acetylmethionine in a chromato- 
graphic reactor with immobilized aminoacylase, the minimum 
pH in this study was 5,  which is about the lower limit for 
enzymatic activity (Jansen et al., 1996~). 

The process was monitored on-line with an Ultrospec 111 
spectrophotometer (Pharmacia LKB, Uppsala, Sweden) with 
variable wavelength, a Consort K720 conductivity meter 
(Consort, Turnhout, Belgium), and a pH meter (Model 691, 
Metrohm, Herisau, Switzerland). The experimental setup is 
represented in Figure 1. Eighty effluent samples with a sam- 
ple time of 75 s, corresponding to a sample volume of 
1.51-1.56 mL, were taken using a fraction collector (Model 
2110, Bio-Rad, Richmond, CA). Effluent samples were ana- 
lyzed off-line to determine acetate, N-acetylmethionine, and 
chloride concentrations. 

The influence of the pulse width was investigated with a 
prepacked Econo-Pac Q resin cartridge of 5 mL at a flow 
rate of 1.5 mL/min. Block pulses of 100 mmol/L N-acetyl- 
methionine on a column equilibrated with acetic acid at pH 5 
were given. The applied pulse widths were 15, 25, and 35 
min. The effluent was analyzed only on-line using a pH me- 
ter (Model 691, Metrohm, Herisau, Switzerland) and a UV 
monitor at 254 nm (Model EM-1, Bio-Rad, Richmond, CAI. 

Valve Pump I 

-9 Ion exchange Fl Data a cauisition 

Y Y  I I I 

I Eluent A Eluent B UV Conductivity' pH 

Figure 1. Experimental setup for the displacement ex- 
periments. 
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Results and Discussion 
Column characteristics 

From pulse-response analyses performed in quadruplicate 
a value of 10.56f0.16 mL was found for the total liquid vol- 
ume in the system between injection valve and UV-detector. 
From experiments in quadruplicate with zero bed height a 
value of 4.52 0.022 mL was found for the dead volume. From 
these results a bed void fraction of 0.569f0.017 was calcu- 
lated. The given estimated errors are based on a 99% confi- 
dence region. The influence of the dead volume on the con- 
centration profiles was negligible. From the results of the 
pulse-response experiments (not shown), it was found that 
most of the dispersion occurred in the column itself and not 
in the appendages and tubings. 

The ion-exchange capacity was determined in triplicate and 
a value of 1.84f0.063 mmol was found for the total ion- 
exchange capacity of the column. This corresponds to a ca- 
pacity of the resin phase equal to 0.40 _+ 0.03 mol/L. 

Displacement experiments 
Displacement experiments were performed at four differ- 

ent conditions (see Table 1). According to a duplicate the 
experiments were well reproducible. The results of the exper- 
iments are discussed below in order of increasing complexity. 

The results of the 
displacement of acetate by N-acetylmethionine and vice versa 
at pH 7 are presented in Figure 2. In the figure the measured 
and simulated profiles of the pH and the total concentration 
of acetate and N-acetylmethionine are given as functions of 
the dimensionless time. The dimensionless time, 8, is defined 
such that the retention time of the eluent equals unity: 

Acetate/N-Acetylmethionine at p H  7, 

(12) 

Here V is the column volume and @ is the flow rate. 

9 

8 

7 %  

6 

5 

4 
0 2 4 6 8 10 12 14 16 18 20 

Dimensionless time 

Figure 2. Response of a column equilibrated with ac- 
etate to a block pulse of N-acetylmethionine 
at pH 7. 
Markers represent measurements; lines represent simula- 
tions. See Table 1 for experimental conditions. 
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At pH 7 only 0.6% of the total amount of acetate and 0.03% 
of N-acetylmethionine are present in the neutral form. The 
difference in the sodium concentration of both solutions is 
therefore negligible, so the two solutions differ only in the 
type of anion. After the introduction of N-acetylmethionine 
on the column, a wave in which acetate is being displaced by 
N-acetylmethionine starts to move through the column. Be- 
cause of the presence of only two almost completely dissoci- 
ated components, the response observed in the effluent at 
the end of the column resembles that of two exchanging strong 
electrolyte ions. The breakthrough of N-acetylmethionine is 
accompanied by a rise of the pH. Because SAcM-,OH- > 

(Jansen et al., 1996a; see also the section titled 
“Simulations), Eq. 1 predicts that more N-acetylmethionine 
than acetate is taken up when they are at the same liquid- 
phase concentration. Also, as a consequence some OH- is 
displaced by N-acetylmethionine. This results in an excess of 
OH- in the liquid phase and thus in a pH increase of the 
effluent. 

Similarly, the pH decreases again after the step back from 
N-acetylmethionine to acetate. The deficiency of OH- on the 
resin is replenished with OH- from the liquid. The observed 
steepness of the wave of acetate exchanging against N- 
acetylmethionine is somewhat less than that of the first wave 
of N-acetylmethionine exchanging against acetate. This con- 
firms that the value of the selectivity of N-acetylmethionine 
over OH- is higher than that of acetate over OH-, which 
means that SAcM- > 1. It can be concluded from the sim- 
ulations that the value is approximately equal to 1.2. 

Chloride is a strong 
electrolyte existing only as anion. At pH 5, N-acetyl- 
methionine is still almost completely dissociated-about 3% 
is in the neutral form-and is supposed to behave as a strong 
electrolyte. However, as we have seen earlier, the displace- 
ment of one strong electrolyte anion by another may be ac- 
companied by pH fluctuations if the mutual selectivity is not 
equal to 1. Because in this case a downwards pH fluctuation 
leads to an increased fraction of the neutral form of N- 
acetylmethionine, such a fluctuation can influence the ion- 
exchange process of chloride and N-acetylmethionine. 

The concentration profiles of the effluent after a block 
pulse of chloride to a column initially in equilibrium with N- 
acetylmethionine, both at a pH of approximately 5, are pre- 
sented in Figure 3. Because Scl- ,OH- > SAC,- ,OH- (Jansen 
et al., 1996a; see the section titled ‘‘Simulations’’), the dis- 
placement of N-acetylmethionine by chloride leads to the 
release of OH- from the resin (comparable to the case of 
acetate/N-acetylmethionine). Due to the pH rise, the fraction 
of neutral N-acetylmethionine becomes negligible. Therefore 
the first wave corresponds to the exchange of two strong an- 
ions. 

The step back to N-acetylmethionine leads to a pH de- 
crease to about pH 4.4 according to the simulation. At that 
pH about 12% of N-acetylmethionine is converted into the 
neutral form, and only 88% is present as the anion that com- 
petes with the chloride ion for the exchange sites. As a conse- 
quence N-acetylmethionine has lost some of its capability to 
displace chloride. The concentration profiles are therefore 
less steep than expected on the basis of the selectivity of N- 
acetylmethionine over chloride. The pH decrease has thus 
led here to an apparent decrease of the selectivity. 

N-Acetylmethionine/Chloride at p H  5. 

chloride 

7 

5 

4 

3 
0 2 4 6 8 10 12 14 16 18 20 

Dimensionless time 

Figure 3. Response of a column equilibrated with 
N-acetylmethionine to a block pulse of chlo- 
ride at pH 5. 
Markers represent measurements; lines represent simula- 
tions. See Table 1 for experimental conditions. 

Acetate/Chloride at p H  5. Since acetic acid is less acidic 
than N-acetylmethionine, a larger fraction is present in the 
undissociated form (35% at pH 5). In Figure 4 the influence 
of such a larger fraction on the elution profiles is illustrated 
by the response of a column in equilibrium with acetic acid at 
pH 5 to a block pulse of chloride. Although the pH and con- 
centration of both eluents were approximately equal, serious 
pH fluctuations but also concentration fluctuations were ob- 
served. These concentration fluctuations are superimposed on 
the regular ion-exchange profiles and are so large that they 
can only be explained by mechanisms other than ion ex- 
change. In previous work similar fluctuations were observed 
in single-component systems (with only one solute) where the 
pH or concentration was varied (Jansen et al., 1996b). They 
were attributed to interactions of uncharged species with the 
resin. 

8 

7 

6 

%L 

5 

40 4 

20 3 

2 
0 2 4 6 8 10 12 14 16 18 20 

0 

Dimensionless time 

Figure 4. Response of a column equilibrated with ac- 
etate to a block pulse of chloride at pH 5. 
Markers represent measurements; lines represent simula- 
tions. See Table 1 for experimental conditions. 
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Table 2. System Definition for the Description of the 
Acetate/Chloride Displacement Experiments with the Wave- 

Velocity Concept 

Conc. Variables 
Resin and Equilibrium Relations and 

Liquid Phase Constraints 
2xH' 

2 X OH- 
2 x Na' 
2xAc- Selectivity Ac-/OH- 
2 x HAc Selectivity Cl-/OH- 
2xc1- Selectivity Na+/H+ 

2 x Water dissociation equilibrium 

Acetic acid dissociation in liquid phase 
Undissociated acetic acid distribution 

(resin and liquid) 

2 X Electroneutrality (resin and liquid) 

Total 12 Total 9 

The most striking phenomenon in Figure 4 is the appear- 
ance, before the breakthrough of chloride, of an acetic acid 
peak with a concentration in excess of the influent concentra- 
tion, although the influent concentrations of acetate and 
chloride were the same. Despite the fact that only 65% is 
present at the acetate anion, the concentration of this anion 
in the initial state was sufficient to replace practically all OH- 
from the resin and convert it completely into the acetate form. 
The lower acetate anion fraction is thus not a reason for the 
observed acetic acid peak. Apparently additional acetate, 
present on the column as neutral acetic acid, is also displaced 
by chloride. The total amount of ionically bound acetate and 
absorbed neutral acetic acid exceeds the resin capacity, Q, 
and therefore the effluent concentration exceeds the original 
100 mmol/L in the mobile phase. 

This result can also be explained qualitatively in terms of 
concentration waves for ion-exchange systems with reacting 
species (Klein, 1981; Helfferich and Bennett, 1984a,b). Ac- 
cording to Klein's theory, the variance of the system, defined 
by the number of concentration variables minus the number 
of equilibrium relations and constraints, is equal to 3 (see 
Table 2). This means that three concentration waves can be 
expected for a step change, or a total of six waves for the 
block pulse. 

Although the solute concentration was kept constant, the 
concentration of associated sodium ions was not. Because 
acetic acid is only partially dissociated at pH 5, the concen- 
tration of associated sodium in the acetic acid/acetate solu- 
tion is less than that in the chloride solution. The introduc- 
tion of chloride on the column thus brings about an increase 
of the sodium concentration in the column. Sodium is for the 
greater part excluded from the resin due to the Donnan ef- 
fect, and moves through the column approximately at the liq- 
uid-phase velocity. In order to maintain electroneutrality this 
sodium wave is accompanied by acetate anions, which results 
in the increase of the conductivity after approximately one 
residence time (not shown). For the same reason as de- 
scribed in the previous cases the introduction of chloride 
results in the increase of the pH. Consequently, the distribu- 
tion equilibrium of undissociated acetic acid is disturbed and 
acetic acid is released from the resin. The combination of 
these factors leads to an increase of the effluent concentra- 
tion of acetic acid, exceeding the influent concentration of 
100 mmol/L. The second wave is caused by the elution of 
undissociated acetic acid. After the release of undissociated 
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acetic acid from the resin due to the changed liquid-phase 
composition and pH, acetic acid starts to migrate at a velocity 
somewhat lower than that of the mobile phase because it is 
slightly retained by the resin. Because the neutral acid does 
not contribute to the conductivity, the conductivity of the ef- 
fluent remains the same. The wave becomes visible by the 
decrease of the effluent concentration of acetic acid until the 
original level of 100 mmol/L has been reached. Only the third 
wave relates to the actual exchange process of acetate and 
chloride ions. When this wave reaches the end of the column, 
the acetic acid/acetate concentration in the effluent drops to 
zero and chloride breaks through. This wave is the slowest of 
the three waves associated with the step from acetate to chlo- 
ride. 

The switch back to acetate at the end of the block pulse of 
chloride leads to a decrease of the sodium concentration in 
the influent. The sodium wave, in order to maintain elec- 
troneutrality, drags along chloride and the chloride concen- 
tration drops rapidly. Until that moment, undissociated acetic 
acid is taken up by the resin, enhanced by the drop of the 
pH. Until the undissociated acetic acid reaches the end of 
the column, the acetate concentration remains zero, but after 
that it rapidly increases. It is followed by a slower wave of 
acetate anions exchanging against chloride. The latter proc- 
ess proceeds slowly, much slower than expected on the basis 
of the value of the selectivity of chloride over acetate, due to 
the reduced acetate anion fraction as a consequence of the 
low pH. At the calculated pH minimum of 3, only 2% is left 
as acetate anion. 

The most complex of 
the "two-component'' systems studied here is that of acetate 
and N-acetylmethionine at pH 5. N-acetylmethionine can ex- 
ist in three forms, whereas chloride exists only as anion; here 
the total number of species besides water thus equals 8. A 
complete system definition and an analysis of its variance is 
given in Table 3. Despite the larger number of components, 
the variance is not changed because the number of relations 
is increased accordingly. The additional components are neu- 
tral and cationic N-acetylmethionine (in both phases), and 
the supplementary relations are the two dissociation equilib- 
ria, the distribution coefficient for the neutral species and a 
selectivity for the cation. 

Acetate/N-Acetylmethionine at p H  5. 

Table 3. System Definition for the Description of the 
Acetate/N-acetylmethionine Displacement 

Experiments with the Wave-Velocity Concept 
~ ~~ ~~ 

Conc. Variables 
Resin and Equilibrium Relations and 

Liquid Phase Constraints 
2xH+ 

2xOH- 
2 x Na' 

2xAc- 
2 x HAc 
2 x AcM- 
2 x AcM' 
2 xAcM+ 

2 x Water dissociation equilibrium 

Acetic acid dissociation in liquid phase 
2 X N-Acetylmethionine dissociation in 

Undissociated acetic acid distribution 
Undissociated N-acetylmethionine distribution 
Selectivity Ac-/OH- 
Selectivity AcM-/OH- 
Selectivity Na+/H+ 
Selectivity AcM+/H+ 
2 x Electroneutrality (resin and liquid) 

(resin and liquid) 

liquid phase 

Total 16 Total 13 
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, 9  Simulations with the Jixed-bed chromutography model 
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Figure 5. Response of a column equilibrated with ac- 
etate to a block pulse of N-acetylmethionine 
at pH 5. 
Markers represent measurements; lines represent simula- 
tions. See Table 1 for experimental conditions. 

Despite the increased complexity, again three waves per 
step are to be expected. This is shown in Figure 5. The first 
wave is the sodium wave, in combination with acetate, result- 
ing in the increase of the total effluent concentration of ac- 
etate. The second wave is again the wave of undissociated 
acetic acid, and the third wave is that of N-acetylmethionine 
exchanging against acetate ions. So far the response is almost 
identical to that of the acetate/chloride system because N- 
acetylmethionine, like chloride, is completely anionic. 

The major difference is in the step back from N-acetyl- 
methionine to acetate. Reintroducing acetate leads to a de- 
crease of the sodium concentration. In order to maintain 
electroneutrality, sodium leaving the column drags along N- 
acetylmethionine, which results in a rapid decrease of N- 
acetylmethionine in the effluent. Subsequently a slower wave 
of undissociated acetic acid moves through the column, fol- 
lowed by a zone in which acetate and N-acetylmethionine 
are exchanging. hi'-Acetylmethionine that is released in this 
way is pushed forward, helped by a partial transition into the 
neutral form due to the pH decrease. Therefore its concen- 
tration in the effluent temporarily increases again. Almost si- 
multaneously undissociated acetic acid breaks through. Only 
when the actual ion-exchange zone reaches the end of the 

The simulations, briefly mentioned earlier, to test the va- 
lidity of the dynamic chromatography model based on the 
DIX equilibrium model are now discussed in detail. The pa- 
rameters used in the simulations were based on results from 
previous equilibrium studies, from dynamic experiments with 
single-component systems (Jansen et al., 1996a,b) and from 
this work. Some of the parameter values were slightly adapted 
to obtain a better agreement between simulated and mea- 
sured profiles. This is explained below. Without rigorously 
optimizing all parameter values at the same time, one single 
set of parameters was used to simulate all experiments. With 
this set in general a very good agreement between experi- 
mental concentration profiles and simulated profiles was ob- 
tained. A survey of the parameter values is given in Table 4. 

Based on the Ptclet number of 270 that followed from the 
pulse-response experiments (result not shown), the number 
of 135 discretization steps is calculated from Eq. 10. To re- 
duce calculation time we have used 100 discretization steps, 
because further increasing the number did not noticeably im- 
prove the simulated profiles. In order to make the model more 
predictive instead of correlative, we have minimized the ex- 
perimental input by using only parameters from the equilib- 
rium experiments. Therefore the pH profile was computed as 
well, although the measured profile could have been used as 
experimental input. 

Resin Cupuciv. The breakthrough time of a block pulse is 
strongly determined by the capacity, Q. For low electrolyte 
concentrations (small values of A and C in Eq. 2) the break- 
through time is proportional to the capacity. Within the lim- 
its of its 99% confidence region, the value of the resin capac- 
ity was modified from 0.40 to 0.375 mol/L in order to obtain 
a better agreement between experiments and simulations. 
Nevertheless, the capacity still seems to be overestimated a 
little in the acetate/N-acetylmethionine experiment at pH 7. 
The best results were obtained here with a 6.7% lower value 
of 0.350 mol/L. This indicates that the capacity of the resin 
may be slightly pH-dependent, which is very common for weak 
ion-exchange resins, but somewhat unexpected for this resin. 
Further research is required to verify the pH-dependence of 
the capacity. 

The slopes of the breakthrough curves of the 
experiments in which chloride was involved indicate that the 
value of must be smaller than the value obtained 
from batch equilibrium experiments. The latter value was de- 

Selectivities. 

- 
column, the acetate concentration increases further and the 
N-acetylmethionine concentration decreases to zero. Then the 
pH returns slowly to the initial value. The slopes of the ac- 
etate and N-acetylmethionine concentration profiles in the 

solely on the basis of the selectivity of N-acetylmethionine 

Table 4. Model 

No. Of 

Used in the of the 
Block-Pulse Experiments 

100 
0.375* molfi 

discretization steps 

E 0.569 second exchange zone are less steep than may be expected Bedvoidfraction Resin capacity 
Q 

Selectivities 
over acetate, which is somewhat higher than 1. The drop of 
the pH to a value of about 4 has turned approximately 85% 
of the total amount of acetate into the neutral form. The 

methionine which is for about 25% in its neutral form. The 
reduced competitiveness of acetate is obvious after compari- Acetic acid KHAC 1.079 
son of these results with those obtained with the same elec- N-acetylmethionine KAcM 1.423 

trolytes at pH 7 where both components were completely dis- 
sociated (see above). 

AcetatepH - 
N-Acetylmethionine anionpH- S,, - , O H  - 0.030 
N-Acetylmethionine cationfl' 0.565 

0.0253 

Sodium/€€+ S N ~ + , H +  1 
remaining 15% is not very efficient in displacing N-acetyl- Chloride/H+ Scj-,oH- 0.075 

Distribution of coefficients 

*A value of 0.350 mol/L was used for the displacement experiment of 
acetate and N-acetylmethionine at pH 7. 
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termined from experiments where the pH was in general very 
high. Since the capacity of the resin seems to be pH-depend- 
ent to some extent, it is likely that the capacity at these very 
high pH values may not be compared with those under mod- 
erate pH values used in this study. This may have affected 
the calculation of value of the selectivity. Very good simula- 
tion results were obtained with the value given in Table 4. 

The value of SNa+ ,H+ could not be determined accurately 
from batch equilibrium experiments. The height of the acetic 
acid plateau between the acetic acid wave and the exchange 
wave of acetate/N-acetylmethionine or acetate/chloride in the 
experiments at pH 5 indicated that SNa+,"+ = 1, but the pa- 
rameter sensitivity was insufficient to allow a more accurate 
estimate from the present experiments. 

On the basis of simulations of preliminary experiments (not 
shown) the value of SAcM-,OH- was adjusted with 10% to 
give a value of the selectivity of N-acetylmethionine over ac- 
etate, SAcM-,Ac-, equal to 1.2. With this value the experi- 
ments could be described very well. 

In general the model could describe the con- 
centration profiles well, but apparently large deviations be- 
tween model simulations and measurements were found for 
the pH profiles. This is illustrated by Figure 5. In this figure 
the rise of the pH after the introduction of N-acetyl- 
methionine on the column appeared to be somewhat slower 
than predicted by the model, which corresponds with the 
simulated increase of the acetic acid, which also increased 
more slowly. In the simulations the pH returns to the influent 
value after the wave of exchange of acetate against N-  
acetylmethionine, whereas in practice the pH remains high 
until the end of the block pulse. This phenomenon might be 
due to mass-transfer limitations, and it was investigated fur- 
ther by changing the relative block-pulse width (see Figures 
6a and 6b). 

In Figure 5 the dimensionless block-pulse width was ap- 
proximately 10. In the experiments to test the influence of 
the block-pulse width, the pulse widths of 15, 25, and 35 min 
correspond to dimensionless widths of approximately 7.5, 
12.5, and 17.5. The concentration profiles in Figure 6a, given 
as the extinction at 254 nm, are as expected. They are very 
similar and only differ in the width of the response curve. 
The experimental pH profiles in Figure 6b exhibit a sudden 
transition. With the smallest block pulse the pH remained 
high until it suddenly dropped due to the shift from N -  
acetylmethionine back to acetic acid. In the case of the sec- 
ond block pulse the pH dropped before the end of the pulse, 
but it had not entirely reached the feed value when the elu- 
ent was switched back to acetic acid. Only with the widest 
block pulse the pH had returned to its initial value before the 
end of the block pulse. Apparently a dimensionless pulse 
width of approximately 12.5 is required to reach the steady 
state. This is much more than can be expected on the basis of 
the hydraulic residence time, which means that difference be- 
tween simulated and experimental pH profiles is associated 
with mass-transfer limitations. Most likely the delay in the 
pH response is a consequence of the slow uptake or release 
of undissociated components. After the introduction of N- 
acetylmethionine, its anions start to displace acetate anions. 
Simultaneously undissociated N-acetylmethionine, although 
present only as a small fraction, is taken up by the resin. The 
absorption of undissociated N-acetylmethionine, however, 

pH Profiles. 
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Figure 6. Experimental concentration profiles (a) and 
pH profiles (b) in displacement experiments 
of acetate and N-acetylmethionine at pH 5 
with variable N-acetylmethionine block-pulse 
width. 

disturbs the dissociation equilibrium, which is restored by the 
association of N-acetylmethionine anions with H+. As a 
consequence the proton concentration decreases and the 
pH increases. Because the concentration of neutral N- 
acetylmethionine is low, the driving force for mass transfer is 
small and the absorption proceeds slowly. So the pH remains 
high longer than expected, and only when the entire column 
is in equilibrium with the feed, does the pH return to the 
expected value. 

Although the magnitude of the pH deviation seems to be 
large, it is very small in terms of concentration differences. 
The deviation between pH 5 and the measured value of 6.5 
corresponds to a difference in proton concentrations of the 
order of magnitude of lo-' mol/L. This is 0.01% of the elec- 
trolyte concentration of 0.1 mol/L, whereas the order of 
magnitude of the analytical errors is 1%. Since in the simula- 
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tion model the proton concentration is computed by an itera- 
tive procedure from the electroneutrality equation, a relative 
deviation between actual and calculated ion concentrations 
of 0.01% could result in errors in the pH of the same order 
of magnitude as found in this work. All this is less relevant 
for buffered systems, where the pH tends to be self-cor- 
recting, but for unbuffered solutions containing, for example, 
only strong electrolyte ions, this is much more important. In 
the present study the deviations manifested themselves there- 
fore primarily with solutions of chloride or with N-acetyl- 
methionine at pH 5-6 and above. 

It is not expected that the simulated concentration profiles 
can be improved significantly by a fixed-bed model in which 
mass-transfer effects and diffusion are incorporated explic- 
itly, instead of implicitly in the apparent dispersion coeffi- 
cient, because the concentration profiles are described quite 
well already. On the other hand, the pH profiles might be 
predicted better if these mass-transfer effects, which are held 
responsible for the deviations between experiments and sim- 
ulations, are taken into account. The benefit is difficult to 
predict since the mass-transfer effects are apparently very 
small. This remains to be further examined, but it was be- 
yond the scope of this work. 

Conclusions 
Secondary equilibrium, in particular dissociation equilibria, 

were demonstrated to be of paramount importance to ion- 
exchange processes in which weak electrolytes are involved. 
These dissociation equilibria influence the ion-exchange 
process in two ways. First, the actual exchange of ions is af- 
fected by the transition of a component into the neutral form, 
which reduces the ionic fraction and hence the competitive- 
ness of the component compared to the other ions present. 
Second, the apparent affinity of a component for the resin 
phase is increased if in addition to the ionically bound ions 
the neutral species is also absorbed by the resin. 

The uptake or release of neutral species leads to concen- 
tration fluctuations that are superimposed on the normal 
ion-exchange profiles. The concentration fluctuations are in- 
duced by the unequal concentration levels of associated ions 
due to variations in the extent of dissociation of different weak 
electrolytes. Furthermore, pH fluctuations that are inherent 
to the exchange of ions with different selectivities influence 
the extent of dissociation of the components. Consequently, 
the pH fluctuations affect the ionic fractions in the exchange 
zone, and hence indirectly act upon the concentration pro- 
files in the effluent. 

The net effect of the occurrence of neutral species is 
strongly dependent on the type of resin and on the experi- 
mental conditions, especially the pH, concentrations, and dis- 
sociation behavior of the weak electrolytes. The importance 
of the uptake of neutral species increases as the capacity of 
the resin is lower, as the total concentration of a component 
is higher and, obviously, as the fraction of the neutral species 
is higher. With the resin, electrolytes, and other experimental 
conditions applied in this work, the reduction of the anionic 
fraction appeared to be the dominant factor. This means that 
for the design of an ion-exchange chromatography process 
aimed at the separation of a mixture of acetic acid and N- 
acetylmethionine, the pH is the major control variable with 

which the fraction of acetate anions can be reduced, favoring 
its separation from N-acetylmethionine (Jansen et al., in 
preparation). 

The simulations with the dynamic fixed-bed model, based 
on the DIX equilibrium model, in general fitted the experi- 
mental concentration profiles very well. Also besides taking 
the exchange of ions and the uptake of neutral species into 
account, all concentration fluctuations that were associated 
with the displacement of one electrolyte by another and with 
the (dehorption of uncharged species could be described. The 
prediction of pH profiles was less satisfactory due to some 
apparently slow mass-transfer phenomena resulting in-in 
the absolute sense-small deviations of ionic concentrations, 
but large deviations from the experimental results in terms of 
H +  and OH- concentrations. This applies in particular to 
moderately buffered or unbuffered solutions, where the pH- 
stabilizing effect of the dissociation equilibria is absent. Nev- 
ertheless, the model is very promising for the simulation of 
multicomponent separations and for ion-exchange chro- 
matography integrated with chemical reactions in which weak 
electrolytes are involved (Jansen et al., 1996). 
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Notation 

Superscripts and subscripts 
Ac = acetate 

C1- = chloride 
H+ = protons 

HAc = acetic acid 
Na+ = sodium 

OH- = hydroxide 

AcM = N-acetylmethionine 
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Appendix: Relation Between Resin-Phase Dissoci- 
ation Constant and Overall Distribution Coefficient 

Taking acetic acid as an example, the overall distribution 
coefficient of the neutral species is defined according to Eq. 
5 as follows: 

The dissociation constant is defined as follows: 

This equation applies to both liquid and resin phases. Now 
the overall distribution coefficient can be expressed in terms 
of ionic concentrations and dissociation constants: 

The ratios of resin- and liquid-phase concentrations of H *  
and Ac- can be substituted by the expressions from the DIX 
model. After some minor rearrangements this results in the 
following expression for the overall distribution coefficient: 

As expected, the resin capacity does not affect the uptake of 
neutral species. A high value of K ,  in the liquid phase (high 
degree of dissociation) and a low value in the resin phase 
(low degree of dissociation) favor the presence of neutral 
acetic acid in the resin phase. A high value for the anion 
selectivity also favors the uptake of neutral species indirectly: 
it enhances the uptake of anions, and to maintain the dissoci- 
ation equilibrium, neutral species must then be absorbed as 
well. 
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