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Separation of Proteins via pH Parametric Pumping

H. T. CHEN,* U. PANCHAROEN, W. T. YANG,
C. O. KEROBO, and R. J. PARISI

DEPARTMENT OF CHEMICAL ENGINEERING
NEW JERSEY INSTITUTE OF TECHNOLOGY
NEWARK, NEW JERSEY 07102

Abstract

An equilibrium theory is used to study pH parametric pumps. Simple graphi-
cal procedures for predicting the separation are presented. It is shown that a
parapump with a series of columns packed alternately with cation and anion
exchangers is capable of yielding very high separation factors. Experimental
results are in qualitative agreement with theory.

INTRODUCTION

Parametric pumping is a separation process which involves reciprocating
flow of the mixture to be separated through a fixed bed and, simultane-
ously, synchronous cyclic variation of an intensive variable, such as gas
pressure, solution temperature, or solution pH. Applications of parametric
pumping involving the separation of valuable materials such as proteins
would be very attractive and profitable to investigate.

Many experimental and theoretical studies have been carried out for
the separations by thermal and heatless (or pressure cycling) parametric
pumping. By contrast, very little work has been done on pH parametric
pumping. Included are the studies of Sabadell and Sweed (6), Shaffer and
Hamrin (7), and Chen et al. (1, 2).

In this paper we investigate various versions of pH-driven parametric
pumps. We apply a simple equilibrium theory (3-5) to predict the protein
separation. Also, some experimental results are presented.

*To whom correspondence should be addressed.

1377
Copyright © 1980 by Marcel Dekker, Inc.



13: 54 25 January 2011

Downl oaded At:

1378 CHEN ET AL.

Q(_g_) Automatic
~—— Titrator
b Q (pH= Py)
v 3
TT ——-Q Dialyzer (1S,)
pieTe
XU
X
l ——p Dialyzer (1S,)
Vg B
1 Automatic
b-—J Titrator
() (pH=P,)

g

FiG. 1. Column diagram for pH parametric pumping.

ONE-COLUMN PARAMETRIC PUMPING SYSTEM

The first system we will consider is shown in Fig. 1. It consists of a
column packed with an ion exchanger (cation or anion) and reservoirs
attached to each end. The pump has dead volumes V; and Vj for the top
and bottom reservoirs, respectively. Initially, the mixture to be separated
fills the column voids, the top reservoir, and the bottom dead volume. The
top reservoir is maintained at a low pH level (P,) by an automatic titrator
while a second titrator is used to keep the bottom reservoir at a high pH
level (P,). The buffer ionic strengths for solutions in both top and bottom
reservoirs are kept at IS, and IS, respectively, by means of two hollow
fiber dialyzers manufactured by Amicon.

Two constant pH fields (P, and P,) are imposed periodically on the
system. During the first half-cycle, the fluid with pH = P, in the top
reservoir is pumped into the top of the column. At the same time, solution
that emerges from the column fills the bottom reservoir. On the next half-
cycle, the solution with pH = P, in the bottom reservoir flows back to
the column. At the end of this half-cycle, the top reservoir is filled with the
solution that comes forth from the top of the column, and one cycle is
completed. This procedure is repeated in each of the succeeding cycles
until the desired number of cycles is obtained.
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FI1G. 2. Schematic for equilibrium plug flow model.

EQUILIBRIUM PLUG FLOW MODEL

We will deduce the characteristics of the pH parametric pump described
above via a simple discrete transfer equilibrium stage model. Let us
assume that the adsorbent bed is divided into N equal segments or cells
(stages) of length Z/N, where Z is the length of the pump column. Each
stage is represented as (I, J), where [ is the stage number and J is the
transfer step (Fig. 2). The system is initially in equilibrium at J — 1, and
each cell has uniform concentrations in both fluid and solid phases. In the
transfer step each fluid section is displaced exactly one step ahead. Thus
the fluid y(I, J — 1) originally opposite the solid section 7 is now opposite
I + 1. After the transfer step the phase equilibrium is immediately reestab-
lished and the next transfer step J begins.

The mass balance for each component at 7 and J is

Vyd — 1,J — 1) + Vx(, J — 1) = Vy(I, J) + Vx(I, J) )

where V and V are the volumes of the fluid and the solid phases per stage,
respectively, and will be assumed to be constant. Furthermore, we will
make the following assumptions:

(a) The solute will be distributed between the solid and fluid phases
according to a linear form,

x =ky @
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where k is pH-dependent only.

(b) Hydrogen ion does not exchange for the exchanger’s counterion,
and therefore there is no lag of pH wave velocity behind the linear
liquid velocity.

Proteins carry both negatively and positively charged groups and can
be bound to both anion and cation exchangers. Their net charge is depend-
ent on pH. At low pH the net charge is positive; at high pH it is negative.
At the point of zero net charge, the isoelectric point, the substances are
not bound to any type of ion exchanger.

Suppose we are concerned with the separation of a Protein A from a
mixture or solution, and this protein has the isoelectric point 7, and P, <
I, < P,. Thus A will bear a negative charge at P, and a positive charge
at P,, whereupon A will be taken up by a suitable cationic exchanger,
R~ (with the counterion S*) at P, and released at P, :

R™S* + A* 5> R™A* +S*, atP,
R A* +S8* - R ST+ A", atP,

Therefore, a parametric pump operating with levels of P; and P, should
be capable of removing the Solute A from the low pH end of the column
and concentrating it at the high pH end. A reversed effect will occur if
an anion exchanger is selected.

Concentration transients calculated by means of Egs. (1) and (2) are
shown in Fig. 3. The ordinate is the average reservoir concentration
divided by the initial liquid-phase concentrations. As long as o = 1, the
steady-state concentrations in both top and bottom reservoirs are inde-
pendent of N chosen. « is defined as the quotient of the reservoir displace-
ment and the column void volume (i.e., number of transfer steps/number
of stages). Note that when o = 1, N = Q(n/w)/V.

GRAPHICAL SOLUTION FOR ONE-COLUMN SYSTEM

The approach presented here starts from the model of Grevillot and
Tondeur (3). However, they are concerned with the direct mode of
thermal parametric pumping, and we extend it to the recuperative mode
of pH parametric pumping. Also, the development is based on N =1
and o = 1. As stated before, when o = 1, the steady-state separation
is independent of the stages (¥) chosen.

The pump consists of a column packed with cation exchanger and
reservoirs attached to each end. The pH values of the top and bottom reser-
voirs are maintained at given levels P, (= 6) and P, (= 8), respectively.
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F1G. 3. Effect of N on concentration transients.

As shown in Fig. 4, the operation begins with the column filled with the
mixture of concentration y,, everywhere at equilibrium with the solid. The
initial pH in the column is high (or P, = 8). Also, there is fluid of the same
initial concentration in the top reservoir. The first fluid motion is down-
ward, and V; = Vp = 0. Let x and y be the concentration of A in the solid
and fluid phases, respectively. Using Eq. (2), we draw two equilibrium lines
(with slopes equal to &, and k,,) on an x-y diagram. The initial concentra-
tion in the column (y,; x,) is represented by the point y,. One cycle of the
operation includes four steps, and the effect of the operation for the first
cycle is as follows:

(a) Transfer down: The fluid in TR (top reservoir) is transferred to the
column, and the fluid in the column is transferred to BR (bottom
reservoir). Therefore, the bottom reservoir concentration for the
first cycle is yq.

(b) Equilibration at P,: The column pH is changed from P; to P,.
The two phases are then allowed to equilibrate at P,. This leads
to a new composition in the column (yr,; xr1), represented by the
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F1G. 4. Graphical solution for i« cne-column parametric pumping system.

point yr;. The point is located at the intersection of equilibrium
line k,, and of the operating line passing through (yo; x,). The
slope of the operating line is (— V/¥). (See Eq. 1.)

Transfer up: The solution in column is brought to TR and the
solution in BR is returned to the column. The composition in the
column is now (ygy; X1y).

Equilibration at P;: The column pH is shifted back to P,. The
phase equilibrium is reestablished. The new equilibrium point
(¥g2; X52), represented by the point yy,, is located at the intersec-
tion of the equilibrium line k,, and of the operating line passing
through (yg,; x7,) and having a slope of (— ¥/V). This ends the
first cycle.

The second cycle will start from a transfer of the fraction y;; from
TR to the column and the fraction yz, to BR. We then follow the steps
described above (see Fig. 4). If the procedure is repeated in each of the
succeeding cycles, one can see that as n becomes large, the top and bottom
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reservoir concentrations will approach steady values, ie., {(y;>, and
{¥p) «» respectively. At steady state the solid phase has a constant compo-
sition which is in equilibrium with both {y;>, and {yp)., i.e., x =

kp{Vp>w = kp,{¥1>x, and therefore, the line <{yr).<{ys),, must be
parallel to the y axis.

TWO-COLUMN PARAMETRIC PUMPING SYSTEM

The system has two columns and three reservoirs as shown in Fig. 5.
One column is packed with a cation exchanger (R™) and the other with
an anion exchanger (R*). The pH level for the top and bottom reservoirs
is maintained at P, (= 8) and that for the middle reservoir is kept at
P, (= 6). Initially, the top reservoir and both columns are filled with a
mixture of the concentration y,. The R™ and R* columns are respectively
in equilibrium at P, (= 8) and P, (= 6). One cycle of operation is
described as follows:

(a) Transfer down:

Step 1. The fluid in TR is transferred to the R* column, and the
content in the R* column goes to MR (middle reservoir).

Step 2. The content of the R™ column goes to BR and the fluid
in MR is transferred to the R~ column.

(b) Equilibration: The pH in the R* column is changed from P, to
P,, and at the same time the pH in the R™ column is shifted from

Ist cycle 2nd cycle

¢ Transfer Transfer Transfer Transfer
Down Equil. Up Equil. Down Equil. Up Equil.
Ist 2nd ist 2nd Ist 2nd ist 2nd
TR
PH= p, ALY (8 y,(8) 2 8
(8) // e
4 /
Rt Yo huo®/ %8} ¥, (8) i€ YA€) "y (8) ¥r2(8)7 ’ym(e) Yua(6)
Xmo\  Xmo Xy / i X2\ *me X1z /%12 *mae
MR / /
pH=p, Yo (6) i (8) Yn2(6) ya(6)
(6) \ \
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FIG. 5. Description of a two-column parametric pumping system.



13: 54 25 January 2011

Downl oaded At:

1384 CHEN ET AL.

P, to P,. Thus reequilibrium is allowed in both columns.

() Transfer up: The content in BR is brought back to the R~ column.
The content in the R~ is pushed through MR and goes back to the
R* column. The content in the R* column is transferred to TR.

(d) Equilibration: The pH is switched from P, to P, for the R*
column, and from P, to P; for the R~ column. The phase equi-
librium is reestablished in both columns. Thus one cycle is
completed.

The procedure is repeated for each of the succeeding cycles. The
graphical representation is shown in Fig. 6. In this figure there are four
equilibrium lines with slopes, respectively, k,,~, k,,”, k,,*, and k,,*.
k, ~ and k,,” are the equilibrium constants of Solute A in the R~ column
while k,,* and k,,* are for A in the R* column. For the purpose of
illustration, we assume that k,,” = k, * and k,,~ = k,,*. However,
other conditions are conceivable. The graphical construction is similar to
that described for the one-column system. From Fig. 6, (J1r>w, Vus
(= Yus = Yus), and {yp>, are, respectively, the steady-state concentra-
tions for the top, middle, and bottom reservoirs. By connecting the points
V1Y s Yiuss Vs and {yg> ., a two-step staircase is formed. Note that at

=k+

k;z Py
|.5( Yus
Yus \\~
________ k> =k *
=== P, Pa
Yri™ Y /= \ } I AN ‘
| ] | 1 <y.>
ol " y/ ! ANAVAVANAY 8%
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FIG. 6. Graphical solution for a two-column parametric pumping system.
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steady state the fraction in the middle reservoir is such that it is in equi-
librium with both cation and anion exchangers at pH = P,, i.e., yys =
(kg Dr- = Vius = (xkp,

In the R* column the Solute A migrates from the high pH end (pH = 8)
toward the low pH end (pH = 6), whereas in the R™ column it moves in
the opposite direction. Therefore, we accumulate the Solute A at the high
pH end of the R™ column, i.e., the bottom reservoir. If we replot Figs.
4 and 6 to show the separation factor ({yg>,/<{¥r>.) Vs # (Fig. 7), one can
see that the two-column system is much preferable.

MULTICOLUMN PARAMETRIC PUMPING SYSTEM

The two-column system just described can be extended to the multi-
column system (Fig. 8). The system consists of top and bottom reservoirs
and a series of columns and middle reservoirs, i.e., M columns and
(M — 1) middle reservoirs (where M = even number). The columns with
odd numbers are packed with anion exchangers and the remaining columns
are with cation exchangers. pH in both top and bottom reservoirs is

v
P2<In< Py 5 =3

- - + -
kpz = kp| = 1.58
= +
o™ kpl = kpz = 0.5 2
| One Column (Cation)
5 2 Two Columns (Cation +Anion )
S.F
<y5>n el
<y.rz
4 -
|
2 -
1 1 1 1 1 1 ]
o] 2 4 6 8 o] 12 14

n

FIG. 7. Separation factors vs n for one- and two-column parametric pumps.
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Fic. 8. Graphical solution for a multicolumn parametric pumping system.

maintained at P, (high pH). The pH values for the middle reservoirs,
MR, MR,, ..., MRy, _, are, respectively, P,, Py, P,, ..., P,. At each
transfer step the entire mobile phase in each column is transferred to the
middle reservoir and then to the next column. Immediately after a transfer
step the two phases in each column are allowed to come to equilibrium.
The graphical construction can be made in the same way as described for
the one- and two-column parapump systems. After a certain number of
cycles the construction converges toward a limit, represented by an M-step
staircase between k,, *, k, 7, k,,*, and k,,”. A very high separation factor
(s> w/{¥r>s) can be obtained when M becomes large. Figure 9 shows
the dependence of the steady-state separation factor ((yp)./{¥r>) on
M. As M increases, ({Vp)o/{¥10o) increases without limit. Note that
the results are based on the equilibrium theory, which provides the upper
limit of separation of the process.

The picture of batch parametric pump operations developed in the
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F1G. 9. Steady-state separation factors vs number of columns.

present paper can also be extended to continuous parapump systems and
will be presented in subsequent papers.

EXPERIMENTAL DATA

The experimental apparatus was similar to that used previously (Z, 2).
The systems selected to be examined experimentally were haemoglobin-
buffer and albumin-buffer. The isoelectric points for haemoglobin and
albumin are 6.7 and 4.7, respectively. The ion exchangers used were CM-
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FiG. 10. Experimental results for one-column parametric pump.

Sepharose (cation, R™) and DEAE-Sepharose (anion, R*) manufactured
by Pharmacia Fine Chemicals. The results are shown in Figs. 10 and 11.
For all runs « was set approximately equal to 1, and the reservoir displace-
ment was 0.017 cm?/sec.

Figure 10 illustrates the separation factor ({yp),/{¥r>,) Vs n for a one-
column parametric pump. Initially, the feed solution containing a solute
(haemoglobin or albumin) was present in the top reservoirs only. The
column and the bottom reservoir dead volume were filled with the buffer
solution of pH = 8. The buffer solutions were made from monobasic and
dibasic sodium phosphate. The top and bottom reservoirs were maintained
atpH = 6 (P,) and pH = 8 (P,), respectively, so that the isoelectric point
of haemoglobin would lie between the two pH levels. As a result of a
change in the column pH, haemoglobin experiences a change in the net
charge and migrates toward the high pH end or the bottom reservoir. Thus
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FiG. 11. Comparison of experimental results between one- and two-column
parametric pumps.

the separation factor (SF) for hemoglobin increases with n and approaches
a limiting value. For the case of albumin, I, ;pumin = 4.7 < P,, and the net
charge is always negative during upflow and downflow. As a result, the
albumin concentration is unaffected by the parametric pumping opera-
tion and remains at zero.

Figure 11 shows the comparison of one- and two-column parapumps.
For all cases (Runs 3, 4, and 5) the solute (albumin) was present in the
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columns and reservoirs in concentration y, initially. Two pH levels, 4 and
6, were chosen to bracket the isoelectric point of albumin. The buffers used
for this part of the experiments were mixtures of acetic acid, sodium
acetate, and sodium chloride. As the theory predicts, albumin is concen-
trated at the low pH end of the R* column (Run 3) and at the high pH
end of the R™ column (Run 4). Also, the two-column parapump has
much higher separating capability than the one-column unit.

CONCLUSIONS

The performance of pH parametric pumps is analyzed in terms of an
equilibrium theory. We have examined one-, two-, and multicolumn
parapump systems, and shown by graphical construction on the equi-
librium diagram how the separation builds up from cycle to cycle. The
results indicate that parametric pumping can be quite effective if a system
consisting of a series of columns packed alternately with cation and anion
exchangers is chosen.

The separation capability of one- and two-column parapumping is
demonstrated experimentally for the systems of haemoglobin-buffer-CM
Sepharose, albumin-buffer~CM Sepharose, and albumin-buffer—-CM
Sepharose-DEAE Sepharose. A separation factor greater than 20 has been
obtained. Observed values are in qualitative agreement with the parapump
theory.

SYMBOLS

1 stage number
1, isoelectric point of i
IS, ionic strength in the bottom reservoir
IS, ionic strength in the top reservoir
J transfer step
k x/y, equilibrium constant
equilibrium constant at pH = P,
equilibrium constant at pH = P,
n number of cycles of pump operation
M number of columns
N  number of stages or cells
Py high pH level
P, low pH level
Q reservoir displacement rate, cm?/sec
V' volume of fluid phase per stage, cm>
V  volume of solid phase per stage, cm?
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Vs  bottom reservoir dead volume, cm?
Vyr  middle reservoir dead volume, ¢cm?
Vr top reservoir dead volume, cm?
x concentration of solute in the solid phase, kg mole/cm?
% concentration of solute in the fluid phase, kg mole/cm?
concentration of solute in the feed, kg mole/cm?
{Veon average concentration of solute in the bottom reservoir at nth
cycle, kg mole/cm?
Vrdn average concentration of solute in the top reservoir at snth cycle,
kg mole/cm?
8w steady-state concentration of solute in the bottom reservoir,
kg mole/cm?
O1dw steady-state concentration of solute in the top reservoir, kg
mole/cm?
o (reservoir displacement)/(column void volume)
Ttjw duration of upflow or downflow
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