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ADVANCED TECHNIQUES FOR ENERGY-EFFICIENT
INDUSTRIAL-SCALE CONTINUOUS CHROMATOGRAPHY

J. P. DeCarli II
G. Carta
C. H. Byers

ABSTRACT

Continuous annular chromatography (CAC) is a developing technology that
allows truly continuous chromatographic separations. Previous work has demon-
strated the utility of this technology for the separation of various materials by
isocratic elution on a bench scale. Novel applications and improved operation of
the process were studied in this work, demonstrating that CAC is a versatile appa-
ratus which is capable of separations at high throughput. Three specific separation
systems were investigated. Pilot-scale separations at high loadings were performed
using an industrial sugar mixture as an example of scale-up for isocratic separations.
Bench-scale experiments of a low concentration metal ion mixture were performed
to demonstrate stepwise elution, a chromatographic technique which decreases di-
lution and increases sorbent capacity. Finally, the separation of mixtures of amino
acids by ion exchange was investigated to demonstrate the use of displacement
development on the CAC. This technique, which perhaps has the most potential,
when applied to the CAC allowed simultaneous separation and concentration of
multicomponent mixtures on a continuous basis. Mathematical models were devel-
oped to describe the CAC performance and optimize the operating conditions. For
all the systems investigated, the continuous separation performance of the CAC
was found to be very nearly the same as the batchwise performance of conventional
chromatography. The technology appears, thus, to be very promising for industrial

applications.
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ADVANCED TECHNIQUES FOR ENERGY-EFFICIENT
INDUSTRIAL-SCALE CONTINUOUS CHROMATOGRAPHY

J. P. DeCarli 11
G. Carta
C. H. Byers

1. INTRODUCTION

1.1 CHROMATOGRAPHY

Chromatography is a batch operation which allows the separation of multi-
component mixtures. In its simplest implementation, a small volume of the
mixture to be separated is introduced to the top of a packed column. A car-
rier fluid is then continuously fed to the column causing the different solutes to
travel down the column and eventually separate. The term chromatography is
derived from the early use of this technique for the separation of plant pigments
where the individual components could be identified by colorimetric tests (Ettre,
1980).

Different methods of performing column chromatography were developed dur-
ing World War II, mainly by Tiselius (1940, 1941, 1943) and Claesson (1945,
1946, 1949). These techniques are classified as (1) elution chromatography (e.g.,
isocratic, stepwise, and gradient); (2) displacement chromatography; and (3)
frontal analysis chromatography. Of these three approaches elution chromatog-
raphy is widely used in the laboratory for analytical purposes; displacement
development is used to separate large amounts of mixtures containing relatively
few components; and frontal analysis, while of historical interest, has had little

application in either analytical or process applications (Ettre, 1980).



1.1.1 Isocratic Elution Chromatography

The conventional way of implementing elution chromatography is to inject
a small sample of a mixture of components to be separated into the top of
a chromatographic column and then elute it with a solvent. If the different
components are retained by the sorbent to different extents, continuous feeding
of the solvent (or eluent) will cause movement of the components at different
velocities toward the column exit. The component velocity, v,, is proportional
to the eluent velocity and, for a dilute linear system, is related to the equilibrium

distribution between mobile and stationary phases by the following equation:

. v
14 =K

(1.1)

c

where K is the equilibrium distribution coeflicient, € is the bed void fraction, and
v is the eluent interstitial velocity. If mass transfer resistances or other dispersive
effects are present, v, merely represents the average component velocity. In
this case, some molecules of the same species will be delayed while others will
be hastened relative to the component velocity. The result is a spreading of
the component band with concomitant dilution. .Therefore, if mass transfer
resistances are present, those components that have lower velocities stay in the
column longer and become more diluted. When a single solvent is used to
elute the feed mixture at a constant flow rate, without changing any other
column conditions, the technique is called isocratic elution. The principle of
elution development for the separation of components A and B with eluent C
is illustrated in Fig. 1.1 (a). The major advantage of isocratic elution is that a

multicomponent mixture may be completely separated into its pure components

2



in a relatively easy fashion. Unfortunately, in some cases, the resulting dilution
effect renders the technique unacceptable from the point of view of industrial
processes. In some cases, however, separation of these same components can be
carried out more efficiently using more complex techniques such as stepwise and

gradient elution (sometimes referred to as solvent programming).

1.1.2 Stepwise and Gradient Elution

When two or more solvents are used to elute the components of a mixture the
technique is called either stepwise of gradient elution. If the change between
the solvents is abrupt, the method is called stepwise elution; if the change is
gradual, the method is called gradient elution. In either case, the solvents are
fed to the column in order of increasing eluting power. Changes in solution pH,
concentration, polarity, ionic strength, or any other thermodynamic variable
that affects the distribution of solutes between stationary and mobile phases

may be used.

Although simple elution can, in principle, completely separate mixtures into
their pure components with little or no overlap, sometimes this technique is
not the most efficient. For example, if the equilibrium distribution coefficients
between the stationary and mobile phases for two components of a mixture
are vastly different, the components will have vastly different retention times,
resulting in a longer total run time. By increasing the solvent strength right after
the first component has eluted from the column, the distribution coefficient of
the second component can be decreased, and the species can be eluted from the

column more quickly. The result is a reduction in the total run time.

3
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On a large scale it is important because the latter case decreases the time
between successive runs and increases productivity. Further benefits such as
decreased eluent consumption and decreased product dilution might also be
realized. For these reasons, stepwise or gradient elution techniques are often
utilized when run time, eluent consurption, and product dilution are important

considerations.

1.1.3 Displacement Chromatography

In displacement chromatography, a sample of a dilute mixture of components
to be separated is introduced to the top of a chromatographic column. Intro-
duction of the sample is followed by continual feeding of a solution containing
a component (the displacer) that has an affinity for the stationary phase which
is higher than the affinity of any component in the feed mixture. The displacer
competes for adsorption sites with the feed components. If the displacer is
present in a sufficiently high concentration, it will effectively desorb and con-
centrate the feed components. If mass transfer resistances are small, the various
components will be distributed along the column length in order of decreasing
affinity for the sorbent, with each upstream component acting as a “displacer”
for each downstream species. The separated components finally exit the column
in order of increasing affinity, with the displacer immediately following the feed
components. The principle of displacement development for separating compo-
nents A and B with displacer C is illustrated in Fig. 1.1 (b). This method allows
better utilization of the sorbent capacity and accomplishes simultaneous separa-

tion and concentration of the feed mixture. In some instances, feed components

5



may exceed their solubility in the eluting solution, causing crystallization in the
packed bed. This is an important industrial problem, and its occurrence will
depend on the concentration of the displacer. On the other hand, as shown in
Fig. 1.1 (b), there is no separation between the product bands, so some mixing
will inevitably occur. If high-purity fractions are required, the product yield is
reduced. Another important consideration in displacement chromatography is
the bed length. As long as the chromatographic bed is long enough for “iso-
tachic” (i.e., constant velocity) concentrations to be reached, further increases
in bed length can actually be detrimental to the separation performance. This is
an important difference between the elution techniques described earlier and the
displacement technique described here. For example, if the separation between a
two-component mixture by isocratic elution is incomplete, it can be improved by
increasing the bed length. This will, of course, result in more product dilution.
In displacement development, once isotachic concentrations have been reached,
the separation between any two components cannot be improved by increasing

column length.

1.1.4 Frontal Analysis

In frontal analysis, illustrated in Fig. 1.1 (c), a mixture of components to
be separated, A and B, is continuously fed into the column during the entire
process. Pure component A, the least retained species, exits the column first
with a sharp front after saturating the adsorbent. When the region of pure
component A has eluted completely, it is followed by a sharp front containing

a region with components A and B. (For a three-component mixture, a region

6



with all three components would follow). A major drawback of this technique
is that it does not allow the isolation of different species, the major purpose of

chromatography. For this reason it is infrequently used.

To summarize elution chromatography is used when complete separation of
a small amount of mixture is desired; displacement development is used for the
simultaneous separation and concentration of large amounts of mixtures, and
frontal analysis may be used when only the least sorbed species is desired in
pure form. For this reason, elution chromatography is customarily used for
analytical HPLC separations, and displacement development, which more effi-
ciently utilizes the stationary phase, is the preferred method for preparative and

industrial chromatography (Snyder and Kirkland, 1974; Mikes, 1979).

1.2 CONTINUOUS CHROMATOGRAPHY

The techniques of chromatography described above are of universal applica-
bility provided that suitable chromatographic media and eluents can be found.
While the efficiency of various sorbents varies, the process implementation of
chromatography is generally based on the batch operations described in Sect.

1.1

Continuous operation, on the other hand, may be desirable for certain in-
dustrial applications. A few attempts have been made in the past to develop
continuous chromatographic systems which do not suffer from the problems as-
sociated with batch processing (Tuthill, 1970). A few ways of implementing
continuous or semicontinuous processing are illustrated in Figs. 1.2 (a), 1.2 (b),

and 1.2 (c).



In Fig. 1.2 (a) continuous separation is achieved in the radial direction in a
radial disc bed. The mixture of components to be separated is continuously
fed to the center of the disc. As the disc rotates, the different components exit
at different angular positions because of their different equilibrium distribution
coefficients in the solvent. Here, the least retained component, A, exits first,
followed by component B and then C, the most retained component.

In Fig. 1.2 (b), a sorbent is packed between two solid, flat plates with porous
edges that retain the sorbent. The feed mixture is continuously fed at the
lower left-hand corner. The eluent initially flows in the same direction as the
feed. Then, after a short period of time, the eluent flow in the feed direction
is stopped and restarted in the direction transverse to the feed. In this way, a
continuous crossflow contacting system is simulated.

Fig. 1.2 (c) describes a true moving bed. In this case, magnetic particles used
as the sorbent are fed into one end of a rectangular bed. Air is used to fluidize the
bed, and a magnet is used to keep the particles stabilized as they continuously
move past the feed point and are recycled. A stationary feed point is used to
continuously feed the gas stream to be separated. Continuous separation of this
gas stream is accomplished by the air flow, the bed movement, and differences
in the affinities of the components for the sorbent.

In these types of contacting systems there is constant motion of the sorbent
relative to the feed point. This can be accomplished by either moving the bed
and keeping the feed points stationary, or moving the feed points and keeping
the bed stationary. In addition, this motion can be designed such that the
feed flow and the bed movement may be in a countercurrent or crosscurrent

direction. Those systems with truly constant motion between the inlet points
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and the bed will be continuous, while those that simulate this motion will be
semicontinuous. A semicontinuous process can approach the continuous process
by making smaller and smaller discrete movements. For instance, in a cascade
of fixed beds operated in a merry-go-round sequence, product can be collected
from one bed and feed fed to another while the remaining columns are at an
intermediate stage of the process. If timed in such a way that product is always
being collected at one of the different column outlets, an apparently continuous
process exists. When operated in a countercurrent manner in an arrangement
resembling a distillation tower, binary separations can be obtained in a single
unit. Thus N — 1 columns are required to completely separate a mixture of N

components.

One such process, developed by UOP, Inc., is called “Sorbex” and is used for
a variety of industrial applications. The name of the particular process depends
on the material to be separated. For example, the separation of xylenes is called
Parex, the separation of olefins is called Olex, the separation of n-paraffins is
called Molex, and that of sugars is called Sarex (Sussman and Rathore, 1975).
The Sorbex process is a simulated countercurrent system where the solid adsor-
bent is moved semicontinuously countercurrent to the liquid process stream. A
conceptual view of the corresponding idealized moving-bed process is illustrated
in Fig. 1.3. For the separation of a two-component (A and B) system the sys-
tem contains four zones defined by the introduction and withdrawal of process
liquid. In zone I, the sorbent adsorbs component A; in zone II, component B
is desorbed; in zone III, the desorbent D strips component A from the sorbent;
and finally, in zone IV, B replaces the desorbent D on the sorbent. The feed, A

and B, enters between zones I and II where the more strongly retained species,
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A, is carried upward by the sorbent. In the upper portion of the column, A is
stripped off and exits at the top of the column. The more weakly retained com-
ponent, B, moves downward where it is stripped and finally exits at the bottom
of the column. In the actual Sorbex process, the sorbent remains stationary and
the liquid feed and withdrawal points are moved through a cascade of fixed beds
using a rotary valve system to simulate the sorbent movement. In this way, the
difficulties of solids handling are avoided (Byers and Holmes, 1988; Barker and
Ganetsos, 1987; Ching and Ruthven, 1984). The countercurrent action, whether
real or simulated, provides a very efficient utilization of the sorbent and mini-
mizes product dilution. Only binary separations are, however, possible with the

Sorbex arrangement.

Crossflow systems, on the other hand, permit the separation of multicompo-
nent mixtures in a single column. In this case the sorbent “moves” in a direction
perpendicular to that of the fluid relative to the feed point. One such system,
known as the continuous annular chromatograph, is the subject of the present

study.

1.3 CONTINUOUS ANNULAR CHROMATOGRAPHY

The continuous annular chromatographic apparatus is illustrated in Fig. 1.4.
In this apparatus, the sorbent is packed in the space between two concentric
cylinders. For isocratic operation, the eluent is uniformly distributed through-
out the annulus and flows downward toward the bottom of the bed. The feed
mixture to be separated is fed at the top of the annular bed at a point that

remains fixed in space while the entire bed assembly is slowly rotated on its
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vertical axis. If the feed components have different affinities for the sorbent,
they will travel along paths with different slopes, exiting at different angular
locations relative to the feed point. The least-retained components will emerge
closest to the feed port, while the more- retained components will exit at in-
creasing angles from the feed port in the direction of rotation. In a few words,
one can say that continuous annular chromatography, or CAC, replaces the
one-dimensional, unsteady-state process of conventional chromatography with
a two-dimensional, steady-state process. In conventional chromatography the

separated components exit at different times; here they exit at different angles.

The idea of CAC was first proposed by Martin (1949) and various conceptual
designs have been proposed since then. Dinelli et al. built a rotating unit for
preparative-scale gas chromatography, which uses 100 fixed columns on a ro-
tating carousel. Giddings (1961) demonstrated theoretically how the rotating
annular column can be superior to a fixed column of the same volume for process
scale applications. He recognized that many industrial packed tower operations
exhibit nonuniformities in flow at large diameters, resulting in an increased plate
height and loss of resolution. By using a rotating column with the same total
cross-sectional area and bed height as a fixed column, but with an annulus size
small enough so that flow nonuniformities do not occur, a process can be scaled
up without loss of resolution. In other words, all things being equal, the geom-
etry of a rotating bed with a small annulus will have a larger number of stages,
resulting in better resolution, than the equivalent fixed bed. He also pointed out
that process control might be easier in continuous operation because it results
from the column geometry, and not from careful timing of feed injection and

product withdrawal as in a simulated continuous operation.
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Carousels of columns similar to those of Dinelli and his coworkers (1962)
have been built for liquid chromatographic operations by Byalyi and Ganitskii
(1969), Witcherle and Coupek (1974), and Dunnill and Lilly {1972). Fox et
al. (1969) and Moskvin and coworkers (1974A, 1974B, 1975) even constructed

chromatographs similar to the one shown in Fig. 1.4.

However, the first major development that permitted large throughputs was
the implementation of pressurization to the previous gravity-flow devices. The
first successful prototype was developed in 1974 by Scott and coworkers (Scott
et al., 1976) at the Oak Ridge National Laboratory (ORNL). The first experi-
ments demonstrated the separation of blue dextran 2000 (a soluble dextran with
a molecular weight of 2,000,000 daltons) and cobalt chloride on a size-exclusion
resin, and the separation of nickel-cobalt ions on a cation-exchange resin. Since
then, the majority of the systems studied by ion exchange at ORNL have been
mixtures of low-concentration metal ions. In addition, various process improve-

ments have been made on the CAC.

Canon and Sisson (1978) developed an improved inlet distribution system
which used a top layer of glass beads to prevent mixing of inlet fluids. They
also successfully executed a preliminary experiment demonstrating the use of
stepwise elution with the nickel-cobalt system. Canon et al. (1980) demonstrated
the use of stepwise elution for the separation of iron-aluminum and zirconium-
hafnium mixtures. The next major contribution, by Begovich et al. (1983),
studied the effects of increasing the annulus width and bed diameter. The
resolution of copper-nickel and nickel-cobalt mixtures was studied in different
CAC units. The most recent work, by Howard et al. (1988), demonstrated the

separation of dilute glucose-fructose-sucrose mixtures. In addition, this work
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also provided a more fundamental approach to modeling that is consistent with

current chromatographic theories.

1.4 ANALOGY BETWEEN FIXED BED AND CAC

In fixed-bed columns, the fluid and solid phase concentrations are functions
of both position and time. Considering a conventional, idealized, stationary
bed with void fraction ¢, a one-dimensional, steady-state, material balance for

a solute with concentration C may be written as

&c  ac dg aC
:e——~+(1-e)~8%+u“~, (1.2)

D. o =% dz

- where D, is the axial dispersion coefficient; u is the superficial velocity; and
C and g are the liquid and solid phase concentrations, respectively. Using a
simple fluid film model to describe fluid-particle mass transfer, the following
rate equation may be written to relate the fluid and solid phase concentrations

(Ruthven, 1984):

(1—-6)%—;} = k,a{C —~C"), (1.3)

where k,a is an overall mass transfer coefficient, and C* is the liquid phase
concentration in equilibrium with the solid phase.

Continuity and rate equations can also be written in a cylindrical coordinate
system for the two-dimensional CAC. Assuming steady state and neglecting
velocity and concentration variations in the radial direction, these equations

may be written as
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€D, 5+ T =wes +w(l =€) g tus (1.4)

and

w1 - = k,a(C-C), (1.5)

30
where D, and D, are the axial and angular dispersion coefficients; R, is the mean
radius of the annular bed; w is the rate of rotation; and z and 8 are the axial
and angular coordinates, respectively. (An additional assumption is implicitly
made here that the annulus is “thin” and that axial and angular dispersion may
be represented by Fickian diffusion terms.) If angular dispersion is negligible,
then the one-dimensional, unsteady-state, fixed-bed equations (Egs. 1.2 and

1.3) can be transformed into the corresponding steady-state, two-dimensional,

continuous equations (1.4 and 1.5) with the change of variable:

6 = wt' (1.6),

where w is the rotation rate, t' is a transformed time, and 8 is the angle (Wankat,

1977; Rhee et al., 1970; Begovich, 1982). Equations 1.4 and 1.5 become

o*C aC 9q ac

= el 1 1 — )L — Vi
eD. 82 ‘o F - o’ o oz (1.7)
and
dq .
(1—6)527-—’%&(0“0)- (1.8)

These equations can be solved with the appropriate boundary conditions. For

isocratic operation, for example, the boundary conditions may be written as
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t' =0, all z: g=c¢=0

z =0, 0<t' <t'p, C— 2222 =Cp
D, 0C
>t C— 282 =0
z=Z, all ¢': %—?:0

where Cr is the feed concentration and ¢}, is the length of time corresponding
to the feed arc 8 = wil,.

Because of this analogy, the mathematical treatment of the steady-state per-
formance of the CAC is not more complicated than the corresponding mathe-
matical treatment of the analogous transient conventional chromatographic op-
eration. Thus, solutions that are available to describe the latter can be used
very simply to describe the former, making use of Eq. 1.6. This, of course,
holds only if angular dispersion is indeed negligible.

Howard (Howard, 1987; Howard et al., 1988) has performed a systematic
investigation of hydrodynamic dispersion in the CAC. The experimental study
was performed in a 12 in. OD CAC unit at ORNL using Dowex 50W-X8 resin
with particle sizes of 37 to 55 pm as the chromatographic medium. The annulus
thickness was 1.25 cm and the bed length was 60 cm. In these experiments, an
aqueous solution of blue dextran 2000 was used as the feed and deionized distilled
water as the eluent. Blue dextran with this molecular weight is completely
excluded from the resin matrix and can be used as an effective nonadsorbed
tracer. To carry out the experiments, Howard provided the CAC with a constant
feed of dilute (0.5 to 1.0 g/L) blue dextran solution and monitored the blue
dextran exit concentration profile with a spectrophotometer.

Since blue dextran is not sorbed, peak dispersion results entirely from hy-

drodynamic effects and diffusion external to the particles. In treating the ex-
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perimental concentration profiles, Howard made the assumption that the blue
dextran continuity equation for the CAC can be written as
o*C acC acC

= € -

D. o2 = gl
€ * 922 ot *"az’

(1.9)

where D, is an effective dispersion coefficient which incorporates the effects of
axial and angular dispersion. This treatment is, of course, not rigorous, but
it provides a reasonable quantitative way of comparing dispersion data for the
CAC with dispersion data for conventional beds. A solution of Eq. 1.9 obtained
by Hill (1977) for infinitesimal feed pulses applied to a fixed bed was adapted to
the CAC via Eq. 1.6 and used to determine D, from a fit of the experimental
concentration profiles. The results of Howard’s CAC measurements are summa-
rized in Fig. 1.5 in the form of ePe = ud, /D, vs Re = ud, /v, where d, is the
particle diameter and v is the fluid kinematic viscosity. This figure also shows
Howard’s measurements of axial dispersion for a fixed bed packed with the same
resin used in the CAC experiments, and a line calculated from a correlation for
axial dispersion in packed beds that is available in the literature (Butt, 1980).
As seen in Fig. 1.5, the fixed-bed data compare well with the literature correla-
tion, while the CAC data, although rather scattered, fall below. On average, the
effective Peclet number for the CAC unit is about 0.1, about two times smaller
than the value found for fixed beds. Thus, dispersion in the CAC appears to be
two times larger than in fixed beds. However, while this may be significant for
gas adsorption or high-pressure liquid chromatography (HPLC) operations us-
ing very small particles, the effects of increased dispersion on typical preparative
or production-scale liquid chromatographic operations are quite small. These

processes tend to be dominated by film and intraparticle mass transfer resis-
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tances which largely determine the spreading of the chromatographic peaks. As
an example, Fig. 1.6 (Howard, 1987) shows CAC concentration profiles calcu-
lated for conditions corresponding to the separation of ghicose-fructose mixtures
(a complete description of this separation is given in Sect. 2). The analytical
solution shown here neglected dispersion (i.e., D, = 0), while the numerical
solution obtained by collocation incorporated the effects of D,. The results of
these calculations are quite close and can be generalized to show that dispersion
is only important in the CAC if mass transfer resistances are small. Otherwise,
as is common in liquid chromatographic operation, the effects of increased hy-
drodynamic dispersion can be neglected for solutes which are retained by the

sorbent.

1.5 SCALEUP OF THE CAC

Perhaps the most critical scaleup issue in CAC technology is the effect of
increased annulus thickness. While the majority of past experiments were con-
ducted with a narrow annulus, a significant number of experiments were per-
formed with packed annuli ranging from 1% to about 96% of the cross section
of the outer shell. A summary of the CAC units used at ORNL for these runs

is given in Table 1.

The experimental work was performed for the separation of mixtures of cop-
per, nickel, and cobalt with Dowex 50 W-X8 ion-exchange resin in the ammonium
form. The results are presented in Figs. 1.7, 1.8, and 1.9 in the form of resolution
(a measure of the degree of separation) as a function of the ratio of feed and

eluent rates. As seen in these figures, neither the annulus thickness nor the size
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of the CAC appeared to affect the resolution for appropriately scaled conditions.
While resolution remained constant, the throughput increased with the annulus
thickness.

Obviously, we might expect increased hydrodynamic dispersion as the annu-
lus thickness is increased. Once again, however, provided that mass transfer
resistances are significant, the effects of increased dispersion are negligible (as
indicated by the experimental results).

Other scaleup issues include the operation of the CAC at high loadings and
high feed concentrations. These effects are discussed in Sect. 2 in the context of

the industrial separation of sugar mixtures.

1.6 RESEARCH SCOPE AND APPROACH
1.6.1 Research Scope

While elution and displacement chromatographic techniques are well estab-
lished in conventional fixed-bed chromatography, the principles and applications
of CAC have been investigated mainly for isocratic operations. Previous authors
have demonstrated that the CAC can separate multicomponent mixtures in a
truly continuous manner. With a few exceptions, however, the majority of the
systems studied thus far have been separated by the method of isocratic elution.
Possible advantages of using stepwise elution and displacement chromatographic
methods on the CAC have not been extensively investigated and are essential if
CAC is to become an important industrial process. In this work, improved op-
erating methods were investigated and novel applications were explored in the

food, hydrometallurgical, and biochemical industries. The following systems
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Table 1. Physical characteristics of the CAC* units used at ORNL®

Annulus Outer annulus Annular bed Available
width, Ar radius, ‘x’-sectional area’®
Designation  (mm) ro (mm) Ar/ry area (cm?) (%)
CAC-ME 6.4 44.5 0.14 16.5 26.5
-2 12.7 0.29 30.4 48.9
-3 22.2 0.50 46.6 74.9
-4 31.8 0.71 57.0 91.6
CAC-II 12.7 139.7 0.09 106.4 17.3
-2 50.8 0.36 364.8 59.5
-3 124.3 0.82 592.0 96.7
CAC-III 31.8 222.3 0.14 411.7 26.5

¢ Continuous annular chromatograph.

* From Begovich et al., (1983).
¢ 9% available area is the cross-sectional area of the annular bed divided by
the maximum possible area, based on r,.
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were studied:

1. The separation of synthetic and industrial high-concentration (up to 60% by
weight) glucose-fructose mixtures was studied as an example of the application
of CAC to an industrial separation. Currently, these mixtures are separated
in large, fixed columns with the calcium form of a cation-exchange resin. A
similar adsorbent was used here. Since these sugars exhibit linear equilibrium,
gradient elution and displacement techniques were not applicable and the CAC
was operated in the isocratic mode. The objectives of these experiments were
to test the limits of operation of the CAC in terms of high loading and high
feed concentrations in order to identify and propose solutions to problems

related to industrial scaleup.

2. The separation of dilute mixtures of iron (Fe**) and chromium (Cr®*) ions
was studied using the ammonium form of a cation- exchange resin and step-
wise elution operation. While this technique has already been demonstrated
in a few preliminary experiments at ORNL, this i1s the first study that de-
termines and quantifies the factors affecting optimization of the separation
performance. This system was chosen for ease of operation and for its ability

to simulate low metal-ion solutions that are often found in hydrometallurgy.

3. The separation of multicomponent mixtures of amino acids (glutamic acid,
valine, and leucine) by ion exchange was investigated as an example of dis-
placement development chromatography. This was the first study to apply
this technique to the CAC. Amino acids were used because they are currently

separated by fixed-bed displacement development and they represent an im-
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portant potential industrial application of the process.

Relevant literature and background material on each application will be covered

in the discussion of each individual study.

1.6.2 Research Approach

The purpose of this study was to develop three different modes of chromatog-
raphy using the CAC: (1) isocratic elution (single fluid) of high-concentration
mixtures, (2) stepwise elution, and (3) displacement development. The three
systems studied (sugars, metal ions, and amino acids) behaved differently with
the sorbent and allowed the three different modes of operation. The desired
capability was to understand factors that affect each system, as well as realize

which mode of operation is more appropriate for industrial applications.

1.6.2.1 Isocratic Elution: Separation of Sugars

Successful separation of low-concentration mixtures of glucose and fructose
on the CAC has been performed by Howard et al. (1988). The equilibrium
isotherms for the system have been defined, and low-concentration, low-loading
experiments that vary different process parameters have been performed on a
bench-scale CAC. This information was utilized for the scaleup to a pilot-scale

unit. The following approach was taken:

1. Experiments were conducted with a fixed column at both low and high con-

centrations using a synthetic mixture.
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2. CAC experiments were conducted with a low-concentration synthetic glucose-
fructose mixture to verify that scaleup to the pilot-scale CAC performed as

predicted by the idealized mathematical model developed by Howard.

3. CAC experiments were then performed with industrial sugar mixtures for

conditions involving;:

(a) low concentration - low loading,
(b) low concentration - high loading, and

(¢) high concentration - high loading.

Experiments set up in this way allowed the determination of concentration

and loading effects on the pilot-scale CAC unit.

4. Finally, fixed-bed, CAC, and theoretical predictions were compared where
applicable. Since one goal was to be able to predict CAC effluents from fixed-
bed data, equilibrium and mass transfer parameters of the experimental study
were obtained from fixed-bed experiments and used in the model predictions
of the CAC performance. Analysis of these results should allow identification

of problems unique to CAC scaleup.

1.6.2.2 Stepwise Elution: Separation of Metal Ions

Metal-ion separations by ion exchange using both isocratic and gradient elu-
tion are well documented in fixed-bed chromatographic separations. As dis-
cussed earlier, stepwise and gradient elution techniques have some advantages

over isocratic elution, such as decreased dilution and increased bed capacity.
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A few preliminary experiments on stepwise elution have been performed by
Canon and Sisson (1978) and Begovich and Sisson (1980) for dilute metal-ion
systems. These preliminary experiments indicated that there might be a signif-
icant process improverment using CAC in the stepwise elution mode. Therefore,
a metal-ion system consisting of mixtures of iron and chromjum was used to

demonstrate and quantify these advantages. The following approach was taken:

1. Isocratic chromatography experiments were carried out in a fixed-bed sys-
tem to determine equilibrium and mass transfer parameters of the separation

system. These data were used in a preliminary design of CAC experiments.

2. Preliminary isocratic elution experiments were performed on the bench-scale
CAC to gain insight into the proper operating parameters for successful step-
elution runs. These experiments could then be compared to later CAC step-

wise eluent runs in order to quantify the improved performance.

3. Stepwise elution experiments were made which varied CAC parameters such
as rotation rate, feed and eluent concentrations, and step eluent position. This
iriformation was then used to design a CAC experiment that demonstrated

the major irnprovements of using step elution.

4. Finally, a mathematical model was developed to describe and optimize step-
wise elution operation based on the independently determined equilibrium
and mass transfer parameters.

1.6.2.3 Displacement Development: Separation of Amino Acids
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Displacement development is a mode of chromatography which offers the ad-
vantage of allowing simultaneous separation and concentration of multicompo-
nent mixtures. Industrially, amino acid separations are performed using dis-
placement chromatography.

Displacement chromatography had not been previously performed on the
CAC, so it was necessary to modify the existing equipment for displacement

separations. The following approach was taken:

1. Equilibrium isotherms for the uptake of different amino acids by Dowex 50W-

X8 ion-exchange resin were determined in batch experiments.

2. Fixed-bed separations of a selected amino acid system were then carried out

to identify appropriate operating conditions to be used in CAC experiments.

3. The CAC was modified for displacement development operation and the equip-
ment set up experimentally verified. CAC experiments were performed which
varied operating parameters such as rotation rate, displacer concentration,

and feed concentration.

4. Finally, a mathematical model was developed and compared to experimental

results for both fixed-bed and CAC experiments.

The results of these studies are shown separately in Sects. 2, 3, and 4 for
the three experimental systems and methods of operation. Individual conclu-
sions are drawn in each chapter for the corresponding system. Then, overall

conclusions and recommendations are given in Sect. 5.
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2. SEPARATION OF SUGARS BY ISOCRATIC ELUTION
2.1 INTRODUCTION

Liquid chromatography is being used today for the production-scale separation
of glucose and fructose, which are important products in the food processing
industry. Glucose is used as a fermentable sugar in the baking industry, as a
feedstock for biochemical synthesis (such as low-calorie beer production), and as
a sweetener in some beverage formulations. It is also used both as a sweetener
and as a control on softness and crystallization in the confectionery industry

(Bollenback, 1983).

Before the 1980s fructose was primarily used mixed with glucose and su-
crose. The development of technologies in the 1970s for producing fructose in
an isomerized mixture improved the availability of fructose, but even in 1981
the price of fructose was so high that it was not competitive with sucrose and
corn syrups as a commercial sweetener. Crystalline fructose, which is 1.3 to 1.8
times sweeter than sucrose, is used as a sweetener of dietary foods because less
fructose is required to provide the same sweetness; hence, less calories. Today,
it is commercially used in the production of jams, jellies, preserves, cake mixes,

puddings, gelatin desserts, ice cream, and candies (Bollenback, 1983).

The most common type of fructose produced, high-fructose corn syrup
(HFCS), contains approximately 42% fructose, 52% glucose, and 6% oligosac-
charides on a dry-weight basis. Commercial products typically contain 42%,
55%, or 90% fructose. Recently, however, there has been an increased demand
for both purer fructose syrup (90% fructose) and crystalline fructose (>99%
fructose). To meet this demand, a variety of chromatographic processes have
been developed to purify HFCS. These processes most commonly involve the
use of a sulfonated, polystyrene ion-exchange resin in the calcium form. This
material is used, for example, by Hoffman-La Roche at their plant in Thomson,

Illinois (Hebeda, 1983).

This project investigated the separation of industrial grade sugars on the CAC
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as a first step toward evaluating its possible incorporation into the industrial

process.

2.2 SUGAR SEPARATIONS WITH ION-EXCHANGE RESINS
2.2.1 Solution Chemistry

Crystalline D-glucose can exist as three different forms, a-D-glucose, o-D-
glucose hydrate, and (-D-glucose. When a-D-glucose is dissolved in water,its
optical rotation gradually diminishes te an equilibrium value of 52.7. This pro-
cess, called mutarotation and illustrated in Fig. 2.1, is exhibited by all three
forms of crystalline D-glucose, resulting in an equilibrium solution with 62% in
the B form and 38% in the a form (¥Fig. 2.2) (Eliel, 1962). This equilibrium value
does not significantly change over a wide range of temperatures and concentra-
tions. In solution, a-D-glucose and B-D-glucose have cyclic ring conformations

called pyranoses and are in the C1 chair form.

Crystalline D-fructose exists as §-D-fructopyranose and is a stereoisomer of
glucose. In solution, the crystalline form undergoes mutarotation to a mixture
of a- and f(-D-fructopyranose and o~ and f-D-fructofuranose. Haworth pro-
jections of these four structures are illustrated in Fig. 2.3. At 20°C, 80 wt
% is B-D-fructopyranose, 18 wt % is B-D-fructofuranose, and 2 wt % is a-D-
fructofuranose, with trace amounts in the a-D-fructopyranose form. As the
temperature increases, the relative percentage of f-D-fructopyranose decreases,
while the percentages of B-D-fructofuranose and o-D-fructofuranose increase
(Doddrell and Allerhand, 1971; Shallenberger, 1973). At lower temperatures,
fructose is sweeter because more is in the sweeter fructofuranose form (Bollen-
back, 1983). Unlike glucose, fructose undergoes complex mutarotation consisting
of an initial fast step followed by a slow step. Interconversion between the fura-
nose and pyranose forms is fast, while anomerization between the o and 3 forms

is slow (Eliel et al., 1962; Gronlund and Andersen, 1966; Isbell and Pigman,
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1938).

2.2.2 Chromatographic Separations

A number of chromatographic media have been investigated for the separation
of sugars. The primary focus has been on alkali, metal-exchanged, strong-acid
cation-exchange resins and zeolite molecular sieves. Industrially, the most widely
used media are strong-acid cation-exchange resins in either the barium or cal-
cium form, with the calcium form being more effective for the glucose-fructose
separation (Goulding, 1975). Other factors which need to be considered when
selecting an ion-exchange resin are particle size, ionic functionality, degree of
cross-linking, and porosity. In this work, the calcium form of Dowex 50W-X8,
a strong-acid cation-exchange resin, was used.

The organic matrix of this resin is cross-linked polystyrene divinylbenzene.
The resin has an 8% degree of cross-linking and sulfonic acid functional groups.
The optimum range of cross-linking for the glucose-fructose separation is be-
lieved to be 4 to 8% (Welstein and Sauer, 1984). The degree of cross-linking of
a resin determines its moisture content and, ultimately, its mass transfer and dif-
fusional characteristics. If the resin has a high moisture content or a low degree
of cross-linking, monosaccharides may more easily diffuse in and out of the resin
bead. However, the total volume capacity is reduced so there is less calcium for
complexation and, hence, a reduced separating capacity. Dowex 50W, with an
8% degree of cross-linking, was chosen as a compromise between stiffness and
selectivity. This resin has a total ion-exchange capacity of 1.7 meq/mlL, and
is thermally stable up to 150°C. The resin can tolerate extremes in pH and is
compatible with many alcohol and hydrocarbon solvents. 1t is sufficiently stiff
to resist excess swelling and is sufficiently stable to withstand periodic defoul-
ing with strong chemical agents. Furthermore, it is commercially available in a
variety of particle sizes, its ionic form can be interchanged easily, and it has the

low cost required for a large-scale operation.
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The separation of a glucose-fructose mixture on this strong cation-exchange
resin is achieved by ligand exchange. In this application, a ligand is used to
define a molecule or ion attached by a coordinate link to a metal ion to form a
complex ion. Glucose and fructose are polyols, molecules which contain numer-
ous hydroxyl groups. In this case, ligand exchange occurs when the hydroxyl
groups of water molecules, which are held in a coordination complex with the
calcium ions, are exchanged with the hydroxyl groups of glucose and fructose.
The strength of this complex increases as the availability for a hydroxyl-group
metal-ion complex increases. For glucose and fructose, two complex-forming
hydroxyl groups must be located at or near a particular optimum distance from
each other for calcium complexation to occur. According to Reeves (1949), this
orientation occurs when hydroxyl groups on adjacent carbon atoms are oriented
in the true cts position (0° or £60° projected angle) or in the frans chair form.
Nuclear magnetic resonance spectroscopy and electrophoresis studies indicate
that in pyranose sugars the sequence az — eq of hydroxyl groups can form weak
bidentate chelates with suitable cations such as calcium (Goulding, 1975). When
two bidentate chelating sites are present, the number of molecules complexed to
the cation doubles. It has been shown that S-D-fructopyranose has two ar — eq
groupings, a-D-fructopyranose has one azx — eq grouping, a-D-glucopyranose
has one az — eq grouping, and B-D-glucopyranose has no ax — eq groupings. For
fructose, the exocyclic hydroxyl group in a- and - fructopyranose forms might
also contribute to the strength of the complex. Therefore, the conformation in
space of the hydroxyl groups in pyranose sugars determines the strength of the
coordination complex and the value of the distribution coefficient (Walton and
Navratil, 1981; Welstein and Sauer, 1984). The conformational structures of
glucopyranose and fructopyranose are illustrated in Fig. 2.4.

Furanose complexing was not investigated because it is believed that pyranose-
furanose interconversion can occur only if the resulting metal-ion complex is
more stable (Goulding, 1975). In addition, since mutarotation is fast through

interconversion and since a strong metal-ion complex is formed with the pyranose
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forms, the resin may be thought of as a “sink” for the fructopyranose forms. If
one considers the resin a sink for the pyranose forms, Le Chatelier’s principle
predicts an equilibrium shift toward the production of fructopyranose. Thus,
a glucose-fructose solution containing metal ions available for complexing will
consist of glucose in the a- and §- pyranose forms and fructose predominantly
in the §- pyranose form.

A multicomponent solution containing glucose, fructose, and oligosaccharides,
the components in a typical HFCS, can be separated on a strong cation-exchange
resin in the calcium form. In practice, the oligosaccharides elute first since they
are excluded from the resin matrix due to their size. Next, 8-D-glucose (no
azx — eg groups) elutes, followed by a-D-glucose (one az — eg group), and, finally,
B-D-fructose (two ax — eq groups). The resolution between a- and §-D-glucose
forms is slight and often results in a single irregular peak with a-D-glucose

forming a “hump” on the tail of the 3-D-glucose peak.

2.3 INDUSTRIAL SUGARS: PRODUCTION AND SEPARATION

The production of HFCS from corn starch is extensive and involves about 18
separate steps in 5 principal operations. The following operations are typically
performed: (1) liquefaction, (2) saccharification, (3) sample preparation for iso-
merization, (4) isomerization, and (5) separation and purification (Byers and
Holmes, 1988). Only the separation and purification steps will be reviewed as
they pertain to this work.

The primary function of the separation step is to concentrate the product
of the isomerization step. The maximum fructose concentration available at
equilibrium from the isomerization step is 50 to 55 wt % on a dry-weight basis.
However, residence time in an isomerization column is adjusted to produce a
syrup of 42 to 45 wt %. This is the only product of a typical fructose plant
unless a separation system is included to produce a purified product. Purified

products, typically containing more than 85% fructose, can then be blended
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with the isomerization reactor stream containing 42 to 45% fructose to produce
a 55% HFCS. Fifty-five percent fructose is used in soft drink manufacturing and
has replaced sugar almost completely in this application. Production of 90%
pure fructose can also be achieved from the separation system, but only with a
subsequent decrease in the amount of fructose available for blending. Therefore,
if an existing plant wishes to increase production of enriched fructose (>90%), it
must either decrease its production of the 55% product or expand its operations.
This 90% stream is often used as the feed for crystallizers and evaporators to
produce crystalline (994-% pure) fructose (Hebeda, 1983; Byers and Holmes,
1988).

2.4 EXPERIMENTAL METHODS
2.4.1 Equilibrium and Fixed Bed Studies

Synthetic glucose-fructose-sucrose mixtures were prepared as aqueous solu-
tions using analytica! grade sugars obtained from the Sigma Chemical Company.
The industrial HFCS feedstock was donated by A. f. Staley in Loudon County,
Tennessee. HPLC analysis of this feedstock determined that it contained 325
g/L glucose, 355 g/L fructose, and 26 g/L oligosaccharides, or a total of 706
g/ sugar. HFCS was used in the pure form or diluted with deionized distilled
water. In addition, the kinematic viscosity, v, of the industrial sugar solutions
was measured with a capillary viscometer. The density, p, was measured with
a hydrometer. From the density and kinematic viscosity, the viscosity, u, was

calculated from p = pv.

The equilibrium uptake of glucese and fructose by the calcium form of Dowex
50W-X8 has been investigated by Howard et al. {1987) and shown to be essen-
tially linear over the range 0 to 50 g /L. Ching et al. (1987) have also found linear
equilibrium up to 250 g/L using similar cation-exchange resins (Duolite) in the

calciura form. Ghim and Chang (1982) also used Dowex resins and determined
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the distribution coefficients for glucose and fructose to be 0.23 and 0.60, re-
spectively. Most investigators have found glucose and fructose to exhibit linear
equilibrium, but some have not. Barker et al. (1986) and Ganetsos (1987) found
a slight upward curvature of the isotherm at high sugar concentrations. These
measurements were extracted over a variety of operating conditions directly from
the operation of a process termed “the semicontinuous countercurrent chromato-
graphic refiner” (SCCR). The effects that concentration, temperature, and flow
rate have on equilibrium were investigated by these authors. However, these
results, which show a nonlinear equilibrium, are somewhat suspect because they
would indicate that equilibrium is dependent on flow rate. Generally, it is be-
lieved that the isotherms are linear over a wide range of concentrations and be-
come slightly nonlinear at very high concentrations. However, the mathematical
advantages of assuming linear behavior are so beneficial and the approximation
so good that most investigators have used it in modeling.

Fixed-bed experiments were performed in the apparatus shown in Fig. 2.5.
The apparatus consists of a column of stainless steel tubing 0.95-cm-ID and 107-
cm long. Injections were made through a Reodyne six-port valve with a 0.5-cm®
sample loop. Dowex 50W-X8 resin {50 pm in diameter) in the calcium form was
used as the sorbent. The eluent (deionized distilled water) was pumped through
the column by a Milton Roy Constametric I1IG double-cam metering pump. The
effluent was continuously monitored with a Waters Model 401 refractive index
detector and samples were collected with a fraction collector. These fractions
were then analyzed by HPLC utilizing a Biorad Aminex HPX-87C column at
85°C (Bio-Rad Catalogue, 1987).

Up to this point, little has been said about the operating temperature. In
industrial plants the glucose-fructose separation on fixed-bed columns is per-
formed at 60 to 85°C. In theory, an elevated temperature should decrease peak
tailing and increase mass transfer rates. The real benefit, however, is a decrease
in the solution viscosity which greatly effects a concomitant reduction of the

resin selectivity for fructose.
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Fig. 2.5 Schematic of the fixed-bed apparatus.
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In this work, the separations were performed at room temperature for prac-
tical considerations. First, it is important to determine whether the separa-
tion of a glucose-fructose mixture must be done at an elevated temperature.
Substantial energy savings could be gained at ambient operating conditions if
high-termnperature operation is not required. Second, the pilot-scale CAC is not
equipped for operation above room temperature and significant modifications
would be required. Finally, operating at room temperature poses a more strin-
gent test of the scaleup issues in view of the high viscosity. Therefore, both

fixed-bed and pilot-scale experiments were performed at 25:+3°C.

2.4.2 Continuous Annular Chromatographic (CAC) Studies

A schematic of the CAC used in this study, the CAC-ME, is shown in Fig. 2.6
and a photograph of the entire apparatus is shown in Fig. 2.7. The CAC-ME is
constructed of Carpenter 20 steel and can withstand pressures up to 1.15 MPa.
The outside cylinder has an OD of 44.5 cm and forms a 3.17-cm annulus with
the inner cylinder. The bed was packed to a depth of 107 ¢m, and glass beads
with a diameter of 0.018 cm were packed on top of the resin to a depth of 8.5 cm.
The resin is supported by porous, high-density polyethylene plugs located at the
top of each of the 120 exit holes. Below each exit hole is a small outlet tube that
prevents mixing of different circumferential products. Eluent and feed are intro-
duced through a stationary inlet distributor that extends through the top flange
and is sealed by two O-rings. Milroyal Model DC-1-175R positive displacement
pumps rated for 1000 psi with flow precision of +1% were used to deliver elu-
ent and feed streams. The eluent was allowed to fill the head space above the
glass bead layer, while stainless steel nozzles, attached to the stationary dis-
tributor, were located within the glass bead layer. This arrangement allows the
introduction of feed and eluent intoc the CAC without significantly mixing the
two streams. As the CAC rotates, the glass beads flow around the feed noz-

zles, which are sufficiently fluid to form a self-repairing layer that prevents them
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from carving a permanent trench within that layer. The fluid velocity remains
constant throughout the annulus if the feed and eluent have the same viscosity,
and the feed arc of any nozzle is proportional to the ratio of its low rate divided
by the total flow rate. The CAC rotation is controlled by a digitally controlled

drive system.

A simple procedure was used to determine the efluent concentration profile.
As the CAC rotates the exit tubes also rotate, while the helical bands that
have formed within the annulus remain stationary. Thus, by connecting a single
outlet tube to a continuous detector, the detector will receive eluent from all
circumferential points as the CAC completes a 360° turn. If the concentration
detection equipment is attached to a timer, an apparently conventional (i.e.,
concentration vs time) chromatograph is recorded. Angular concentration pro-
files can then be obtained from this conventional chromatogram by using the
transformation § = wt. In this study, a Waters Model R401 refractive index
detector with a digitally controlled Constametric pump was used, while a peri-
staltic pump, set for a flow of 1/120 of the total flow, was used to feed the
detector. The outlet from the detector was collected by means of a mechanical
fraction collector, and fractions were collected at 4° intervals along the annulus

and saved for HPLC analysis.

2.5 THEORETICAL DISCUSSION

Continuity and rate equations for the CAC are similar to those of a fixed
bed. It has previously been shown that the unsteady-state, one-dimensional,
continuity equation for a fixed bed is analogous to the two-dimensional, steady-
state equation for the CAC by neglecting the angular dispersion term, Dy, and

making the following change of variable:
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Fig. 2.6 Construction detail of the CAC-ME. The unit has a 445 mm OD,
an annulus width of 31.7 mm, and a usable bed depth of 110 cm.
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Fig. 2.7 Photograph of the 445-mm pilot-scale CAC showing data acquisition
and auxiliary equipment.
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Neglecting axial dispersion, the CAC continuity equation is

ac dq 0C
we-éb—ﬁ»w(l—e)% g =0. (2.2)

A rate equation relates the solid phase concentration, ¢, and the fluid phase
concentration, C. A film model was used by Howard (1987) to describe fluid-
particle mass transfer and may be written in the transformed coordinate system

as

w(i ~ 28 = k,a(C - ), (2.3)
where k,a is the overall mass transfer coefficient, and C* is the fluid phase con-
centration in equilibrium with the solid phase (Howard et al., 1988). Boundary
conditions for Eqs. 2.2 and 2.3 are

g=0, all z: =C =0
z=0, 0<0<8r, C=Cp
>0, C = 0.
An analytical solution to these equations for linear equilibrium was found by
Thomas (1944) for fixed-bed operations. The Thomas solution can be further
simplified if one assumes an infinitely small feed pulse (or feed arc in the case
of the CAC), and if the number of transfer units (n = k,az/u) is greater than

five. The resulting approximate expression (Sherwood et al., 1975) is

_Q (k,a)? o . Jkoaz | k,af i
C=.) = 2/m {u%f[(l — K } P u K(l1—¢j ’
(2.4)

where

& ez
e (2.5)

k)
i
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The amount of solute introduced per unit cross-sectional area of the sorbent
bed, @, can be calculated from
Q- CruQp 360° , (2.6)
Qr w
where @ is the feed flow rate and @, is the total flow rate.
Equation 2.4 is especially useful in determining equilibrium and mass trans-

fer parameters from experimental chromatographic concentration profiles. As

shown by Sherwood et al. (1975) the peak maximum will occur when
k, af
= T
Ve \/ o (2.7

- (1 —
I Gl (2.8)
u

or

Thus, the equilibrium distribution coefficient is given by

K= gt = (= 5) g 9)

for a fixed-bed experiment, or

0"0-33
K = ( mos cz) - (2.10)

w 2(1 —¢)

for a CAC experiment. The same result can, of course, be found from Eq. 1.1.
The overall mass transfer coefficient, k,a, can be found from the width of the
experimental peak at one-half of the maximum peak height, A. As shown by

Sherwood et al. (1975), from Eq. 2.4 one finds that

~

2
u t
k,a = —16(In2) [ =% ) 2.11
a= (n)(A) (211)

At high feed loadings used in preparative-scale applications, the assumption

of an infinitely small feed arc no longer applies and Eq. 2.4 fails. Carta (1988)
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has developed an exact analytic solution for the general case of finite-width,
periodic-feed applications while retaining the assumptions of linear equilibrium
and negligible axial dispersion. Carta’s solution, originally obtained to describe
the behavior of a fixed bed, can be transformed with the use of Eq. 2.1 to give

the two-dimensional, steady-state solution for the CAC. The resulting expression

2

C(z,0)  bp 2 e~ |1 7%k, az ) Jmlz
Cr 0r+0; Tr;{je"p[ G +r2)u) " |6y 6,
= (2.12)

X cos li*‘

Jnle 277l 2ymawe jrk,az ]
01" +0E 0? +03 u(op +0E) (J2 +T2)u ’

can then be used to compute concentration profiles where 8 and 05 are the

feed and elution arcs, and r is given by

r = Koal0r +85)
T 2r(1 - e Kw”®

This equation applies for both large and small feed sectors, or when multiple,

(2.13)

evenly spaced feeds are fed to the same column.

The average concentration, C, between any two angles, 8, and §,, can be

calculated by integrating Eq. 2.12 resulting in

C(2) 8y 200, + 05) i{ L [_ 7*kaz }

Cp = 0F +0E W(gg wﬂl) “ j-2 (].2 +7‘E—)1;,
. Jmle . [i7(6, — 0,)
il e ekl B sary s 2.14
Sm[&“ﬁ'%} sm[ s (2.14)
X cos [-— L7y + g (6, +6,) 25 mzwe B Jrk,az
br + 05 0y + 05 uw(fr +0z) (52 +r2)u

The average concentrations can then be used to calculate the purity of the
product fraction collected between any two angles #, and 4,.
The assumption made in using these equations is linear equilibrium with no

axial and angular dispersion. It has already been shown that the glucose-fructose
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system exhibits linear equilibrium at low concentration. Although some nonlin-
earity has been found at high concentrations, using the analytical solutions can
provide valuable insight into the separation process and far outweighs the draw-
backs. In practice, some differences between the CAC and fixed-bed experiments
may be observed. Factors contributing to these differences include column ge-
ometry, dispersion, and flow nonuniformities. Howard et al. (1987) have already
investigated dispersion in the CAC and found it to be roughly twice that in a
fixed bed. As discussed in Sect. 1, Howard used a lumped parameter model to
account for dispersion in the angular and axial direction, finding that if signifi-
cant mass transfer resistances are present, the effects of dispersion are negligible.
Howard’s experiments were performed with low-concentration sugar mixtures.
However, because it was expected that flow nonuniformities could be important
at high loadings, this work investigated high column loadings with both low-
and high- concentration industrial sugar mixtures. This was done to test the
limits of “ideal” operation with the purpose of quantifying the conditions for

which these nonideal effects become important.

2.6 RESULTS AND DISCUSSION
2.6.1 Equilibrium and Mass Transfer

In initial experiments, analytical reagent-grade glucose, fructose, and sucrose
were used to simulate an industrial corn syrup mixture and to determine equiiib-
rium distribution and overall mass transfer coeflicients. These coeflicients were
found for the pure components in a fixed-bed column using the procedure illus-
trated in Sect. 2.5. Small loadings and feed concentrations of less than 25 g/L
were used in these experiments. Since the resolution between a- and #-glucose
is only very slight, the distribution coefficient presented will be an average for
the two forms. The corresponding mass transfer coefficient for glucose will be

considerably larger than its actual value to take into account the apparent peak
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spreading of the a and B ancmers. Sucrose was used to represent the oligosac-
charides found in industrial mixtures because (1) it is larger than each of the
two monosaccharides, and (2) it will not form a complex with the sorbent since
it contains no az — eq groupings (Goulding, 1975).

The overall mass transfer resistance includes both fluid- and solid-phase re-

sistance in series and may be written as

1
k,a = ( ~-—), (2.15)
e T i

where k is the fluid-phase mass transfer coefficient, k¥’ is a solid-phase film mass

transfer coefficient, and K is the distribution coefficient. Previously, Howard
et al. (1988) determined that the overall mass transfer coefficient for glucose,
fructose, and sucrose on Dowex 50 was dominated by particle size resistance.
Therefore, the overall mass transfer coefficient is not a function of flow rate and

can be expressed as

k.a = k' K. (2.16)

The resulting distribution and mass transfer coefficients, obtained from fixed-
bed concentration profiles, are given in Table 2.

A mixture of 25 g/L glucose, 25 g/L fructose, and 10 g/L sucrose was dissolved
in the eluent (deionized distilled water) and a pulse experiment was performed
in the fixed column described above. A sample volume of 0.5 cn® and a flow rate
of 0.96 cm? /min were used. Concentration profiles for the various components
and the theoretical prediction of these profiles using Eq. 2.4 and the values
in Table 2 are illustrated in Fig. 2.8. In general, the model provides a good
prediction of the peak time and an approximate prediction of the peak height.

A CAC experiment was made at conditions corresponding to those used for
the fixed-bed experiment (the CAC unit and the fixed-bed column have the
same length). A feed of 25 g/L glucose, 25 g/L fructose, 10 g/L sucrose, and

1.0 g/L blue dextran was used. The blue dextran, obtained from Pharmacia,
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Table 2. Equilibrium and mass transfer parameters

for Dowex 50W-X8 (50 pum) in the calcium form®

Sugar Distribution coeff. Mass transfer coeff.
K k,a(s™')
Sucrose 0.0079 0.0021
Glucose 0.25 0.011
Fructose 0.59 0.016

o Kluent — deionized distilled water.
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has a molecular weight of 2,000,000 daltons and was excluded from the resin.
From its retention angle, the bed voidage fraction, €, was calculated to be 0.39.
A comparison of the fixed-bed and CAC pilot-scale experiments is shown in
Fig. 2.9. Both time (lower scale) and angle (upper scale) have been plotted
on this graph. Here, we see that the CAC and the fixed-bed run had similar
separation performance. In fact, the peak values for glucose and fructose in the
CAC experiment were slightly higher than those for the fixed-bed experiment,
indicating an apparent better efficiency.

It is far more likely that the fixed-bed experiment contained some dispersion
due to less-than-ideal injection of the feed sample. This work confirmed earlier
work of Howard et al. (1988) on the same system, but with a smaller size CAC

unit.

2.6.2 Low Concentration - High Loading Experiments

The industrial feedstock described in Sect. 2.4 was diluted 10:1 with deionized
distilled water, resulting in a total sugar concentration of 70.6 g/L. The viscosity
of the eluent and the diluted (10:1) sugar mixture were measured at 25°C and
found to be 0.97 cp and 1.12 cp, respectively. Experiments were performed with
the feed sector widths of 30° and 55°. Implementation of the 30° feed sector
required a single feed nozzle. For the 55° feed sector, three feed nozzles placed
18.3° apart were used. To ensure an even flow distribution, each nozzle was fed
by an individual metering pump.

Experimental and theoretical concentration profiles using Eq. 2.12 are illus-
trated for these two runs in Figs. 2.10 and 2.11. There is reasonable agreement
between theory and experiment, with the equilibrium and mass transfer pa-
rameters calculated from the fixed-bed experiments. The trend in resolution of
glucose and fructose in these two wide-feed-sector experiments also agrees with
what one would expect: as the loading increases, the resolution between the

two peaks decreases. However, with almost twice the loading, a very large per-
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Fig. 2.10 Comparison of experimental 30° feed sector run with the theoret-
ical predictions of Eq. 2.12. A diluted (10:1)industrial HFCS was used as the
feed. The feed viscosity was 1.12 cp, while that of the eluent was 0.97 cp, both
measured at 25°C. The rotation rate was 144 ° /h.
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centage of pure fructose can still be collected. In addition, from comparison of
the two figures it is evident that in the higher-feed sector experiment (55°), the
experimental peak attains a flat shape at the top showing a plateau region. Note
that these plateau regions and their heights are also in approximate agreement
with the model. In the lower-feed sector experiment (30°), the peak is sharp and
without a plateau. This is also predicted by theory, although the peak heights
are somewhat different. This might be because fixed-bed parameters were used

in the model calculations.

2.6.3 High Concentration - Wide-Feed- Sector Experiments

A series of runs with increasing feed concentration were made in the pilot-
scale CAC and are illustrated in Figs. 2.12, 2.13, and 2.14. In each of these
runs, the feed sector was 30° and the feedstocks were a 3:1 diluted (176 g/L), 1:1
diluted (353 g/L) and an undiluted(706 g/L) industrial sugar mixture, respec-
tively. The viscosities of these three feeds at 25°C were 2.20 cp, 2.76 cp, and
17.7 cp. Symbols are experimental values obtained from HPLC analysis, while
the solid lines are calculated concentration profiles from Eq. 2.12. The model
parameters obtained from the low-concentration experiments were used for these
calculations. Thus, these figures effectively show a comparison between the ideal
performance obtained in the limit of low concentration (for high or low loading)
and the actual performance observed at high feed concentrations. Examining
the trend of the three experimental profiles, it is evident that as the feed concen-
tration is increased, the separation performance and resolution are decreased.
Figure 2.12 shows excellent agreement between theory and experiment, but as
the concentration is increased, the agreement between theory and experiment
breaks down. This is readily evident in Fig. 2.14, which predicts product peak
concentrations close to the feed concentrations. Experimentally, the product
peak concentrations were roughly half (150 g/L) of what the theory predicted.

It should be pointed out that while the overall peak shape was nearly the same
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in these and duplicate experiments, there were some differences from run to
run in the waving “zig-zag” profiles obtained at higher feed viscosities. These
differences, as well as the differences between the experimental and theoretical
profiles, are most likely attributed to the increase in the feed viscosity (the feed
viscosity for the run in Fig. 2.14 is over 17 times that of the eluent). This effect
is not limited to CAC operation. Similar results have been found, for example,
for high loadings in fixed-bed gel permeation chromatography columns. Viscous
fingering, as it is called, results from hydrodynamic instability of the viscous
zones (Heftman, 1975). In viscous fingering, the drop in viscosity in the trailing
edge of a peak allows the eluent to “punch through” ahead of the feed band while
“fingers” of the sample are delayed (Moore, 1970). Altgelt (1970) found that
reasonably good separations in overloaded columns could be performed if the
feed-to-eluent viscosity ratio is not above 2. Heftman (1975) found poor sample
resolution if this ratio becomes greater than 3 to 5. The experiments performed
on the CAC tend to agree with these results. If the feed-to-eluent viscosity ratio
rises above 2, the separation performance deteriorates significantly.

Industrial operations of sugar separations attempt to mitigate the problems of
large viscosity differences by increasing the operating temperature. For example,
at 80°C, the viscosity of the undiluted HFCS falls to 3.5 cp, but a feed-to-eluent
viscosity ratio of 9 still exists.

While this will help alleviate the problem, it may not completely solve it.
In addition, by operating at higher temperatures, the distribution coefficient of
fructose is reduced, while that of glucose remains unchanged (Ganetsos, 1987).
This is most likely due to a shift in solution equilibrium toward the production
of a fructose with a higher furanose and lower pyranose composition. In any
case, the advantages of reduced viscosity tend to outweigh those of a decreased
separation coeflicient.

In order to determine if viscous spreading was enhanced by the CAC, a fixed-
bed experiment was made with the undiluted HFCS at conditions that cor-

responded to the CAC experiment. The concentration profiles for these two
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experiments are shown in Fig. 2.15. While the agreement between the two runs
in Fig. 2.15 is not as good as the two runs in Fig. 2.9, it does indicate that
the effects of large differences in feed and eluent viscosity do not become more
pronounced in the CAC.

Finally, an experiment which used a 72° feed and the undiluted feed stock
with a viscosity of 17.7 cp was performed. Concentration profiles of the exper-
imental run and the theoretical prediction are given in Fig. 2.16. It is readily
apparent that viscosity effects which were previously discussed are present in
this experiment. Note, however, that the peak concentrations of glucose and
fructose in the prediction of the concentration profile indicate that at high load-
ing, such as in this run, the dilution due to isocratic elution can be reduced at

the expense of reduced purity.

2.7 SUMMARY AND CONCLUSIONS

The separation of glucose, fructose, and sucrose on the calcium form of Dowex
50W-X8 has been demonstrated in both fixed-bed columns and a pilot- scale
CAC. Equilibrium distribution coefficients and mass transfer parameters were
determined on the fixed bed and used in the models for prediction of CAC
concentration profiles. Fixed-bed experiments with a small feed pulse and pilot-
scale CAC experiments with a small feed sector were virtually identical and
could be predicted fairly accurately. This indicates that for low-concentration,
lightly loaded systems, the CAC can be scaled up efficiently from fixed-bed
experiments.

For the highly loaded low-concentration experiments, there was general agree-
ment between the theory and the experiment and no “nonideal” effects were
observed. Thus, scaleup from fixed bed to CAC can be accomplished for highly
loaded systems. However, when the feed concentration was increased to increase
the column loading, there was significant deviation from the “ideal” behavior of

the low concentration experiments. Most likely these were due to viscous effects
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caused by the increased sugar concentrations. When the feed-to-eluent viscosity
ratio climbs above 2, the separation performance deteriorates because of flow
nonuniformities. Flow nonuniformity was not restricted to the pilot-scale CAC
and was exhibited in the fixed column as well.

In industry, sugar separation columns are operated at 60 to 85°C. The increase
in temperature causes a decrease in the viscosity ratio of sugar and eluent but
does not completely alleviate the problem.

In conclusion, it has been proven that the CAC can be scaled up from fixed-
bed experiments provided that in scaling, the system nonideal effects such as
dispersion and flow nonuniformities are not introduced. The largest throughput
obtained with the pilot-scale unit was approximately 180 L of feed per day with
the low-concentration, 55° feed experiment (Fig. 2.11). This separation could
be very accurately predicted on the basis of an experiment carried out in a

0.95-cmn-ID fixed-bed column.
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3. SEPARATION OF METALS BY STEP ELUTION
3.1 INTRODUCTION

In the past, the majority of the research on the CAC has been dedicated to
isocratic separations (i.e., separations using a single eluent). This method is
capable of providing high-resolution multicomponent separations but inevitably
causes some dilution of the separated products. In order for CAC to become
important for certain industrial applications, it is necessary to demonstrate that
it can be operated in a mode that will not cause significant dilution. One such
mode of operation is gradient, or stepwise, elution. Through judicious choice
of eluent systems it should be possible, as in fixed-bed operations, to decrease
dilution by changing the eluent “strength.” The advantages of operating with
various eluents is particularly evident in the separation of multicomponeat mix-
tures when the different components have vastly different separation factors.
Consider, for example, a three-component mixture, consisting of A, B, and C,
and assume that A and B are weakly sorbed by the chromatographic mediurh,
while C is strongly sorbed. In this case, a long chromatographic column will
be needed to separate A and B. However, because C is strongly sorbed, it will
exit from such a long column after a lengthy period of time and will be consid-
erably diluted. This will reduce column throughput and product recovery. A
step (or increase) in eluent strength can be used here to speed up the elution of
the strongly retained species after A and B are separated. In this manner the

column throughput will be increased and product dilution minimized.

A few preliminary experiments on gradient elution have been performed at
ORNL. Canon et al. (1980) performed a preliminary stepwise elution experiment
on a system containing a copper-nickel-cobalt mixture, and Begovich and Sisson
(1983) performed some work on stepwise elution in the separation of zirconium-
hafnium mixtures. From these preliminary studies it was observed that (1) the
dilution was considerably reduced, and (2) the efficiency of the column utilization

was improved. The purpose of this study, therefore, was to determine column
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conditions that would give these advantages and to quantify the improvements
that might be attained at these conditions. The experimental separation system
consisted of low-concentration iron and chromium mixtures that are similar to
the effluents from dump and heap leaching of dilute ores used in hydrometallurgy.
[At Kennecotts Bingham copper mine, for example, effluent solutions contain 0.5
g/L copper and are typically separated by ion exchange (Wadsworth, 1987).]
In addition, the iron-chromium system provided ease of analysis and yielded
colored bands that could be visually observed through the acrylic wall of the
CAC apparatus.

3.2 EXPERIMENTAL METHODS

The CAC used in these experiments was similar to the one used by Howard
et al. (1988) to study the separation of sugars. The unit was modified to allow
step elution. Details of the apparatus are shown in Fig. 3.1. The apparatus was
constructed of clear Plexiglas to allow visual observation of ongoing experiments.
It was 60-cm high, had an OD of 30.5 ¢m, and an annulus width of 1.27 cm.
The bed was packed to a depth of 50 cm with Dowex 50W-X8 ion-exchange
resin. A layer of 0.018-cm-diam glass beads was placed on top of the resin bed
to a depth of 10 cm. Eluents and feed were introduced at the top of the column
through a stationary inlet distributor that extended into the head space of the
column through two Teflon O-rings. This allowed the apparatus to rotate while
the feed and eluent distributors remained fixed in space. One eluent, typically
the one with the highest flow rate, was allowed to flood the head space while
the remaining eluent (the step eluent) and the feed mixture were introduced
through stainless steel nozzles whose tips were located within the glass bead
layer. The glass bead layer was sufficiently fluid to prevent the nozzles from
carving a permanent trench, thus creating a self-healing upper layer. Tracer

experiments, using blue dextran as a visible dye, demonstrated that an even
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distribution of fluid within the glass bead layer could be attained which would
prevent convective mixing of adjacent fluids. Each eluent and feed quickly spread
from the nozzles’ tips, acquiring the same superficial velocity, and, at a short
distance from the nozzles, became evenly distributed in adjacent sectors of the
annulus cccupying areas proportional to their flow rate. The maximum flow
through each nozzle was determined with this tracer system so that eluent flow
in a particular annular segment would not overflow into the head space. The
feed was delivered by an Alltech Model 110A positive displacement pump, and
the eluent by a Milroyal Model DC-1-175R pump. All pumps were rated for 1%
or better flow accuracy.

A digitally controlled drive system was used to slowly rotate the entire column
assembly. The column contained 180 exit ports, fit with high-density polyethy-
lene plugs to provide support for the sorbent bed. Fach port was fitted with a
short stainless steel tube to prevent drop coalescence at the column’s exit. Prod-
uct could be collected at the exit by placing stationary collection pans below
the column at angles corresponding to those of the product effiuent.

Concentration profiles at the column exit could be obtained during steady
operation by connecting an in-line, continuous detection instrument to a single
eluate exit tube. This method has been described in Sect. 2.4. In practice, a
UV/Vis Spectrophotometer (Perkin-Elmer, Model 200) was used as the detector
that received eluate from a peristaltic pump set to a flow rate 1/180 of the total
flow through the CAC. The millivolt signal from the detector was converted to
a digital signal by an A/D conversion board (Data Translation, Model 2805)
interfaced to a microcomputer (IBM-PC AT) for graphical display and data
storage. Calibration curves for Fe** and for Cr®* were obtained at 520 nm and
620 nm, respectively. The tracer, blue dextran 2000 (Pharmacia), was detected
at 650 nm.

The feed components, obtained from Fisher, were ferric and chromic nitrate

salts. Mixtures typically contained 5.0 g/I. Fe** and 5.0 g/L Cr®* and were
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The main eluent, which was allowed to flood the head space, contained 0.4 M
ammonium sulfate and 0.025 M sulfuric acid. Step eluents varied in concentra-
tion from 0.4 M to 1.5 M ammonium sulfate (at a constant 0.025M H,SO,).
Dowex 50W-X8 resin in the ammonium form with an average particle size of 50
pm was used for all experiments.

In most runs, the step eluent nozzle was placed 35° from the feed nozzle
within the glass bead layer and step eluent was pumped in the range from 12°
to 58°. The implementation of such a system is illustrated in Fig. 3.2, which
shows an “unwrapped” section of the CAC unit. As shown in this pictorial view
that is based on experimental observations, the two components initially travel
rapidly and form well-separated bands. As these bands come to interfere with
the more concentrated eluent, however, they are deflected and elute from the
column at a much shorter distance from the feed point than they would if a
single dilute eluent were used. While the bands are still separated, the product
dilution is significantly less than what would have been obtained with a simple
low-concentration eluent. The column throughput is also increased since a larger
feed flow rate or multiple feeds can now be used. Isocratic runs could also be
made in the system if the step eluent was not used and the main eluent was
allowed to cover the entire circumference of the bed.

A number of process parameters were varied independently, including the
step eluent concentration, the rotation rate, the feed concentration and feed
flow rate, and the step eluent position relative to the feed point. A number
of experiments were also carried out in a fixed-bed column, similar to the one
described in Sect. 2.4, to determine equilibrium and mass transfer parameters
for the two metal ions. The fixed-bed apparatus in this case consisted of a glass
colurmn 1.5 cm in diameter and 40-cm long (Glenco). The column was fitted
with polypropylene end caps with Teflon mesh screen at the bed bottom and
a plunger-type distributor at the top. The eluent was delivered to the column
by a positive displacement pump (FMI) and feed samples were introduced with

a six-port Reodyne sample valve. The efluent was monitored (as in the CAC
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experiments) with a Varian spectrophotometer connected to the microcomputer

for data acquisition.

3.3 THEORETICAL DISCUSSION

Isocratic behavior in the CAC has been extensively modeled by Begovich
(1982) and Howard et al. (1988) and may be described as discussed in Sect.
2.5. For the CAC, a steady-state, solute material balance in the cylindrical

coordinate system may be described by the following equation:

’cC ac dq ac
eD, — 323 —weE‘;—}—w(l—e)E—o— +evo—, (3.1)

where D, is an effective dispersion coefficient characteristic of the CAC. Using
a solid-film transport model, the fluid-and solid-phase concentrations can be
related by the following equation:

w(i - ¢ ‘;g —K(q ~q), (3.2)

where k' is a solid-film diffusion coefficient and ¢* is the sorbent concentration
that would be in equilibrium with the fluid concentration C. For a system of
dilute metal ions, linear equilibrium can be assumed in the presence of an excess

of ammonium sulfate. In this case,
¢ =KC, (3.3)

where K is the equilibrium distribution coefficient that depends on the eluent
concentration C,. The approximate solution describing the response to an in-
finitesimal feed pulse presented in Sect. 2.5 may be written in terms of k' as

follows (Sherwood et al., 1975):

Clei) = @ { (k)2 }”"’ex | rKe [ ki
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where @ and { are defined for the CAC as

CruQp 360°
= — 3.5
Q-8 2 (3.5)
and
=t = (3.6)
w ou

In these equations, Cr is the solute feed concentration, @r is the feed flow
rate, and @, is the total flow rate of fluid through the annular bed. The
equilibrium distribution coeflicient, K, and the mass transfer parameter, k',

may be calculated from pulse experiments using

A

KKz fax )
2% 18 max 3.7

u’tmaa:

K:(l—e)z'

(3.8)

The “time” at which the maximum concentration occurs, t,,,., is given by

lnaz = T 3.9
: (3.9)

and A is the width of the chromatographic peak at half the maximum peak
height.

The model was modified to predict the performance of chromatographic oper-
ations involving step elution (Carta, 1988). In this case, a material balance must
be written for the step eluent as well as for the solute since the resin is almost
entirely in the ammonium form and the sulfate coion is excluded by the Donnan
potential effect. A material balance on ammonium sulfate may be written as
follows:

3*C, ac, ocC,

— = We

% EY] 9z

Since solid-phase accumulation is neglected in this equation, the ammonium

eD (3.10)

sulfate step concentration is predicted to travel through the column at a velocity

essentially equal to the fluid velocity. Equations 3.1, 3.2, and 3.10 are related
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through the dependence of the equilibrium distribution coefficient on step eluent
concentration and must be solved simultanecusly. If C? and C} are the initial

s

and step eluent concentrations, the initial and boundary conditions are

z=0 0<0<‘9;ﬂ, C“’“WE“T”*":CF
v Bz
D, ac
8>90 P o =
£ v dz
vcocn, P g
v Oz ,
D, oC
6 > ﬁs, Oa e o= :
v Jdz
oC oc
=4 0>8>0 e = 0, = = 0
‘ A T PR I
6=0: 0<z< 7, C=0, C, =C

where p is the length of the feed sector (in degrees) and 8, is the angle 2t which
the step in eluent is applied, measured from the feed point. The same effective

dispersion coefficient is used for the solute and the step eluent species.

A solution of Eqs. 3.1, 3.2, and 3.10 with these boundary conditions was
obtained numerically by using the method of orthogonal collocation (Carta,
1988; Villadsen and Michelsen, 1978). The concentration variables ¢, C, and C,
were discretized in the axial direction using Lagrange interpolation polynomials,
choosing as the collocation points the zerces of Jacobi polynomials P\ (2/2),
with a and 8 equal to zero. Twenty interior collocation points were used to
carry out the numerical solution. The resulting system of ordinary differential

equations was integrated using Gear’s method.

The concentration profiles were calculated using values of the equilibrium
distribution and mass transfer coefficients determined from Eqgs. 3.7 and 3.8.
The axial dispersion coefficient was estimated from the measurements of Howard
et al. (1988) and was discussed in Sect. 1.4. According to these results the Peclet

number remains approximately constant for the range of flow rates used in the
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experiments and is equal to

d

p U

D,

ePe= =0.1, (3.11)

where d, is the diameter of the resin particles. Calculations using values of
D, obtained from this equation showed that very minimal dispersion of the feed
species occurs in the apparatus. Instead, some spreading of the step eluent band

is predicted.

3.4 RESULTS AND DISCUSSION
3.4.1 Fixed-Bed Experiments

Isocratic experiments were carried out in the fixed-bed column to determine
equilibrium and mass transfer parameters from Egs. 3.7 and 3.8. The equi-
librium distribution coefficient, K, determined from Eq. 3.8, was found to be
independent of the concentration of iron and chromium (i.e., linear equilibrium)
at constant eluent concentration for metal ions in the range 0 to 10 g/L. As il-
lustrated in Fig. 3.3, however, increasing the eluent concentration, C,, decreases
the distribution coefficient, K. Such strong dependence of K is due to the com-
petition of the ammonium ion for the functional groups on the resin that are
responsible for the uptake of the two metal ions. The K values were correlated

empirically with the following expression:
K = «(C,)? , (3.12)

where o and § are empirical constants. Values of a and 8 were determined
from a least squares fit of the data and are given in Table 3.1. In addition,
the mass transfer coefficient, k', was found to be approximately independent of
eluent concentration and flow rate. Lack of flow rate dependence indicates that
solid-phase resistance is indeed the rate-controlling mechanism. The values of

the mass transfer parameters for iron and chromium are also given in Table 3.1.
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3.4.2 CAC Operation

Initially the CAC was operated in the isocratic mode using a 5.0 g/L mixture
of Fe’* and Cr®* (ferrous and chromic nitrate dissolved in water). The eluent
concentration was varied between 0.4 M and 1.5 M ammonium sulfate at con-
stant 0.025 M H,80,. A comparison of the experimental concentration profiles
obtained for an isocratic run on the CAC and calculations based on Eq. 3.4 is
shown in Fig. 3.4. The equilibrium and mass transfer parameters listed in Table
3.1 were used for these calculations. The agreement here is good, indicating
that the increased effective dispersion in the CAC does not significantly affect
the separation performance. Operation of the CAC with a step in eluent con-
centration is shown in Fig. 3.5. The beginning of the step eluent region is where
the bands are sharply eluted down. Note that the bands initially begin to spread
as would be expected in isocratic elution. They become sharp again, however,
when subjected to an increased eluent strength. A comparison of the concen-
tration profiles for an isocratic experiment and this stepwise elution experiment
is illustrated in Fig. 3.6. Obviously, there are very significant advantages in op-
erating with a step eluent. Not only is dilution decreased but the available bed
capacity is also increased. Since the stepwise elution run requires only about
90° to completely elute while the isocratic run requires the full 360°, the bed
capacity can conceivably be increased by a factor of four by using multiple feed
and step eluent nozzles. This demonstrates that by using a step eluent, the

dilution can be decreased and the bed capacity increased.

Several CAC operating conditions were varied systematically and the effect on
separation performance was determined. A series of stepwise elution experiments
were carried out starting at the base conditions given in Table 3.2. The eluent
concentration, the rotation rate, the feed concentration, and the feed flow rate
were varied from these conditions onec at a time. The separation performance

was expressed in terms of peak concentration and resolution. The resolution, R,
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Table 3.1 Equilibrium and mass transfer parameters®

Species ob ik k', min—!
Fe3t 0.317 -1.92 4.6
Cr3t 1.060 -2.17 3.0

@ eluent contains 0.025 M H,SO,.

* K = a(C,)?, with C, in mol/L.
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is defined as

2(62 - —51)
R=22__11 3.13
W, + W, ( )
where
g, = %": [e+ (1 - K] (3.14)

is the peak elution angle for each species, Fe** and Cr®t, and W, is the cor-
responding exit band width. The band width was determined by projecting a
tangent to the concentration curves at half the maximum peak height down to
the baseline. The angular difference of these two intercepts with the baseline is
the band width. A resolution of one indicates nearly complete separation.

The first, and perhaps most important, factor that was varied was the eluent
step concentration. With a main eluent of 0.4 M ammonium sulfate, step eluents
of 0.75, 1.0, and 1.5 M ammonium sulfate were investigated. Figure 3.7 illus-
trates the experimental and theoretical concentration profiles obtained with the
CAC apparatus. The upper portion of the figure shows the iron concentrations,
while the lower portion shows the chromium concentrations. This figure shows
that by increasing the concentration of the step eluent, the peak elution angle,
f;, decreases. This is exactly the trend that is expected since an increase in
ammonium sulfate concentration causes a rapid decrease in the distribution co-
efficient. Accompanied with this decrease is an increase in peak concentration.
By rapidly decreasing the distribution coefficient, the bands are compressed.
Fig. 3.8 illustrates the overall effects of the step eluent concentration on peak
concentration and resolution. Here, resolution decreases as the ammonium sul-
fate concentration decreases. From Fig. 3.8 it appears that in order to attain
complete separation (i.e., R = 1.0) with maximum concentration, a step eluent
concentration of 1.2 M would be required. For these conditions, the iron peak
concentration would be slightly higher than its feed value, while the chromium
peak concentration would be about one half of the feed value. Comparison of
the theoretical and experimental results in the two figures shows relatively good

agreement, especially in view of the fact that the distribution coefficients are
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Table 3.2 Base conditions for CAC step elution experiments

Parameter Value

Resin bed depth, cm 49

Glass bead depth, cm 14
Main eluent® flow rate, cm® /min 170
Step eluent® flow rate, cm® /min 25
Step eluent position, deg from feed 18
Rotation rate, deg/h 90

Feed® rate, cm®/min 2

® Main Eluent = 0.4 M [NH,],S0, containing 0.025 M H,SO,.
b Step Eluent = 0.4 M [NH,],SO, containing 0.025 M H,SO,.
¢ Feed = 5 g/L Fe** and 5 g/L Cr®* as nitrate in water.
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Fig. 3.7 Effect of step-eluent concentration on CAC separation at base con-
ditions (Table 3.2). Comparison of model and experimental results.
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so strongly dependent on the eluent concentration that small errors in the pre-
diction of this concentration have a large effect on the predicted concentration
profiles.

The effects of rotation rate were also investigated and experimental and model
calculations are shown in Figs. 3.9 and 3.10. From the experimental concentra-
tion profiles in Fig. 3.9, it is evident that increasing the rotation rate increases
the peak elution angle and decreases the peak concentrations.

This becomes even more apparent in Fig. 3.11, which shows the prediction
of this effect for rotations rates lewer than those investigated experimentally.
If there is no rotation the feed components exit the column essentially at the
same concentration at which they entered, 5.0 g/L. As the rotation is increased,
the peak concentrations will either be constant until rotation is fast enough
that the step eluent has an effect or the concentrations will begin to decrease
as isocratic dilution effects become important. For chromium, isocratic dilution
effects are not important in the main eluent, as evidenced by the horizontal line
from 0 to 10° /h on the rotation rate axis. The iron peak concentration, however,
shows a dip at around 30° /h that is due to isocratic dilution effects of the main
eluent. As the rotation rate was increased, there was a sharp increase in peak
concentration for both components. (At this point they had been subjected to
the step elnent, which caused the sharp rise in peak concentration.)

Since the step eluent position is fixed, an increase in rotation rate caused the
iron and chromium bands to be affected by the step eluent nearer the top of
the bed. Once the bands had been subjected to the step eluent and had been
compressed, they traveled the remaining length of the column in the isocratic
mode with the step eluent behaving isocratically. Also, the closer to the top
of the column the bands were subjected to the step eluent, the more column
length was available for isocratic elution within the step eluent to occur. Since
isocratic elution is essentially a dispersive technique, the longer the band is
subjected to isocratic effects within the step eluent, the more dilute they should

become. Although experiments to verify the position of this sharp increase were
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not made at very low rotations, experimental results do agree with the model
predictions for rotation rates studied.

The effect of feed loading was also studied by varying the feed concentration
and the feed flow rate. Peak concentration and resolution for these two condi-
tions are given in Figs. 3.12 and 3.13, respectively. In Fig. 3.12, the resolution
is essentially independent of the feed concentration for the model and is rela-
tively so for the experimental results. Increasing feed concentration caused an
essentially linear increase in product concentration since the equilibrium was
basically linear. However, the maximum peak concentration in the experiments
and the model predictions indicated that the peak concentration would not be
any higher than that of the feed cdncentration. Therefore, by increasing the
feed concentration, the numerical value of the peak concentration increased but
the dilution of the peak appeared to remain the same.

Figure 3.13 shows the effects of increasing the feed flow rate on resolution and
peak concentration. In these experiments, increasing the feed flow rate increased
the peak concentration. Since the feed concentrations in these experiments were
constant, increasing the feed flow rate tended to decrease the effects of dilution.
In fact, as is shown here, the peak concentrations are actually much greater than
the feed concentrations. This is more pronounced for iron because this species
has a lower distribution coefficient. In addition, there was a slight decrease in
the resolution with a higher flow rate.

Finally, an experiment was conducted in which the feed nozzle position was
changed from 35° to 90°. At the same time the feed concentration of both metals
was decreased to 1.0 g/L, the feed flow rate was increased to 10 cm®/min, and
the rotation rate was increased to 180° /h. The concentration profile and the
model prediction for this experiment are shown in Fig. 3.14. Here, the model
underestimates the peak concentrations for both the iron and chromium peaks.
Most likely this is due to slight differences in the eluent concentrations between
model and experiment since the distribution coefficients are so sensitive to the

eluent concentrations. Experirnentally, near-complete separation was attained,
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but the peak concentrations were greater than twice the feed concentration.
When the average concentrations for this experiment were calculated for iron and
chromium from the experimental data, they were found to be 1.4 and 1.0 g/L,
respectively. The separation, therefore, was accomplished with almost complete
resolution, a 40% concentration of iron, and no dilution of chromium. It appears
that ideal conditions were those where the components were separated in the low
concentration eluent, quickly eluted from the resin with the high concentration
eluent, and then immediately exited the column to avoid dispersive effects within

the step eluent.

3.5 SUMMARY AND CONCLUSIONS

Experimental results and model calculations for the separation of mixtures
of iron and chromium ions with an acid ammonium sulfate eluent were ob-
tained. Linear equilibrium in the range 0 to 10 g/L for iron and chromium
was experimentally verified. Fixed-bed experiments were used to determine the
equilibrium distribution coefficient, which was found to be a strong function of
eluent concentration. The higher the eluent concentration, the lower the equilib-
rium distribution coefficient. A model assuming linear solid-film mass transfer
resistance was found adequate to describe the system. The model can be used

to design step-elution experiments.

The CAC apparatus was modified with provisions for introducing a step in elu-
ent concentration. Both isocratic and stepwise elution experiments were carried
out. It was confirmed that by using a step eluent, dilution could be decreased
and bed capacity increased. At certain operating conditions, dilution could be
eliminated, with the possibility of achieving continuous separation along with
product concentration. In addition, all of these effects were observed with es-

sentially complete separation of the components of a feed stream (i.e., resolution

> 1).
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It should also be possible to extend this method to gradient elution, where a
gradual change of eluent concentration is used instead of an abrupt one. Possible
implementation might include a series of step eluent nozzles, each with a slightly
higher eluent concentration. Although different in practice from step elution,
the principle is the same. By using gradient and stepwise elution it should
not only be possible to improve on previous isocratic separations, but also to
expand the applicability of the CAC to systems that can only be separated by
these advanced elution techniques. This work, therefore, exposes CAC to an

entirely new range of applications.
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4. SEPARATION OF AMINO ACIDS BY
DISPLACEMENT DEVELOPMENT

4.1 INTRODUCTION

Amino acids are among the largest volume products in biotechnology, with
worldwide production of approximately $2 billion. Amino acids are the build-
ing blocks of proteins and are essential for all living cells to carry out protein
synthesis. In the food industry, they are used as a supplement for protein-poor
diets and as a flavor enhancer. In the medical industry, amino acid salts are
used to carry important metal ions such as potassium, magnesium, and iron
into the body. In general, amino acids are used predominately for nutritional
and therapeutic uses.

Amino acids originally were recovered by isolation from protein hydrolysates,
but today they are produced by both chemical and microbial synthesis result-
ing in higher quality, purer products. Their purification is important because
amino acids for direct human use must be a minimum of 98% pure and free from
pyrogens. Pyrogen-free amino acids are easier to produce chemically and micro-
bially than by isolation from proteins (Yamamoto, 1978; Reisman, 1977). The
synthesis scheme for the production of an amino acid depends on which amino
acid is being produced. For example, L-glutamic acid, L-valine, and L-leucine
are produced by fermentation. L-alanine, however, is produced enzymatically
from aspartic acid in industry because only a racemic mixture can be produced
by fermentation, and it is cheaper to produce it chemically than to separate its
D and L isomers. Generally speaking, biological transformations are predomi-
nately used to produce amino acids.

Once produced, the amino acid must be isolated. The steps taken in a general
amino acid purification scheme are shown in Fig. 4.1. Depending on the process,
one or more of these steps could be bypassed (Reisman, 1977).

Figure 4.1 illustrates that once the fermentor broth has been harvested and
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the cells and other protein separated, the main purification and recovery steps
are combinations of ion exchange and crystallization. This work will focus on the
development of a continuous ion-exchange process. The purpose is to develop
displacement chromatography on the the CAC to continuously separate and
concentrate amino acid mixtures. Representative amino acids are chosen for the

experimental studies as examples of potential industrial applications.

4.2 SEPARATION OF AMINO ACIDS BY ION EXCHANGE

Analytical scale separations of amino acids can be obtained using both ion-
exchange and reversed phase materials, and there is a large body of informa-
tion on different separation schemes using these materials (Murren et al., 1975;
Hughes and Wilson, 1982; Kulkarni and Whiteley, 1975; Young and Yamamoto,
1973; Redman, 1975; Robinson, 1975; Ganno et al., 1985; and Blackburn, 1983).
Most of these methods use a variety of buffers in conjunction with solvent pro-
gramming techniques, making them expensive and difficult to scaleup. In ad-
dition, they almost always use some form of elution chromatography and suffer
from the inherent drawbacks of dilution and low column capacity. Displacement
chromatography, on the other hand, can simultaneous separate and concen-
trate multicomponent mixtures and is ideal for large-scale industrial separations.
There is a wealth of information on amino acid elution chromatography, but
there is very little available on their separation by displacement development.
One exception is a series of articles by Partridge and coworkers (1947-52). His
work focused on the use of both cation- and anion-exchange resins for the sep-
aration of protein hydrolysates, and the effects of displacer composition, resin
cross-linking, and temperature were also studied. Resins with 4% crosslinking
exhibited the best separation performance. A 5%-cross-linked sample showed de-
creased separation, while a 10%-cross-linked resin was unable to separate amino

acid mixtures. Increased amounts of cross-linking decrease the moisture content
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and the resin’s ability to shrink and swell. In the 4%-cross-linked sample, the
resin shrank while feeding displacer, which subsequently caused some mixing be-
tween the amino acid bands. This effect was diminished with higher cross-linked
resins. Unfortunately, the separation perfermance decreased or even became
nonexistent. There is a tradeoff, therefore, between the amount of cross-linking
and the rigidity desired (Partridge, 1950).

The effects of eluent composition in ion-exchange chromatography of amino
acids are complex and strongly depend on the pH. Amino acids can exist as both
positively and negatively charged ions. At low pH they are positively charged
and at high pH they are negatively charged. By using a strongly basic solution
for the displacer, amino acids become negatively charged in the column and
are excluded from cation-exchange resins (Partridge, 1949). This effect can be
exploited to carry out displacement development separations.

In this mode of operation, a large sample of a dilute feed is loaded onto a col-
umn and a strongly basic solution is used to displace it. As the pH front moves
down the column, the amino acids in contact with it become negatively charged
and are excluded from the resin. The local pH of the amino acid downstream
of the front depends not on the buffer or the displacer but on the sample com-
position itself. Partridge, for example, found that some amino acids could only
be separated in the presence of others. He also found that by using a solution
of moderate pH, the separations became more like those found in the elution
techniques, and it became very difficult to remove strongly basic amino acids
(Partridge, 1949).

Generally speaking, an increased temperature improves amino acid separa-
tions. However, in some cases, an increase in temperature actually changed the
order of elution of the amino acids from the column.

Summarizing, amino acids can exist as both positively and negatively charged
ions and can be separated by ion-exchange. For displacement chromatography
using cation-exchange resins, it appears that solutions with a high pH will be

necessary and that a compromise between resin cross-linking and shrinkage ef-

102



fects must be made to maximize separation.

4.3 EQUIPMENT AND EXPERIMENTAL METHODS
4.3.1 Materials

The resin used in this study was Dowex 50W-X8. The properties of this resin
were described in Sect. 2.2. The degree of cross-linking of this resin appeared to
be a reasonable compromise of selectivity and rigidity as was previously demon-
strated in the sugar and metal-ion separation studies. A particle diameter of
30 to 60 um was used. The total ion-exchange capacity of the resin was deter-
mined by equilibrating a sample of the resin in hydrogen form with a velume of
solution containing an excess of NaOH. At equilibrium, the NaOH excess was
titrated with HCl and the capacity determined from a material balance. Using
this technique, the resin capacity was found to be 5.6 + 0.2 meq/g dry resin
(Dye, 1988).

A determination of the dry weight of the resin was also necessary beciause
the ionic form of the resin will change during the displacement process. Corre-
spondingly, there will be volume changes which render a definition of equilibrium
uptake in volumetric terms impractical. Using the dry weight as a reference, one
defines instead a unique, reproducible measurement of equilibrium uptake. To
determine the dry weight, a fully hydrated sample of the resin in the hydrogen
form was “filtered” in a buchner funnel to remove the interstitial water and then
dried at 110°C. The dry weight (g dry resin/g wet resin) was finally determined
from the weight loss of the sample. Using this technique, the dry weight of the
hydrogen form of the resin was found to be 0.45 £ 0.03 g dry resin/g wet resin.
This value is consistent with values reported in literature for resins with similar
degrees of cross-linking and capacity (Helfferich, 1962).

The amino acids L-glutamic acid, L-valine, and L-leucine were selected as a

model system. Their relevant physicochemical properties are given in Tables
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4.1 and 4.2. As seen in Table 4.1, the three amino acids are rather soluble.
In Table 4.2, glutamic acid has a low isoelectric pH, while valine and leucine
have approximately the same value. The latter two amino acids differ in their
hydrophobic character. A mixture of the three amino acids, thus, provides a
good example of two types of separations. The separation of glutamic acid from
valine and leucine is expected to be derived primarily from the large isoelectric
pH difference. The separation of valine and leucine can, instead, only occur by
virtue of differences in the specific interactions of the amino acid cations with
the resin.

The three amino acids were obtained with purity greater than 99% from Sigma
and Ajinomoto USA, Inc., and were used without further purification. Other
chemicals were obtainad from Fisher and were analytical reagent grade.

The concentrations of amino acid in aqueous solutions were determined by

HPLC using the technique described by Dye (1988).

4.3.2 Equilibrium Uptake

The determinations of the equilibrium uptake of the amino acids by the resin
were performed in shaker flasks. For these experiments, samples of the resin in
the hydrogen form were placed in flasks in contact with a volume of solution
containing amino acids of known concentration. The mixture was then shaken
in a constant-temperature bath at 25 +1 °C for 12 to 24 h. A material balance

on the amino acid can be represented by the following equation:
g M = (C; - C)V, (4.1)

where g, is the amount of amino acid taken up by the resin (mmol/g dry resin),
C° is the initial amino acid concentration (mmol/L), M is the mass of resin (g
dry resin), V is the volume of solution added (L), and C7, is the equilibrium

solution concentration of amino acid (mmol/L). C% was determined by HPLC

A
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Table 4.1 Solution equilibrium parameters®

pK, pK: pK; pl
L-GLU 2.19 4.25 9.67 3.22
L-VAL 2.32 9.62 - 5.97
L-LEU 2.36 9.62 - 5.99

* Meister (1965).

Table 4.2 Solubility of amino acids

in water at their isoelectric pH

Amino acid Solubility in water at 25°C
(g/L) (mM)
L-Glutamic acid 8.64¢ 58.7
L-Valine 88.5¢ 755
L-Leucine 24 .27 184

*CRC Handbook of Chemistry and Physics (1977).
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and all experiments were designed to give a significant change (~ 50%) in the

solution concentration. The procedure is more fully described by Dye (1988).

Uptake equilibrium experiments were performed with the hydrogen form of
resin for L-glutamic acid, L-valine, and L-leucine. Various sets of uptake mea-
surements for different solution pH values were obtained by adding varying
amounts of HCIl to the shaker flasks. The coion, Cl7, is excluded from the
resin by the Donnan potential effect and remains essentially constant during the
exchange process. The hydrogen ion concentration (or the pH) will vary dur-
ing the exchange process as H* ions are released in stoichiometric proportion.
Thus, trying to maintain constant pH, proves to be a very difficult task unless
high buffer concentrations are used. In this case, however, extraneous counteri-
ons are introduced with the buffer and the resin capacity remains underutilized.
Performing the experiments at a constant coion concentration eliminates these
problems. The solution pH can easily be measured or calculated (as is discussed

in Sect. 4.4.1).

Finally, a few shaker flask experiments were conducted by placing resin, which
was initially fully loaded, with the amino acids that were in contact with solu-
tions containing an excess of NaOH. Once in contact with these solutions, the
amino acids became negatively charged and were excluded from the resin. The
final equilibrium uptake of amino acid was found to be essentially zero. This
confirmed that NaOH solutions can be used as effective displacers since they

will remove amino acids from the resin completely.

4.3.3 Fixed-Bed and CAC Experiments

The fixed-bed experiments were performed in an apparatus similar to the one
used to determine equilibrium and mass transfer parameters for the metal ion
system described in Sect. 3.2. The resin was packed in a glass column 1.45 ¢cm in

diameter, with a maximum packing height of 20 cm. Amino acids were dissolved
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in deionized distilled water and loaded onto the column with a microprocessor-
controlled Waters 501 HPLC pump. The displacer, a NaOH solution, was fed
directly after the amino acids. Samples of the efluent at the column outlet were
collected with a Gilson Model 231 fraction collector.

The pH of each sample was determined with a pH probe and the concentration
of amino acid by HPLC analysis. At the start of each displacement experiment
the resin was in the hydrogen form. By feeding the displacer, the resin was
converted to the sodium form and it was necessary to convert the resin back to
the hydrogen form before another displacement experiment could be performed.
In the fixed-bed experiments, 1.0 N sulfuric acid was used as a regenerant.
An excess of acid was typically used to ensure complete conversion and, after
conversion, deionized distilled water was fed to the column to remove any excess
from the column interstitial volume. Therefore, the entire displacement cycle
consisted of four steps: sample loading, displacement, regeneration, and rinse.

The principle of displacement chromatography can be applied to CAC, as
shown in Fig. 4.2. In this case, the annular region must be provided with four
different solutions: (1) the feed to be separated, (2) the displacer, (3) the re-
generator, and (4) the rinse. As in conventional displacement chromatography
where the displacer is continuously fed following the feed, continuous annular
displacement chromatography (CADC) requires the displacer region to be im-
mediately beside the feed region. The displacer region must be long enough (in
the 8 direction) to completely displace all of the feed components. Following
the displacer region, a regeneration region is necessary to regenerate the sorbent
material back to the proper form for loading. Between the regeneration and
feed regions the bed is flushed with an eluent rinse to remove excess regener-
ant. By continuously pumping feed, displacer, regenerator, and rinse solution
into the rotating chromatograph, the CAC can, in principle, be used to perform
displacement chromatography in a truly continuous manner.

The CAC used in these experiments was a shortened version of the apparatus

used for the metal-ion separations described in Sect. 3.2. It is constructed of
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plexiglass, is 30-cto high, has a 27.9-em-OD,; and has an annulus width of 12.7
mm. The CAC was packed to a height of 22.4 cm with Dowex resin in the
hydrogen form.

The apparatus was then slowly pressurized using a deionized distilled water
eluent. Since the head space of the apparatus is closed, increasing the flow rates
of the eluent raised the pressure. Pressurization facilitated bed settling and made
it easier to pack the upper glass bead layer without disturbing the hed. A layer
of glass beads 0.45 mm in diameter was packesd on top of the resin. This layer
was 10-cm-deep and prevented convective mixing of the various eluents used in
these experiments. As previously mentioned, four different regions are required
tor continuous annular displacement te occur. Solution from each region must
be pumped into a sector of the bed without mixing with other solutions. To
accomplish this task a system of four headers, each covering a 90° section were
used. FBach header, in turn, contained 1/16-in.-OD stainless steel nozzles spaced
7.5° apart. Fach nozzle could be removed and a plug used in its place so that
the sector which each solution covered could be varied. For the displacer and
regenerator regions, as long as the sector is long encugh to completely displace
the feed components and regenerate the bed their sector length did not matter.
While the number of degrees a sector could be fed with an eluent could be
changed, the basic principle remains the same,

Approximately equal flow through these nozzles was established by the back-
pressure in each nozzle. To ensure even pressure drop, the pressure drop across
each nozzle was measured at constant flow rate and the most uniforra group
used. By lowering these nozzles into the glass bead layer, even spreading of
feed, displacer, and regenerator was obtained without significant mixing. The
rinse liquid, delonized distilled water, was fed directly to the head space of the
CAC. In this way all of the area not fed by the nozzle distribution system was
fed with water. Flow visualization experiments in which blue dextran 2000 was
used as a tracer revealed an even flow distribution obtained with this system

over the range of experimental conditions reported here.
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A schematic of an unwrapped chromatograph illustrating the various regions is
shown in Fig. 4.3. Note that the starting angle, 0°, was chosen as the beginning
of the displacer arc. For data collection at the bottom of the column, a peristaltic
pump was used to continuously withdraw sample. Readings of pH were obtained
with an Orion Model 701A pH meter and UV absorbance at 200 nm with a
Perkin-Elmer Model 200 UV /Vis Spectrophotometer. The millivolt signals from
these instruments were converted to digital signals by an A/D conversion board
(Data Translation Model 2801) and were continuously recorded using an IBM
PC-AT. A schematic of the experimental setup is illustrated in Fig. 4.4. Milroyal
Model DC-1-175R pumps were used to feed the displacer, the regenerator, the
rinse, and the amino acid feed solution to the column. Since all of the amino acids
absorb at 200 nm, concentration profiles could not be determined in this way.
However, this method does allow quantification of the amino acid breakthrough
angle. Concentration profiles were instead determined from HPLC analyses of
samples collected with a mechanical fraction collector. The sample arc depended
on the individual run, but typically a sample arc of 2° was used.

A photograph of the CAC unit operated in displacement chromatography
mode with an amino acid feed consisting of glutamic acid, valine, and leucine
and using a 0.1 N NaOH solution as the displacer is shown in Fig. 4.5. In this
photograph, the rotation is counterclockwise. While the amino acids are not
colored, the resin assumes a different shade of yellow depending on its ionic form
and the solution pH. Thus, the amino acid band is visible in the lightly shaded
portion of the bed. The darker region is resin in the Na' form, at high pH,
and completely free of amino acid. The interface between the light and the dark
region is the displacement front. The sharpness of this front reveals the adequacy
of the flow distribution system and the lack of significant dispersion in the bed.
Finally, to the left of the amino acid band, a region with an intermediate shade
of grey is visible. This is resin in the hydrogen form that has been regenerated
and rinsed in the two sectors hidden in this photograph to the right of the NaOH
band.
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Fig. 4.5. Photograph of the 30.5-cm OD CAC operating in the displacement
mode. The band in the middle is amino acid.
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4.4 THEORETICAL DISCUSSION

Understanding and modeling the ion exchange of amino acids in a packed
bed requires a knowledge of both the solution equilibrium and resin uptake
equilibrium. These will be described with the ultimate goal of incorporating
them into a model capable of predicting the performance of fixed-bed and CAC

operations.

4.4.1 Solution Equilibrium

The basic structure of an amino acid is NH,CHRCOOH , where R represents
different side chains that make each amino acid unique. These R groups can be
either nonpolar (hydrophobic), polar (neutral), acidic, or basic. The latter two
groups may be charged depending on the solution pH. For example, R groups
for glutamic acid, valine, and leucine (the amino acids used in this work) are
—(CH,),COOH,—-CH(CH,;), and —CH,CH(CH,),, respectively. Polar and
nonpolar amino acids, such as valine and leucine, exhibit the following equilibria

in solution:
NH}CHRCOOH = NHfCHRCOO™ + H", K,, (4.1)

and

NHfCHRCOO™ = NH,CHRCOO™ + H*, K,, (4.2)

while acidic amino acids such as glutamic acid have an additional ionizable R

group and exhibit
NH,CHRCOO~ = NH,CHR  COO~ +H", K, , (4.3)

in addition to Eqs. 4.1 and 4.2. The dissociation constants for reactions 4.1,
4.2, and 4.3 are K, , K,, and K, and they are defined by the mass action law as
- CA:t CH F:

KI ()
CA+

(4.4)
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CA—CH+

K, = T, (45)
and
CA= CH"’
K, = JAZZH* 4.6
= 22 (4.6)

where C, + is the amino acid cation concentration, C,- is the amino acid anion
concentration, C 4= is the divalent anion concentration, and C,+ is the amino
acid zwitterion concentration. If the amino acid is dissolved in pure water, the
concentrations of the amino acid cation and anion become equal, the predomi-
nant form is zwitterionic, and the molecule has no net electrical charge. The pH
at which this occurs is called the isoelectric pH. This is commonly referred to
as the isoelectric point and is designated by pl. If the solution pH is below the
amino acid isoelectric point, then the amino acid is positively charged. If the
solution pH is higher than the isoelectric point then the amino acid is negatively
charged. The isoelectric pH can be approximately calculated from the pK values
and the equation
(pK, + PK2)

pr = EL P2 (4.7)

The pK values for glutamic acid, valine, and leucine, and the corresponding
calculated pl values, were given in Table 4.1.
The total “analytical” concentration of amino acid, C,, is equal to the sum

of all of its ionic forms and can be calculated from
CA :CA+ +CA:!: +CA— +CA=, (4.8)

for the case of glutamic acid. For valine and leucine, which form no divalent
anion, the same equation can be used but C,= is set equal to zero. If the total
amino acid concentration in a solution and the pH are known, the amount of

each amino acid ion can be calculated. For glutamic acid,

K, KK, K1K2K3>
Ca+ =C 1+ + + : 4.9
. /( Car T ez, TG, (49)
Cy+ Ch . K,
C,. = 1 H 4.10
4 CA/(+K2 YKK, T C,. ) (4.10)
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and

CH+ 02 + C’3 +
C.- =C LS H . 4.11
: "/(” K, | KaKs | KKK (4.11)
For valine and leucine, which form no divalent anion, Eqs. 4.9 and 4.10 reduce
to
K, K Kz)

Cu,+ =C <1 + =+ 4.12
o =au (14 g+ o (412

and )

CH"’ C +

C,- = 1 4 . 4.13
A CA/( + K2 + Kl K2> ( )

From these equations and the values of pK for the various amino acids, the
relative amounts of the ionic forms can be calculated as a function of pH. Figure
4.6 is a graphical representation of the amounts of the different ionic forms of
the amino acids at equilibrium as a function of pH. In this figure, the maximum
amount of the zwitterionic form is at about pH 6 for valine and leucine, and
about pH 3 for glutamic acid.

The concentrations of positively and negatively charged species in solution
are related by the condition of electroneutrality. For an aqueous solution con-
taining amino acids, A;, and Na* and Cl™ ions, this condition may be written

(Saunders, 1989):

N N N
Y Cpt +Char +Chr =D Co- +Coi- +Con- +2)_Ca=.  (4.14)

1=1 t=1 =1
The hydroxide concentration is related to the hydrogen ion concentration by the
equilibrium

H,O0=H* +0OH ", Ky , (4.15)

with
KW :CH+ ’COH—. (4.16)
If Eqs. 4.9, 4.10, 4.11, and 4.16 are used in Eq. 4.14 in place of C,+, C, -,

CAT , and C, , -, one obtains a single relationship from which the solution pH

can be calculated given the values of the total amino acid concentrations, C,,,
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Fig. 4.6(a). Glutamic acid ionic fraction as a function of pH.
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Fig. 4.6(b). Valine ionic fraction as a function of pH.
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Fig. 4.6(c). Leucine ionic fraction as a function of pH.
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the sodium ion concentration, Cy .+, and the chloride ion concentration, C,-.
These concentration values are analytically accessible and permit the calculation
of pH during the ion-exchange process.

In general, a numerical algorithm is required for the solution of Eq. 4.14 for
Cy+. However, as pointed out by Saunders (1989), exact solutions are possible
away from the isoelectric pH for solutions containing a single amino acid. If
Cpyaot+ = Cg,- and a single amino acid is present, solution of Eq. 4.14 provides

a pH equal to the isoelectric pH of the amino acid.

4.4.2 Uptake Equilibrium: Results and Modeling

The experimental equilibrium uptake measurements for glutamic acid, valine,
and leucine obtained with the technique described in Sect. 4.3.2 are given in
Fig. 4.7 (Dye, 1988). The total amino acid uptake (in mmol/g dry resin in
hydrogen form) is ¢4, and C, is the total amino acid or analytical amino acid
concentration in solution. As pointed out in Sect. 4.3.2, these experiments were
carried out at constant coion concentration, not at constant pH. Thus, the pH
varies from point to point on each curve. As discussed by Dye (1988), the
equilibrium uptake approaches a maximum as the coion concentration goes to
zero. For these conditions, the pH approaches the isoelectric pH and competition
by hydrogen ions is minimized. As the Cl~ concentration is increased, the pH is-
reduced and the equilibrium uptake of amino acid is decreased by the stronger
competition of hydrogen ions for the resin. lon-exchange equilibrium for an
amino acid cation with a cation-exchange resin in the hydrogen form may be

described by the following equation:
R'H+ NH; CHRCOOH = R'NH,CHRCOOH + H", (4.17)

where R' represents the negatively charged functional groups of the resin. This
equation treats the uptake process as one involving only ion exchange in stoichio-

metric proportion. The assumption is justifiable at high solution concentrations
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Fig. 4.7(a). Uptake of glutamic acid ions by cation-exchange resin Dowex
50W-X8. Counterion: H*; Coion: Cl~.
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Fig. 4.7(b). Uptake of valine ions by cation-exchange resin Dowex 50W-X8.
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Fig. 4.7(c). Uptake of leucine ions by cation-exchange resin Dowex 50W-
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with high-capacity resins such as Dowex 50 (Saunders, 1989). For these condi-
tions, which are typical of process applications, nonionic adsorption is negligible.
For binary ion exchange of an amino acid cation with a hydrogen ion, an equi-
librium constant based on the mass action law can be defined for Eq. 4.17
as

CH‘+ 9a

K = = . 4.18
A Ca+qy ( )

Since g4 + g4 = ¢°, which is the total resin capacity, £q. 4.18 can be rewritten

as

v, — KauXa
A ’
Xy +KangXa

(4.19)

where X4 is the ionic fraction of amino acid cations in solution defined by

Ca+
X,p = —A 4.20
At CA+ _+_ CH + ( )
and Y, is the fractional uptake of amino acid by the resin defined by
YA = g‘:}'. (421)
q

K, y is an apparent equilibrium “constant” that may, in fact, depend on resin
and solution composition.

The binary equilibrium data in Fig. 4.7 are replotted in the form suggested by
Eq. 4.19 as X Y plots in Fig. 4.8 (Dye, 1988). Notice that the data obtained at
different pH levels fall on a single line. This indicates that the uptake of amino
acid depends solely on the ionic fraction of amino acid cations and that nonionic
adsorption is relatively unimportant. For the general case with n amino acids,
the liquid ionic fraction of ion ¢ is defined as

C,+

A
Xi - " ’
CH+ +"E€:ICA.+

(4.22)

and the fractional uptake for a resin with a fixed number of binding sites is

defined as
qa. K,'XA.
Y, = -%8 = - : . 4,23
A qo E g=1KEXAL+XM ( )
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The separation factor, S; ;, between ions ¢ and j can be thought of as the ratio

of distribution coefficients and is defined as

. - = (4.24)

If all the K;s in Eq. 4.23 are constant, then S;; is constant. If K; = K;, the
separation factor, S; ;, equals 1 and the solid and liquid phase concentrations
are equal. If S; ; is greater than 1 the solid phase concentration is higher than
the liquid phase concentration and the isotherm is favorable. If S; ; is less than
1 the liquid phase concentration is higher than the solid phase concentration and
the isotherm is unfavorable. lonic-exchange equilibrium data in Fig. 4.8 illus-
trate this point. Here, the diagonal corresponds to a separation factor of 1 and
divides the graph into two regions, favorable and unfavorable. Points above the
line exhibit favorable equilibrium while those below the line exhibit unfavorable
equilibrium. In the systems studied here, L-leucine is favorable, and this can
be easily seen from the figure. L-valine and L-glutamic acid, however, exhibit
composite behavior and are favorable at low concentrations and unfavorable at
high concentrations.

The behavior of amino acids in solution and the mechanism of ion exchange
have been covered in this and the previous section. It is desired to be able to
quantitatively predict amino acid uptake of the adsorbent from a known liquid
phase composition. It is also desired that the model will not only predict pure
component but also multicomponent, isotherms. Saunders (1989) has had great
success in modeling nonconstant separation factor ion-exchange isotherms with a
model adapted from Novosad and Myers (1982) and Myers and Byington (1986).

The model assumes that the ion exchanger contains “high energy” and “low
energy” lon-exchange sites., These high energy sites are filled first which is why
the slope of the uptake curves is large at low concentrations. Only after the
high energy sites are filled are the low energy sites filled causing the slope of the

uptake curve to decrease at high concentrations. The model assumes that there
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are n -+ 1 of these sites with a binomial distribution of energy. The probability

that a site is of type £ is defined by

n -
Pe = (e)pl(l - p)" ¢ O<p«1l, (4.25)
where p is the skewness of the energy distribution function. The energy of
adsorption for ion j on site £ is

£—np
"‘“—_"—'_:’.o.j,
vnp(1 - p)

where E; and o; are the average and standard deviations of the adsorption

E,,=E,; + (4.26)

energy distribution. If the adsorption of ion 7 on site £ can be described by

qe,;j Ct, ; X5
Lo 07T (4.27)
Qeo Z Cg’J'X]'

i=1

where q,, is the total number of £ type sites, and N is the total number of

different ions that can be exchanged (the counterions), then C, ; is

— E,. — FE;
Cgv]' = Cj exXp (_‘,'97_2?1:_1) (4.28)

By summing over the n + 1 sites, the total uptake of ion 7 may be found from

g; :z":[_(?_e,&&_] (4.29)
Qnaz ¢=0 Zjv: 1 CC.ij

The separation factor, S; ;, for ion ¢ relative to ion j for binary ion exchange

becomes . :
— S,‘ 'WU+VX,'+ WU 1“‘“}) +WVPX
Sy =8 — = : (4.30)
PTG iWY (1l —-p) + WYX+ X,
where o
— E, - E;
S,-,j = €Xp —EF“’ , (4.31)
W;:; = exp (__a,-};Ta,- ), (4.32)
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-p

U= m, (433)
and
__1-r
V = ol ~__).. (4.34)

Once all of the §,~',- values are determined, the uptake of ion ¢ can be calculated

from

4% XiSi;
Gmaz Yy, XiSk,

This is an empirical model that assumes from the very start that it is impos-

Y; = (4.35)

sible to predict a prior: ion-exchange equilibrium. Therefore, for binary ion
exchange, this model, like others, requires the experimental determination of
the equilibrium isotherm. The approach was to develop a model that was th-er—
modynamically sound, used as few parameters as possible, and minimized the
number of experiments. Myers and Byington (1986) showed that Eqgs. 4.30 to
4.35 satisfy the Gibbs-Duhem relation. This is a three-parameter model and the
parameters to be evaluated are the (1) average energy of the adsorption energy
distribution, E;; (2) standard deviation, o; and (3) skewness of the distribution
of the types of energy sites, p. In practice, these values cannot be directly mea-
sured, from the numerical values of the parameters S;; and W, ; determined
from a fit of the data. These parameters were fitted by minimizing the sum of
the residuals and are presented in Table 4.3 (Dye, 1988). The results of calcu-
lations based on this model are the solid lines shown in Figs. 4.7 and 4.8. It
is easy to see that there is good agreement between the model calculations and
the experiments.
This model was extended by Saunders (1989) for use with multicomponent
equilibrium. The separation factor for ion ¢ with reference ion j, becomes
WX, o S (S W - W+ W)
" Y; X; " Zszx {—S—ka‘X’CWkU.;’LV [(1 - P)W;.’k + pWIk]} .

(4.36)

The fitting parameters determined from the binary experiments are used here.

Table 4.4 (Dye, 1988) presents some experimental and calculated multicompo-
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Table 4.3 Ton-exchange equilibrium parameters®

S w D
L-GLU 1.0 0.35 0.50
L-VAL 1.0 0.25 0.50
L-LEU 3.0 5.0 0.50

*Dye (1988).
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nent equilibrium using the values of S; ;,W; ;, and pin Table 4.3. The prediction

is quite good.

Therefore, for prediction of multicomponent equilibrium, this model only re-
quires measurement of binary equilibrium data with respect to a specific counter-
ion. This implies that for a system of five components, A through E, only binary
equilibrium data on A through D with counterion E are required. Other mod-
els typically require binary, ternary, and quaternary data so that the number
of experiments to be performed increases rapidly with the number of compo-
nents. This becomes impractical for systems with large numbers of components.
The power of this model is its ability to predict equilibrium for a system of N

components from N — 1 binary experiments.

A further simplification of this model is the case where W, ; = 1. In this case,
S;; = S;,; and the separation factors are constant. Figures 4.9 and 4.10 compare
nonconstant and constant separation factor calculations for the experimental
system under investigation here. Since the separation between glutamic acid and
valine is due to differences in their isoelectric points, the assumption of constant
separation factors for these two components should be a good approximation.
The valine-leucine separation, on the other hand, is due to the large differences in
their specific affinity for the resin. Since the difference is so large, the assumption
of constant S should prove reasonable. Constant separation factors will thus be
assumed to simplify mathematical modeling. However, the separation factors
used will be the average values of S determined from the equilibrium model

described above.

4.4.3 Bed Dynamics

The equilibrium data and models developed can be incorporated in models
to describe bed dynamics with the aim of predicting the concentration histories

in a fixed bed and the concentration profiles in the CAC. A one-dimensional,
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Table 4.4 Multicomponent ion-exchange equilibrium

on Dowex 50W-X8“

Leucine/Valine/Glutamic Acid/Hydrogen lon

for [CI"]=0M
C in mM, ¢ in mmol/g

Experimental Experimental Calculated
Co =89 gc = 0.36 g = 0.37
CV = 16.25 qy = 1.16 qQy — 1.99
CL = 22.6 qr, — 2.53 qr = 3.08
Cy = 0.20 Cy =0.19
Cy =4.15 @ = 2.01 g = 1.87
CL =0 qr = 0 qr = 0.00
CH - 0.30 CH - 0.33
CG = 43.9 qc = 2.07 qc = 2.04
CL =0 qr = 0 qr — 0.00
Cn =0.32 Cy = 0.38
Ce = 9.0 g = 0.21 ge = 0.29
Cv = 22.] vy = 1.63 Qv = 2.15
C, = 24.4 g, = 3.25 g, = 3.03
CL =15.8 qr = 3.04 qr = 2.91
Cy = 0.36 Cy =0.39
CG = 15.1 qc = 0.99 qc — 1.75
Cv =17.6 qy = 2.46 qy — 2.12
Cy = 0.28 Cy = 0.31
Co =86 go = 0.28 go = 0.43
CL = 15.8 qr = 3.04 qr = 2.99
Cy = 0.20 Cy = 0.21

® From Dye, 1988.
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unsteady-state, material balance on solute C; in a fixed bed may by expressed

as

oC, , 9 C,
—_— 17
“ar TP M5

=0, (4.37)

where axial dispersion is neglected. Transport to and from the solute may be

described by

pb% =k, a(C; - C}), (4.38)

where k, a is the overall mass transfer coefficient and C; is the liquid phase
concentration in equilibrium with the solid phase. In general, solutions to these
equations can be accomplished analytically for the case of simple adsorption iso-
therms or numerically for complex isotherms. A third approach is to assume lo-
cal equilibrium. This implies that transport between the solid and liquid phases
is instantaneous and need not be considered. Conditions where the assumption
of local equilibrium is best made are for columns packed with small particles
where a slow fluid velocity is used. Use of this assumption also extends the
complexity of adsorption isotherms that can be solved analytically (Helfferich
and Klein, 1970; Ruthven, 1984).

Unfortunately, the amino acids studied here exhibit complex equilibrium so
that Eqs. 4.37 and 4.38 cannot be solved analytically. Also, simplification of
the isotherm (even to constant separation factors) did not allow analytical so-
lution because of the system dissociation reactions occuring in solution. Thus,
two different approaches were taken. In the first one, the Glueckauf method
(Glueckauf, 1949) was used to determine the achievable product concentrations
when the displacement separation train is fully developed. This method con-
sists of a very simple graphical procedure and is described below. The second
approach makes use of a finite difference approximation of Eq. 4.37, which is
equivalent to describing the column as a series of discrete equilibrium stages.
This approach required a numerical solution of the resulting ordinary differen-
tial equations, but allowed a qualitative prediction of the initial development of

a concentration band during the displacement process.
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4.4.3.1 Glueckauf’s Method

The achievable product concentrations in displacement chromatography may
be adequately predicted by Glueckauf’s method (Glueckauf, 1949; Ruthven,
1984). The procedure is shown in Fig. 4.11. In this figure, the pure compo-
nent uptake of glutamic acid, valine, and leucine is shown as a function of the
solution concentration at zero coion concentration. A horizontal line is used to
describe the essentially irreversible uptake of NaOH at the resin capacity of 5.6
meq/g dry resin. In displacement chromatography, the displacer concentration
velocity, v,V (see Eq. 1.1), is larger than any of the individual component
velocities, v, “ ¥V, v,V 4% or v, “EY  If the column is long enough, the displacer
overtakes the feed components and competes favorably with them for adsorption
sites. If competitive equilibrium does not exist between the displacer and the
components to be separated displacement cannot be achieved. Eventually, all
components attain the same concentration velocity and are said to be “coherent”
(Helfferich and Klein, 1970). These constant velocity concentrations are called

“isotachic” concentrations and are determined from a solution of the equations

M 14 N
chu — UCC'LU = v, AL _ 'UCLFU. (439)

Assuming that the fluid velocity is constant within a column, Eq. 4.37 yields

Agna _ Aqeru _ Agqvar  Aqueu
ACy., ACqLy ACy 4L ACrLgu

(4.10)

This is shown graphically in Fig. 4.11. Here, a chord was drawn between the
initial NaOH concentration in the bed (0 mM) and the point on the displacer
equilibrium curve corresponding to the displacer feed concentration (e.g., 100
mM). This chord intersects the amino acid equilibrium curves at their isotachic
(or constant velocity) concentrations. For a displacer concentration of 100 mM,
the isotachic concentrations were approximately 85 mM for glutamic acid and

valine, and 96 mM for leucine. If the column is long enough and if mass transfer
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resistances are small, then each component will reach this concentration. If the
displacer concentration is changed, a new chord must be drawn and the new

isotachic concentrations determined.

It is interesting to note that although the valine and glutamic acid have es-
sentially the same pure component isotherms, they will still be separated in the
displacement train as a result of differences in their isoelectric pH values. For
example, at pH 5.97, (which is the pl of valine), glutamic acid (which has a pl
of 3.22), will be negatively charged and will move further down the column to
be reabsorbed downstream of the valine band. The separated components will

thus exit from the column in order of increasing pH.

4.4.3.2 Equilibrium Stage Model

The graphical method of Glueckauf is only sufficient to predict the outlet
concentrations at isotachic conditions. It is relatively easy to use, and provides
valuable information, but it has no application to nonisotachic conditions. A
one-dimensional stage model assuming local equilibrium was used here to sim-
ulate displacement experiments and accounts for the amphoteric nature of the
amino acids. The assumption of equilibrium in each stage assumed negligible
dispersive and mass transfer resistances. Changing the number of stages affected
the sharpness of the calculated concentration profiles as a result of numerical
dispersion. Therefore, the model is qualitative and is not intended to exactly
reproduce the concentration profiles obtained from the fixed-bed and CAC ex-

periments.

The system to be studied, in general, contains five exchangeable components:
three amino acid cations, sodium, and hydrogen; as well as five coions: three
amino acid anions, the hydroxyl ion, and the chloride or sulfate ions. Considering
the dynamics of a fixed-bed column (the steady-state behavior of a CAC unit

may be immediately obtained from this via the § = wt’ transformation), the
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differential material balances on each amino acid (A4;, A;, and A;), sodium,

and chloride are

SIS A ) -
(42)
SRS s (s
eg%%i 2 aq’a"t‘” +uaCaNz‘” =0, (4.44)
and

These may be solved subject to initial and boundary conditions:

I.C. for t =0, all z: Ga; =Ca; =Crno+ = qn. =0
B.C. for z=0, 0<t<tp: Cy, =CL, Cy,+ =0
t>tp Ca, =0, Cy,+ =CP .

The remaining variables, Cy+ and C, -, and the concentrations of amino acid
cations and anions can be determined from C,,, C4,, Ca,, Cy,+, and C, -
using the condition of electroneutrality as illustrated in Sect. 4.4.1. The only
further information required is the equilibrium relation between the solid and
the liquid phase concentrations. As discussed earlier, to simplify the calcula-
tions, the separation factor for binary ion-exchange reactions was assumed to
be constant and equal to the average separation factor S given in Table 4.3.
This assumption provides a reasonable approximation of the uptake isotherms
at zero chloride concentration as was shown in Figs. 4.9 and 4.10. Furthermore,
the assumption is reasonable since the affinity for the resin of leucine was much
higher than that of valine, while the valine-glutamic acid separation was not
strongly dependent on the separation factor being primarily determined by the
pH effects.

An additional assumption was also made that C,- for glutamic acid is zero.

This is a good assumption if glutamic acid elutes when the pH is less than 9,
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and experimental results show this to be true. It was also assumed that liquid-
phase accumulation is negligible in comparison to the sum of the convective
and solid-phase accumulation terms. From Eq. 4.37 and for our experimental
conditions where p, = 0.33 g/cm®, € = 0.4, Ag; > 5.0 mmol/g, and AC; < 0.12
M, the liquid phase accumulation term (e5%) was less than 3% of the other
terms. Assuming negligible liquid phase accumulation, Eqs. 4.41 through 4.45
were converted to ordinary differential equations by backward finite difference

of the convection term. The resulting ordinary differential equations are

dqf;l u P ;
DT O N Ca) s (4.46)
dqj u . _
’d:Q :p,A;(Cizl_Ciz)’ | (4.47)
dqj U o A
d’;a = pbAz(Cial . Cj‘a) , (4-48)
dqj, u . .
d'l‘ - ,,,,Az(cira1+ —Clas) s (4.49)
and
- ,
Cor- = Cor- s (4.50)

whete 7 represents the stage number. Numerical solution of these equations was
accomplished by an Adams predictor-corrector method using the International
Mathematical and Statistical Library (IMSL) routine DGEAR. During the inte-
gration, once the resin phase concentration had been determined at stage j, the
liquid phase concentration could be determined from the equilibrium relation.
The model requires (1) experimental determination of the equilibrium iso-
therms for evaluation of fitting parameters in the equilibrium model, and (2)
one experimental separation so that the number of stages, N, can be fitted to

the experimental data. With the information from these two experiments and
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the appropriate process parameters, the model can qualitatively predict concen-
tration profiles and trends in operating parameters such as loading, displacer
concentration, feed concentration, and rotation rate, even at nonisotachic con-

ditions.
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4.5 RESULTS AND DISCUSSION
4.5.1 Fixed-Bed Results

Fig. 4.12 shows the experimental and calculated product concentrations and
pH exit profile for a feed consisting of 15.4 mM glutamic acid, 15.0 mM valine,
and 16.2 mM leucine. The feed was supplied for 75 min, the displacer was 100

mM NaOH, and the superficial velocity was 3.1 cm/min.

As discussed earlier, the glutamic acid-valine separation was due largely to
differences in the isoelectric points of these two amino acids (3.2 and 5.9, respec-
tively). When valine was eluting from the column, the solution pH was higher
than the iscelectric pH of glutamic acid. Hence, glutamic acid was negatively
charged and excluded from the resin by the Donnan potential effect. Valine and
leucine, on the other hand, have very similar isoelectric points. If the separation
were due to differences in their isoelectric points, these two components could
not be separated. The separation was thus due to the specific affinities of valine

and leucine for the resin.

From Fig. 4.12 it is apparent that product concentrations of the separated
components are much higher than the feed concentrations. The product con-
centrations at the profile’s peaks for glutamic acid, valine, and leucine are ap-
proximately 90 to 100 mM. Isotachic conditions in the bed have been reached
since there tends to be a flat region at the top of each experimental curve. For
isotachic conditions, the product concentrations can be determined from the ap-
proximation model by Glueckauf. Using Glueckauf’s method, the outlet product
concentrations were determined to be 85 mM for glutamic acid and valine and 96
mM for leucine. Glueckauf’s method, therefore, worked quite well in predicting

these concentrations.

To understand the extent of how concentrated the product has become, the
solubilities of L-glutamic acid, L-valine, and L-leucine are given in Table 4.1.

Note that glutamic acid in Fig. 4.12 was eluted at a concentration above the
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solubility limit in pure water. What is most surprising is that it did not crys-
tallize and plug the bed. This is a very important operational consideration.
Partridge (1949) also found that solutions above their solubilities could be ob-
tained. Most likely, crystallization did not occur because of nucleation and
kinetics limitations. Some of the eluted fractions, in fact, crystallized after a

few days left undisturbed at room temperature.

The model calculations in Fig. 4.12 were based on constant separation factors
and 100 equilibrium stages. The resulting concentration profiles were shifted
2 to 3% of the sodium breakthrough time to account for the assumption of
negligible liquid-phase accumulation. Once shifted, it was easy to see that the
experimental and theoretical values of the sodium breakthrough time agreed
very well. This indicated that a sodium capacity of 5.6 mmol/g, determined
in batch experiments, was correct. Peak or “plateau” concentrations between
model and experiment were equal, with the experimental values a bit higher.
Most likely this was due to experimental error. The model also did a good job
of predicting amino acid peak retention time, but trailing and leading edges of
the peaks were not predicted as well. This reflects error due to the assumptions
of local equilibrium and constant separation factors. Overall, the model did a

good job of qualitatively predicting concentration and pH histories.

4.5.2 CAC Results

Displacement separations of glutamic acid, valine, and leucine were performed
on the CAC. The feed typically contained a 25 mM concentration of each amino
acid, while the displacer contained 100 mM NaOH. The feed arc was 45°, and
the displacer and regenerator arcs were 90° and could be varied if needed. Fig.
4.13 shows a typical CAC concentration profile. Like the fixed-bed run, the
model calculations were based on constant separation factors. It was found

that by doubling the number of stages, the predicted profiles could be slightly
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sharpened, with a corresponding increase in computer time by a factor of four.
Since the model is qualitative in nature, 50 stages were used for all subsequent
model calculations.

The calculated concentration profiles were matched to the experimental re-
sults by fitting the midpoint of the leucine trailing edge. This adjustment was
typically 6° or less and its necessity is attributed in part to neglect of the liquid-
phase accumulation and in part to accumulated experimental error.

Comparing Figs. 4.12 and 4.13, we find that the profiles are, indeed, similar. In
the CAC experiment, simultaneous separation and concentration was achieved,
as it was in the fixed-bed experiment.

Comparing the runs, it is evident that the CAC run also exhibited a charac-
teristic plateau at the top of the concentration profile curve, indicating isotachic
conditions. Here, as in the fixed-bed experiment, the amino acids eluted at their
isoelectric point. From the pH profile in Fig. 4.13, the pH of the eluting solution
when glutamic acid was displaced was around 3.2 and climbed to about 6.0.
These values were the isoelectric points of valine and leucine when they were
being displaced. After valine and leucine were removed, the pH approached 13,
which was the pH of the displacing NaOH.

Both the experimental data and the theoretical calculations are in relative
agreement. The model did a good job of predicting the retention angle and
plateau concentration, although the agreement was not as good at leading and
trailing edges because of neglected transport resistances and equilibrium non-
idealities. This effect was also seen in the fixed-bed run.

In order to explore the operability of the CAC at different conditions, experi-
ments were conducted which varied the displacer concentration, the amino acid
feed concentration, and the rotation rate. Base conditions for these runs are
shown in Table 4.5. All other operational parameters were kept constant, ex-
cept those that were varied. At lower sodium concentrations it was necessary to
extend the displacer arc so that an adequate amount of displacer was available

for displacement. Figure 4.13 is an experiment at these base conditions.
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Table 4.5

Experimental conditions

Feed: 25.0 mM  GLU
25.0 mM VAL
25.0 mM LEU

Displacer: 100 mM NaOH

Regenerator: 50 mM H,SO,

Feed Arc: 45°

Regenerator Arc: 90-180°

Displacer Arc: 90°

Rotation Rate: 30°/h

Superficial Velocity:

2.9 cm/min
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In order to evaluate the separation performance of the system, a separation
quality was defined in parallel to resolution (resolution as defined by Sect. 3 is
meaningless here since the eluted peaks are adjacent even for ideal conditions).
Considering a two-component (A and B) system, the components were fed to
the column in equal amounts and the separated products were collected in two
pure fractions with a mixed-fraction mass M, ;5. The separation quality, n4,s,

is defined as
2MA /B

Na/p =1— m’ (4'51)
where M, p is the mass of the mixed fraction, and M, and Mp are the masses
of components A and B, respectively. The area under concentration profiles
may also be used for the mixed and pure fractions since the areas under a
concentration-time curve is proportional to the mass. If there is complete sepa-
ration between components A and B, M, ,5 = 0.0 and 5,5 = 1.0. For the case
of no separation, M, = Mgy and n,,; = 0.0. Therefore, a separation quality of
1.0 indicates complete separation; a quality of 0.0, no separation.

Evaluation of the product concentrations was performed by evaluating the
peak concentration and the maximum average concentration at 90% recovery.
Recovery of 90% was used so that peak tails would not drive the product con-

centration artificially low. The maximum average concentration means that the

product cut was made to maximize the average concentration at 90%.
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4.5.3 Displacer Concentration Effects

The product concentrations of the amino acids depend heavily on the dis-
placer concentration. In the fixed-bed and CAC run (see Figs. 4.12 and 4.13),
a displacer of 100 mM NaOH was used and the product concentrations reached
the theoretical limits predicted by Glueckauf’s method. Here, a series of ex-
periments on the CAC were made by varying displacer concentration. Figure
4.14 is an example of a run with a displacer concentration of 80 mM NaOH.
In this experiment, the peak concentrations approached 80 mM and the model
predictions agreed fairly well with the experiments. The effect that varying the
displacer concentration had on the separation quality and on the peak and av-
erage concentrations was investigated. Displacer concentrations from 40 to 120

mM were used.

In Fig. 4.15, the separation quality is plotted as a function of the displacer
concentration. The quality of the glutamic acid-leucine separation was equal
to 1 over the entire range of displacer concentrations studied. Model calcula-
tions agree with these data. This, of course, results from the fact that valine was
present between the two, making the separation quality very high. Experimental
and theoretical calculations for valine-leucine and glutamic acid-valine are only
in approximate agreement. In these cases, 7y 4., zy is smaller than predicted
and NGy v ar is larger than predicted. Possible explanations are the assump-
tions of constant separation factors and no transport resistance. On the other
hand, ngry /v a1 is larger than predicted, probably because of the assumption

of constant separation factors.

This could not be an effect of mass transport because the model assumes none.
If transport resistance were a relevant factor here, the model would predict a
higher relevant separation quality, as in the valine-leucine separation quality. In
either case, both theory and experiment show that separation quality is relatively
independent of the displacer concentration. This allows experiments to be made

with different displacer concentrations without having to worry about reduced
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separation efficiencies.

Figure 4.16 shows the effect of displacer concentration on average product
concentration. Here, the model predictions for leucine are higher than the ex-
perimental data, while those of glutamic acid and valine agree quite well with
the data. Figs. 4.17 and 4.18 illustrate the effects of displacer concentration on
peak concentration. Fig. 4.17 uses the numerical model for prediction and Fig.
4.18 uses Glueckauf’s method. Glueckauf’s method tends to match the exper-
imental data somewhat more closely because the calculations were made from
experimental equilibrium data and not from the assumed constant separation

factor isotherm.

In general, increasing the displacer concentration increases the product con-
centrations, which can be adequately predicted in models assuming local equi-

librium.

4.5.4 Feed Concentration Effects

Feed concentrations of 10, 15, and 25 mM of each amino acid were tested while
keeping other base conditions constant at base values. The effects on separation
quality and on average and peak concentration are shown in Figs. 4.19, 4.21,

and 4.22.

Figure 4.19 shows the effect that feed concentration has on separation quality.
Experimental data and theoretical predictions do not quantitatively agree but
the same trend is predicted. (The same number of stages is used here as in
previously described runs.) An increase in the feed concentration at constant
conditions increased the separation quality over the range studied. This is con-
trary to what would be expected in an elution technique where large loadings
decrease the resolution. Figure 4.20 is an example of an experimental run and
theoretical calculation at 10 mM concentrations each of glutamic acid, valine,

and leucine. It is readily apparent from this figure that isotachic concentrations
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158



ORNL DWG 89A-210

140 T T T | I
g‘ EXPERIMENTAL
~ 100 L @ GLUTAMIC ACID |
> A VALINE
i B LEUCINE
>
(@]
2 100 |- .
ac a— — T—
° T et =
5 = .
80 - s -
:1 /// )
/
z
o /s 3
= 60 / i ]
o / 7/ I
z i
g 40 -'/ u 1
8 'y
o o CALCULATED VALUES:
< 20 —mm—  GLUTAMIC ACID -
o — — — VALINE
> LEUCINE
0 | | ] | i
0 5 10 15 20 25 30

FEED CONCENTRATION (mM)

Fig. 4.22. Experimental and calculated values of the effect of feed concen-
tration on average concentration at base conditions (Table 4.5).

159



have not been reached. This is indicated by the dispersed nature of the exper-
imental peaks, lack of boundary sharpness, and absence of plateau regions. By
increasing the loading, or feed concentration in this case, isotachic conditions
are reached sooner. This implies that in each bed there is a minimum load-
ing required to attain isotachic conditions. The upper limit, of course, will be
when the column becomes overloaded. On the other hand, at low to moderate
loading, once isotachic conditions are reached, dispersive effects can cause di-
lution. : ‘erefore, there must be an optimum loading that is neither too small
nor too large. In practice, there is a range between overloaded conditions and
nonisotachic conditions where separation quality is relatively constant.

In Figs. 4.21 and 4.22, the effects of feed concentration on peak and average
concentrations are illustrated. Predictions and experimental data agree on a
qualitative basis but not on a quantitative one. As discussed earlier, an op-
timum loading or feed concentration is required to reach isotachic conditions.
These graphs lend support to this theory. For isotachic conditions the peak
concentration should be independent of the feed concentration. At low feed
concentrations, if isotachic conditions are not reached, the expected average
and peak concentrations will be lower. Both the model and the experiments
support the fact that at low feed concentrations, isotachic conditions may not
be reached in short columns. A good test of the loading required might be
conditions where peak and average concentrations in Figs. 4.21 and 4.22 do not
significantly change with feed concentration. Model predictions of concentration
profiles in these two plots tend to form a plateau like region at a feed concentra-
tion of 15 mM. However, it is easily seen that the experimental values have not,
as yet, become constant, indicating that the model underestimates the amount

of loading required to achieve isotachic conditions.
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4.5.5 Rotation Rate Effects

The effect of rotation rate on separation quality and on average and peak
concentrations was investigated. Rotation rates of 20 and 30° /h were explored
experimentally. Model predictions with rotation rates from 5 to 40°h were also
made. The effect of rotation rates on separation quality is shown in Fig. 4.23.
The separation quality between valine and leucine, ny 4. /1 v, is relatively con-
stant but begins to decrease with increasing rotation rate. 75,y v 4., on the
other hand, constantly increases with rotation rate until about 30° /h and then
begins to decrease. By increasing the rotation rate, the amount of loading in any
1° sector decreases. At high rotation rates, the “loading per degree” decreases
therefore the column can no longer attain isotachic conditions. For example,
while in the limit of no rotation, the feed section in the CAC behaves analo-
gously to a fixed-bed column that is continuously fed with feed mixture. The
effluent from a column with no rotation will have a separation quality of zero
and peak and average product concentrations equal to their feed concentrations.
If rotation rate is too low, the amino acid feed elutes from the column before the
displacer is applied and does not receive the full benefit of the displacer solution.

Fig. 4.24 is a model calculation at base conditions with a 10° /h rotation rate.

We note that the leucine peak has acquired a plateau, reaching isotachic
condition. The profiles for glutamic acid and valine are, however, more com-
plicated, exhibiting three plateaus and a low degree of separation. The leading
glutamic acid plateau and the gradual rising of valine from zero to about 40
mM result from the competitive adsorption of glutamic acid, valine, and leucine
during loading of the feed onto the hydrogen form of the resin. The remaining
transitions are caused by the interference with the dispiacer. Of course, had
the bed been longer, the displacer wave would have overtaken the non-coherent
transitions displayed here for glutamic acid and valine forming a fully resolved
displacement train. The numerical model predicts that an absolute minimum

rotation rate of 15° /h is required if the displacer is to have the desired effect.
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The effect on peak and average concentration is shown in Figs. 4.25 and 4.26.
Peak concentration appeared to be independent of the rotation rate over the
range studied. However, at low rotation rates, the average concentration of
glutamic acid and valine slowly increased with increasing rotation rate.

At 30° /h the glutamic acid average concentration became fairly constant, as
it would for isotachic conditions. The separation quality between glutamic acid
and valine appeared to have a maximum at 30° /h indicating an optimum value
of rotation rate for separation. There is, in summary, a minimum rotation rates
that must be used to achieve isotachic conditions. If the rotation rate is too low,
the feed concentration is not effected by the displacer. On the other hand, if the
rotation rate is too high, the feed loading can be so low that isotachic conditions

cannot be reached.

4.5.6 Loading Application

The effect of how the CAC was loaded was investigated theoretically. In prin-
ciple, loading on the CAC can be increased by increasing the feed concentration
or increasing the feed sector arc. Therefore, a series of calculations using the
numerical model were performed which varied the feed concentration and the
feed sector length at a constant value of loading. All other model parameters

were kept constant. Loading was defined as
L=Cr*Qr , (4.52)

where Cr is the feed concentration and Qr is the feed flow rate. Since the
total flow rate was kept constant, an increase in the feed flow rate caused a
proportional increase in the feed arc. For each value of loading, L, a numerical
calculation was made assuming (1) a dilute feed with a wide feed arc, or (2) a
concentrated feed with a narrow feed arc. These represent the two extremes.
Feed concentrations were varied from 1.0 to 75 mM of each amino acid, with

corresponding feed sectors from 135° to 1.8°. Model calculations were made for
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both high and low loadings. At low to moderate loadings, the concentration
profiles in both of the two cases described above were identical even if the sys-
tem did not reach isotachic conditions. However, at overloaded conditions, the
profiles were different. Concentration profiles at constant loading at overloaded
conditions are shown in Fig. 4.27. An angle of 0° corresponds to the beginning of
the displacer sector. A comparison of the two predictions clearly shows that at
angles greater than O (after the displacer sector), the two concentration profiles
are identical but at angles less than O (before the displacer sector), the concen-
tration profiles are different. At a high feed concentration and narrow feed arc
(upper graph), a peak product concentration of 220 mM is achieved, while at
a low feed concentration and wide feed arc (lower graph), a peak concentration
of 80 mM was reached. Even though both profiles indicate no separation of
glutamic acid and valine, the former attained a concentration three times that
of the latter and, in some cases, might cause crystallization within the column.

Overloaded conditions where separation cannot be achieved is, of course, un-
desirable but it is important to be aware that at overloaded conditions, how
the column is loaded can be as important as how much is loaded. Fortunately,
wide feed sectors fed with low-concentration feed mixtures do not exhibit this
problem. An amino acid experiment at high loading at the base conditions in
Table 4.6 was performed with a 75° feed sector. Experimental and theoretical
concentration profiles are shown in Fig. 4.28 along with calculations based on
the equilibrium stage model with 50 stages. While experimental and calculated
profiles for leucine are in excellent agreement, there seems to be considerable
discrepancy for glutamic acid and valine indicating that a more accurate de-
scription of equilibrium and mass transfer resistances is required for a more
exact, quantitative comparison. More importantly, however, the experimental
results, which actually yielded a better separation than predicted by the model,
demonstrate operation of the CAC at high throughput. For these conditions the
feed flow rate was about 61 mL/min and the feed concentration 25 mM for each

amino acid. Three essentially pure product fractions containing approximately
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90% of each amino acid fed could be recovered from this run at an average

concentration of about 80 mM.

4.5.7 Nonbasic Displacer

A comparison was made between the numerical model at the base conditions
of Table 4.5 the (100 mM NaOH displacer) and conditions using a 100 mM
NaCl displacer. The resulting concentration profiles are shown in Fig. 4.29.

This figure indicates that NaOH is a much more efficient displacer.

With the NaOH displacer, the components exited at their isoelectric pH and
the solution pH approached the pH of the displacing solution once the amino
acids had been completely eluted from the column. If NaCl is used as a displacer,
the sodium ions exchanged with hydrogen, driving the column pH down while
maintaining the amino acids in their cationic form. In the cationic form they are
not excluded from the resin and so they are able to compete for ion-exchange
sites with the other components. Glutamic acid and valine do not compete
favorably with sodium, so they were somewhat displaced in front of the sodium
band. However, they eluted from the column at a much lower concentration than
when using a NaOH displacer. Leucine, on the other hand, competes favorably
with sodium for ion-exchange sites and eluted from the column as a peak mixed
with those ions. In many ways, this type of operation is similar to amino acid
elution chromatography with buffer solutions since the pH remains relatively

constant throughout the ion-exchange process.

4.6 SUMMARY AND CONCLUSIONS

Displacement separations of a glutamic acid-valine-leucine solution have becn
successfully demonstrated, for the first time, in the CAC. The product con-

centrations of the three amino acids could be determined by assuming local
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equilibrium and using Glueckauf’s method. The achievable product concentra-
tions depended on the displacer concentration, and were independent of the feed
concentration provided that isotachic conditions were attained. Product con-
centrations as high as four times the feed concentration were observed. Outlet
concentrations above the solubilities of glutamic acid in water were achieved in
both the fixed-bed and CAC experiments without crystallization within the bed.
This amino acid later crystallized from collected fractions that were undisturbed
for several days. This is ideal for a separation process: a low concentration mix-
ture to be separated is fed to a column and exits, separated from the other
components, with a very high concentration.

Glueckauf’s method was used to predict isotachic peak concentrations and
was very successful. However, in order to predict nonisotachic column trends,
an equilibrium-stage model was solved numerically. This model assumed local
equilibrium and used constant separation factors. Constant separation factors
could be assumed because the glutamic acid-valine separation was due to rather
large differences of their isoelectric points, while the valine-leucine separation
was due to differences in the amino acid’s specific affinity for the resin. In
systems with similar isoelectric points and similar affinities, the assumption of
constant separation factors may fail; therefore, the model predicts no separation.
In this case, the model developed by Saunders (1988) needs to be used to model
amino acid uptake. For the three amino acids used here, the assumption of
constant separation factors was fairly successful.

There was general agreement between the model and the experiments in the
case of isotachic conditions. The model also adequately described the peak
concentrations, elution angles, and the sodium breakthrough. For nonisotachic
conditions, the model tended to overpredict concentration profiles, giving them a
more isotachic nature and higher values. It did, however, predict general trends
in CAC operating parameters such as displacer concentration, feed concentra-
tion, and rotation rate. The numerical model also predicted nonisotachic and

overloaded conditions. It was determined that there is a minimum loading re-
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quired in a displacement development experiment to attain isotachic conditions.
For low to moderate loadings, it appears that it does not matter whether the
column is loaded with a narrow or with a wide feed sector. However, if the
column is overloaded, a wide feed sector with dilute feed is preferred. The rota-
tion rate, the feed concentration, and the feed sector determine column loading.
While the range of successful operating conditions appears to be broad, the right
combination must be used. For example, for successful displacerment chromatog-
raphy, the rotatio.. rate must be fast enough so that all of the feed is actually
displaced.

In summary, displacement chromatography has been demonstrated on the
CAC and product concentrations as high as iour times the feed concentration
have been observed. For successful displacement experiments, a minimuim load-
ing and a rotation rate are required to attain desired isotachic conditions. The
method of displacement chromatography applied to the CAC allows truly con-
tinuous, simultancous separations and concentrations to be performed while

increasing the sorbent column capacity.
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5. CONCLUSIONS AND RECOMMENDATIONS

Applications of the CAC concept to three different separation systems have
been investigated in detail.

The first system, the separation of industrial concentrated mixtures of sug-
ars, was chosen as an exarmple to highlight certain scaleup issues which are key
in determining the industrial application of CAC. Emphasis was placed on a
study of high feed loadings and high feed concentrations with an experimental,
pilot-scale, CAC unit. The results of this study were rather promising: the
CAC could be successfully operated with diluted industrial mixtures of sugars
at throughputs as high as 180 L/d of feed. These experiments verified the pos-
sibility of directly scaling up the design of a CAC unit from data obtained in
a small, laboratory, fixed-bed chromatographic column enly 0.95 cm in diame-
ter. At high feed concentrations, up to about 700 g/L, the CAC unit was still
operable although the separation performance was reduced. In these runs, the
sugar feed viscosity was as high as 20 times that of the eluent, causing significant
viscous fingering and dispersion problems. Interestingly, such viscosity-induced
nonidealities in the CAC were found to be not worse than those occurring in a
fixed-bed chromatograph for analogous conditions.

The second system that was investigated was the separation of dilute mix-
tures of metal ions using stepwise elution techniques. Here, multiple eluents
flowed simultaneously through the CAC unit with little mixing. Operation in
this mode provided greater specific throughputs, reduced product dilution, and
added additional flexibility in the selection of operating conditions. The ex-
perimental work was carried out in a bench-scale CAC unit. Comparison of a
mathematical model (based on the operation of a fixed bed) with the CAC re-
sults showed, again, that the CAC unit performed in a nearly ideal manner and
that the possibility exists of scaling up directly from fixed-bed chromatographic
data.

Finally, the third system investigated was the separation of mixtures of amino
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acids by displacement development. The CAC apparatus was modified to allow

up to four fluid streams to flow concurrently through the annular bed. With this

technique, separation and concentration of multicomponent mixtures could be
obtained simultaneously on the truly continuous basis of CAC operation. Again,
although an exact comparison of CAC and fixed-bed performance was not made,
qualitatively both operations could be directly scaled up semiquantitatively from
data obtained in static batch experiments.

These studies provide a considerable breadth of applications of the CAC con-
cept and allow some generalizations:

1. With CAC units ranging in diameter from 12 to 18 inches (30.5 to 45.7 cm)
and in length from 20 to 110 cm, the continuous separation performance was
found to be essentially the same as the batchwise separation performance of
a conventional fixed-bed chromatograph operated with analogous conditions.
This was observed virtually for all systems and modes of operation studied
experimentally, in spite of the fact that the effective hydrodynamic dispersion
in the CAC was at most twice as large as that in fixed beds. These data,
shown in Fig. 1.5, are scattered and should be extended to clarify by further
experimentation. Some exceptions to this “rule” may, however, exist in prac-
tice. First, if very small sorbent particle sizes (1 - 10um) were used (such as in
HPLC separations), hydrodynamic dispersion would acquire a more dominant
role, because of the very small mass transfer resistances inherent to the very
small particles. CAC performance with these particles would be somewhat
less efficient than the equivalent column. Secondly, for rapidly equilibrating
systems such as gas phase processes, where the role of mass transfer resis-
tance is very small and hydrodynamic dispersion determines the separation
performance even with large sorbent particle, the CAC’s performance might
be inferior to column chromatography.

2. A variety of operating modes are possible in CAC operation. The apparatus
retains its relative mechanical simplicity in comparison with fixed-bed pro-

cesses. No precisely timed valving systems for feed introduction and product
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removal are necessary. However, an adequate flow distribution system is re-
quired, although this would not be any more complex than that required by
a fixed-bed system of comparable capacity.

3. The chief advantages of CAC over fixed-bed operations are likely the simplic-
ity of the apparatus and its truly continuous operationa! capabilities. The
latter is especially significant when the chromatographic system is to be cou-
pled to other continuous unit operations both upstream and downstream of
the separation process. At the same time, however, as 2 continuous process,
CAC loses some of the flexibility of conventional chromatography. As any
other continuous steady-state operation, the CAC must be designed and opti-
mized for a specific separation task. Changing the task or altering operating
conditions would require redesign for optimum cperation.

Further work on the CAC is recommended in the following areas:

1. The effects of sorbent particle size on hydrodynamic dispersion in the CAC
should be investigated. Only 50 pym particles were used in the study by
Howard (1987). While this small size provides a stringent test of the effects
of dispersion on separation performance because of the relatively low mass
transfer resistance, there may be other phenomena associated with the use of
larger particle sizes.

2. Viscous fingering was shown to have a large detrimental effect on the sepa-
ration performance of the scaled-up sugar system. No quantitative stndy of
this phenomenon is currently available in the literature, either for CAC or
for fixed-bed operations. Such information would have more general use than
just for sugar systems.

3. Mathematical models were developed for the varicus experimental systems
and modes of operation. These models were developed in such a way as
to require a minimum of independently experimental information. Only the
models for amino acid displacement require the “fit” of a (single) parameter to
experimental concentration profiles. These models are very nseful for design

and approximate optimization of the process. More sophisticated models,
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however, should be developed to improve the predictive ability by accounting
for the details of transport processes and equilibrium behavior of the various
systems.

. Finally, new applications should be investigated. Biotechnology, for instance,
offers many interesting application opportunities. One example is the sep-
aration and purification of monoclenal antibodies produced in cell culture
systems. These systems are often operated continuously and may benefit
from the development of a truly continuous separation system. Work in this
area is currently in progress at the University of Virginia (UVa)as part of the

continued UVa/ORNL collaborative research program.
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