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A new protein fractionation technique presented transfers ammonium sulfate to cre-
ate a gradient of ammonium sulfate inside a membrane unit for differential precipita-
tion of proteins called ‘‘centrifugal precipitation chromatography.’’ Because it does not
require any solid support, it should pro®ide a better alternati®e to the con®entional chro-
matography with solid stationary phase. To understand the phenomena and achie®e a
better separation, a mathematical model explaining the ammonium sulfate gradient for-
mation inside the stationary membrane unit is in®estigated. The model is extended with
empirical correlation to the centrifugal membrane unit } a new approach for protein
purification. The model agreed well with the experiments for both stationary and cen-
trifugal units. Upon using the model to calculate the ammonium sulfate gradient forma-
tion in a membrane unit, this new technique can be useful in separating a mixture of
proteins whose solubility in ammonium sulfate solution differs. To demonstrate the
technique experimentally, mixtures of proteins are loaded into the column; the partial
resolution between proteins is achie®ed with the step concentration switch of the inlet
ammonium sulfate solution.

Introduction

Although several new techniques in protein purification
have evolved over the past three decades, ammonium sulfate
precipitation is still the preferable method for crude protein

Žpurification, especially in large-scale separation Englard and
.Seifter, 1990, and Bell et al., 1983 . Ammonium sulfate pre-

cipitation is, perhaps, the most inexpensive technique avail-
able, the simplest one to operate, and yet does not harm most

Ž .proteins and enzymes Scopes, 1994 . These advantages, com-
bined with a relatively high degree of recovery, make the
technique very favorable. Unfortunately, because the solubil-
ity of proteins is slightly different, a common batch-process
ammonium sulfate precipitation usually does not yield a
high-purity protein.

Several groups of researchers thus attempted to improve
the protein purity by performing a differential ammonium
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Žsulfate precipitation in a batch, continuous stirred-tank Fos-
. Žter et al., 1976 and continuous tubular mixer Virkar et al.,

. w Ž .x1982 for a review of the subject, consult Rothstein 1994 .
Although, in principle, performing the precipitation in this
manner could yield high-purity proteins, it was very tedious
and complicated, especially when it was desirable to purify
several proteins, which had similar solubility, from crude mix-

Ž .tures. In order to overcome the complexity, Porath 1962 and
Ž .King 1972 developed a method of ammonium sulfate pre-

cipitation in a chromatographic column, sometimes called
‘‘zone precipitation.’’ In general, a concentration gradient of
ammonium sulfate was first formed in the column by retard-
ing salt with a solid support, for example, Sephadex or Celite.
When proteins were loaded into the column, they precipi-
tated according to their solubility. Then a gradient of ammo-
nium sulfate was shifted toward the outlet by lowering the
ammonium sulfate concentration fed into the column. As a
gradient was shifted, proteins dissolved, reprecipitated, and
were finally eluted from the column in the order correspond-
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ing to their solubility. This procedure, however, had the
drawback that proteins were adsorbed on the solid support.
In addition, the efficiency of the separation in this procedure
was reduced by the difference in the ability of small and large

Ž .precipitates to travel in a column Porath, 1962 .
Ž .Recently, Ito 1999 proposed the alternative technique of

inducing the ammonium sulfate gradient inside the mem-
brane unit by using the transfer of ammonium sulfate across
the membrane. Because the membrane’s surface area was
much smaller than the surface area of the Sephadex or Celite
used previously, the problem of interaction between the solid
phase and the proteins would be minimized. Moreover, the
ammonium sulfate gradient inside a membrane unit was eas-
ier to predict and control, compared to that in the packed
column; hence, the results became more reproducible. In ad-
dition, it was possible to apply an additional force, such as
the centrifugal force, to improve the sedimentation and frac-
tionation of smaller precipitates.

Conceptually, the technique, which is called ‘‘centrifugal
precipitation chromatography’’ by Ito, depends on the trans-
fer of ammonium sulfate across a membrane. As shown in
Figure 1, a parallel-flow membrane unit is used to form a
gradient inside the water channel. The membrane unit is
mainly composed of two channels, separated by a piece of
semipermeable membrane, which allows the ammonium sul-
fate to pass through from the salt channel to the water chan-
nel, but retains proteins in the water channel. The salt chan-
nel contains an ammonium sulfate solution at high flow rate,
while the water and protein solution is supplied to the water
channel. The flow rate in the salt channel is much greater
than the flow rate in the water channel in order to enhance
the mass transfer of ammonium sulfate across a membrane.
Due to the transfer of ammonium sulfate from the salt chan-
nel to the water channel, the ammonium sulfate gradient in
the water channel is formed, with the salt concentration in-
creasing as away from the inlet of the water channel. After
the ammonium sulfate gradient is formed, proteins are in-
jected into the water channel. Proteins travel in the water
channel until the salt concentration in the water channel
reaches the critical solubility of each protein; then the pro-
teins precipitate. To improve the sedimentation of precipi-
tates, centrifugal force is applied. After the proteins precipi-
tate, the ammonium sulfate concentration at the inlet of the
salt channel decreases, causing the ammonium sulfate gradi-
ent and protein precipitates in the water channel to shift to-

Figure 1. Parallel flow membrane unit to form an ammo-
nium sulfate gradient in the water channel to
facilitate the precipitation of the protein mix-
ture.

Figure 2. Instrument for centrifugal precipitation chro-
matography.
Ž . Ž .a The actual column. b Chromatographic system for cen-

Ž .trifugal precipitation chromatography after Ito, 1999 .

Ž .ward the outlet, just as is described in Porath 1962 and King
Ž .1972 for packed column. With repetitive dissolution and
precipitation, proteins will be fractionated and a high purity
of the protein products can be achieved.

The actual instrument consists of a separation column made
Žof a pair of flat disks high-density polyethylene, 13.5 cm in

.diameter and 1.5 cm in thickness with a spiral-shaped groove
Ž .1.5 mm wide and 2 mm deep at the periphery, as shown in
Figure 2a. The spiral groove in the left disk is the mirror
image to that in the right disk, so that with the proper align-
ment these two spiral grooves can be made to form a single
spiral channel. The regenerated-cellulose dialysis membrane
sheet is sandwiched between them to form two channels, as
shown in Figure 2a. The disks are tightly pressed in order to
seal against leakage. The column assembly is mounted on a
sealless continuous flow centrifuge that allows continuous
elution through the multiple flow lines of the rotating column

Ž .without the use of rotary seals Ito et al., 1970 . The column
is connected to pumps and the detector, as shown in Figure
2b.

Because the ammonium sulfate gradient profile inside the
water channel is crucial to success in this technique, forma-
tion of the gradient is simulated numerically in this article. In
the first part of the article, we discuss the mathematical model
of the steady-state stationary membrane unit. Then, by using
the model developed here, we estimate two important pa-
rameters involved in the mass transfer, mass-transfer coeffi-

Ž . Ž .cient k , and coefficient of the convective flux L acrossm P
a membrane by fitting the numerical results with the experi-
mental data for the stationary membrane unit. After having
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established the model for the stationary membrane unit, we
propose an empirical correlation to extend the model to the
centrifugal membrane unit, which is the unit used for protein
fractionation by precipitation. Then the examples of gradi-
ents forming in the membrane unit under the actual operat-
ing condition are provided along with a discussion on using
the gradients to facilitate the separation of proteins. Finally,
we use the technique to separate the myoglobin, hemoglobin,
and g-globulin mixture, and the myoglobin, hemoglobin, and
fibrinogen mixture with a step concentration switch of the
inlet ammonium sulfate solution.

Method and Materials
Apparatus

An HPLC gradient pump was used to provide a step con-
centration switch of ammonium sulfate solution fed into the
salt channel. The centrifugal precipitation chromatography

Ž .was performed in the unit described by Ito 1999 , as shown
in Figure 2. A UV monitor and a strip-chart recorder were
used to measure the absorbance of the eluent at 280 nm.

Materials
Ammonium sulfate, monobasic and dibasic potassium

Žphosphates were all of reagent grade Mallinckrodt Baker,
. ŽParis, KY . Water of a chromatographic grade Fisher Scien-

.tific, Fair Lawn, NJ was used for preparing 50 mM potas-
Žsium phosphate buffer, with a pH 6.8. Myoglobin horse

. Ž . Žheart , human serum albumin HSA , fibrinogen bovine
. Žplasma , and bovine g-globulin were obtained from Sigma St.

.Louis, MO .

Centrifugal precipitation chromatography of proteins
A 50-mM potassium phosphate, pH 6.8, and 95% satu-

rated ammonium sulfate aqueous solution was prepared. Pro-
teins were weighed and dissolved in a potassium phosphate
buffer. The desired concentrated ammonium sulfate solution
was initially fed into the salt channel by mixing the 95% satu-
rated ammonium sulfate solution and water with a HPLC
gradient pump, while the 50-mM potassium phosphate buffer,
pH 6.8, was fed into the water channel under centrifugation
at 2,000 rpm. After supplying the desired concentrated am-
monium sulfate to the salt channel for 4 h, 1 mL of a protein
solution was injected into the water channel in order to es-
tablish the gradient formation for protein precipitation. After
30 min, the centrifugation was terminated and the precipi-
tates in the water channel were flushed out by switching from
the ammonium sulfate solution in the salt channel to water.
The chromatogram was recorded using a UV monitor and a
chart recorder. The eluent was collected by the fraction col-
lector every 10 min. To analyze the fractionated eluent, the
desired fractions were desalted by ultracentrifuge. After that,
the desalted samples were analyzed by sodium dodecyl sul-

Ž .fate polyacrylamide gel electrophoresis SDS-PAGE on a
4]20% gel.

Model Development
The mathematical model discussed here follows the ap-

Ž .proach of Jaffrin et al. 1990 for simultaneous hemodialysis
and ultrafiltration, with some modifications. We incorporated

the pressure variation, velocity, and the effect of frictional
force, which were not mentioned in the original model. The
model is described as follows.

In general, the transfer of ammonium sulfate across the
membrane comes from the net results of the convective flux
of water and the diffusion flux of ammonium sulfate. The
convective flux of water is mainly a result of the differences
in osmotic pressures between the salt and water channels,
while the diffusion flux of ammonium sulfate is a result of
the differences in ammonium sulfate concentration in the salt
and water channels. Mathematically, the mass transfer of am-
monium sulfate across a membrane from the salt channel to

Ž .the water channel for small convective flux J , in whichV
concentration polarization is considered, can be expressed as
Ž .Jaffrin et al., 1990

1 1
K C yC y J K q CŽ .0 SS SW V 0 SSž /2k km S

1 1
q q C , 1Ž .SWž /2k km W

where K is the overall mass transfer coefficient across the0
membrane; k is the mass-transfer coefficient of ammoniumm
sulfate in the membrane; k and k are the mass-transferS W
coefficients of ammonium sulfate in the salt and water chan-
nels, respectively; C and C are the salt concentration inSS SW
the salt and water channels, respectively; and J is the con-V
vective flux of water across the membrane. Note that J isV
positive when the net convective flux is from the water chan-
nel to the salt channel and is negative when the net convec-
tive flux is from the salt channel to the water channel.

Based on Eq. 1, the mass balance of salt and the equation
of continuity in both channels are as follows.

Mass Balance of Salt in Salt and Water Channels.

­ K0
F C n sy C yCŽ . Ž .SS S SS SW­ z hS

J K 1 1 1 1V 0
q q C q q C 2aŽ .SS SWž / ž /h 2k k 2k kS m S m W

­ K0
C n s C yCŽ . Ž .SW W SS SW­ z hW

J K 1 1 1 1V 0
y q C q q C . 2bŽ .SS SWž / ž /h 2k k 2k kW m S m W

Equation of Continuity.

­ ­ C ­r ­ J rSS S V m
F r n sFn qFr n sŽ .S S S S Sž / ž /­ z ­ z ­ C ­ z hSS S

3aŽ .

­ ­ C ­r ­ J rSW W V m
r n sn q r n sy .Ž .W W W W Wž / ž /­ z ­ z ­ C ­ z hSW W

3bŽ .

Note that, because of the very high Peclet number in both
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Ž .channels Pe41,000 , dispersion is neglected in Eqs. 2a and
2b. Also, in order to make the model work in both the cocur-
rent and countercurrent membrane units, we introduce the
new parameter F. This parameter depends on the direction
of the flow: F is 1 for cocurrent and y1 for countercurrent,
respectively. Moreover, it should be pointed out that the
Cartesian coordinate could be used, because the width of the
channel is much smaller than the radius of the disk; hence,
the effect of curvature can be neglected.

Besides the mass balance of salt and the equations of con-
tinuity, the equations of motion have to be considered in or-
der to explain the effect of friction and the variation in pres-
sure along the channels. Assuming that the transfer of mo-
mentum due to the mass transfer across the membrane is
small when compared to the frictional losses and the convec-

Ž .tion, as suggested by Bird et al. 1960 , the equations of mo-
tion can be written as follows.

Equations of Motion.

P­ ­ n J rf S V m
r Fn n qF P syt y 4aŽ .S S S S w­ z ­ z A hxS S

P­ ­ n J rf W V m
r n n q P syt q 4bŽ .W W W W w­ z ­ z A hxW W

Boundary conditions
Because the pressures at the outlets were the atmospheric

pressure, Eqs. 2 to 4 can be solved numerically, since the
inlet concentrations and the inlet volumetric flow rate in both
channels were operating variables, which were usually set by
the operator. In order to solve the equations, however, we
needed to know the correlation of the overall mass transfer

Ž .of ammonium sulfate across the membrane K , the volu-0
Ž .metric flux across the membrane J , and the momentumV

Ž .losses due to frictional force t .w

Correlation for K , J , and t0 V w

The following correlations, obtained from the literature,
Ž . Žwere used to calculate K Jakob, 1949 , J Kessler and0 V

. Ž .Klein, 1992 , and t Bird et al., 1960 .w

1 1
s 5aŽ .

K 1rk q1rk q1rk0 S m W

J sy L P y P ys P yP 5bw x Ž .Ž . Ž .V P S W S W

w q hŽ .m i2t s r n f , subscript i is S and W , 5cŽ .w i i w hm i

Žwhere s is the Staverman reflection coefficient, and k massS
. Žtransfer coefficient in the salt channel and k mass trans-W

.fer coefficient in the water channel can be calculated from
Ž . Ž .Jakob 1949 as suggested by Jaffrin et al. 1990

D w q hŽ .sw m i nk s A ? Gz 5dŽ .i 2w hm i

24n w hi m i
Gzs 5eŽ .ž /D L w q hsw m i

where

As2.2 and ns0.32 for Gz)330
As4.4 and ns0.20 for 15FGzF330
As7.6 and ns0 for Gz-15.

Numerical Methods
The fourth-order Runge-Kutta method with a step size of

0.01 and the shooting method were used to solve Eqs. 2 to 4
simultaneously. First, for the countercurrent membrane unit,
we guessed the salt concentration and the volumetric flow
rate at the outlet of the salt channel and the pressure at the
inlet of the water channel. Then we calculated the inlet con-
centration and the inlet volumetric flow rate of the salt chan-
nel, and the pressure at the outlet of the water channel. Af-
ter that, if the calculated variables did not match those speci-
fied in the boundary conditions, we iterated until the calcu-
lated inlet concentration and inlet flow rate of the salt chan-
nel and the pressure at the outlet of the water channel
matched those specified in the boundary conditions. Nor-
mally, no more than 10 iterations were needed. The toler-
ance was set at 10y5 for all calculations.

The numerical method was similar for the cocurrent mem-
brane unit. However, in that case, we iterated for the salt and
water channel outlet pressures by guessing the inlet pressure
of the salt and water channels instead.

Results and Discussions
Estimation of k and L for stationary membrane unitm P

Using the mathematical model just discussed with the pa-
rameter values listed in Table 1, two important parameters,

Žk mass-transfer coefficient of ammonium sulfate in a mem-m
. Žbrane and L coefficient of the convective across a mem-P
.brane , were obtained by fitting the computed concentration

of ammonium sulfate and the computed flow rate at the out-
let of the water channel with the experimental data, reported

Ž .by Ito 1999 . From the computation, k and L that gavem P
the best agreement between the numerical and experimental
results for the fed water flow rate of 0.2 mLrmin and the
feed ammonium sulfate flow rate of 1.0 mLrmin for the re-
generated cellulose membrane were shown in Table 2. As
seen in Table 2, k and J depended on the location of them V
water and salt channels and also on the molecular weight

Ž .cutoff MWCO of the membrane. The differences in k andm
L due to the MWCO were expected since different mem-P
branes had different average pore sizes.

In order to evaluate the estimated k and L , the volu-m P
metric flow rate and ammonium sulfate concentration at the
exit of the water channel were calculated at different fed-
water flow rates by using the estimated k and L from Tablem P
2. As shown in Figures 3 and 4, the numerical results agreed
well with the experimental results. Hence, the model and the
estimated k and L can be used to explain the transportm P
processes across the membrane and the transport processes
in both ammonium sulfate and water channels for a station-
ary membrane unit.

Estimation of k and L for centrifugal membrane unitm P

In order to facilitate the protein precipitation in water
Ž .lower channel, centrifugal force is normally applied. With
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Table 1. Parameters and Physical Properties Used in the Numerical Analysis

Parameters Values Remarks
y1 y1 y3Ž . Ž .m kg ?m ? s 1.00=10 Bird et al. 1960S

Assume that m is equal to m of waterS
y1 y1 y3Ž . Ž .m kg ?m ? s 1.00=10 Bird et al. 1960W

Assume that m is equal to m of waterW
y3Ž . Ž .r kg ?m Function of salt Perry and Green 1973S
y3Ž . Ž .r kg ?m Function of salt Perry and Green 1973m
y3Ž . Ž .r kg ?m Function of salt Perry and Green 1973W

Ž .s 0.03 Approximated from Bailey and Ollis 1986
2 y1 y9Ž . Ž .D m ? s 0.92=10 Int. Critical Table, Vol. 5, p. 65 1930SW

Ž . Ž .h m 0.002 Ito 1999S
Ž . Ž .h m 0.002 Ito 1999W

Ž . Ž .L m 1.70 Ito 1999
y3Ž . Ž .w m 1.50=10 Ito 1999m

Table 2. Mass-Transfer Coefficient in the Membrane, k , and Coefficient of the Convective Flux Across a Membrane, L , form P
Different Molecular Weight Cutoff of the Membrane and Flow ConfigurationU

y1 2 y1Ž . Ž .MWCO Upper Channel Lower Channel k m ? s L m ? s ?kgm P
y7 y126,000]8,000 Ammonium sulfate Water 6.505=10 1.716=10
y7 y126,000]8,000 Water Ammonium sulfate 4.347=10 1.090=10
y6 y1212,000]14,000 Ammonium sulfate Water 1.110=10 2.060=10
y7 y1212,000]14,000 Water Ammonium sulfate 5.925=10 1.373=10

UL and k were obtained by fitting the numerical result with experimental data of the stationary membrane unit.P m

the introduction of centrifugal force, both the mass transfer
of salt and the momentum transfer of fluid flowing in the
channel would be influenced. Therefore, there is a need to
extend the model discussed earlier to include the effect of
the centrifugal force.

( ) ( )Figure 3. Experimental symbols and calculated lines
ammonium sulfate transfer rate through the
membrane, defined as the ratio of the outlet
concentration of ammonium sulfate in the wa-
ter channel to the feed concentration of am-
monium sulfate in the salt channel as a func-
tion of feed flow rates in the water channel.
Ninety-five % saturation ammonium sulfate solution was fed
into the salt channel. No rotation was applied. The length of

Ž .the channels L is 1.7 m. The legend indicates the solution
fed in the upperrsolution fed in the lower channel and mem-
brane MWCO. The solid lines represent the numerical re-
sults of membrane with 6,000 MWCO, and the dashed lines
represent the numerical result of membrane with 12,000

Ž .MWCO. Experimental data were obtained from Ito 1999 .

While a rigorous analysis of the effect of centrifugal force
on the membrane unit in 2-D or 3-D is extremely difficult, we
can deduce some important observations from the experi-
ments. With the introduction of centrifugal force, it can be
seen from a comparison of Figures 3 and 4 with Figures 5
and 6 that both diffusion flux and convection flux were en-

( ) ( )Figure 4. Experimental symbols and calculated lines
output flow-rate percentage of the water
channel, defined as the percentage of the flow
rate at the outlet to that at the inlet of the wa-
ter channel as a function of flow rates in the
water channel.
Ninety-five % saturation ammonium sulfate solution was fed
into the salt channel. No rotation was applied. The length of

Ž .the channels L is 1.7 m. The legend indicates the solution
fed in the upperrsolution fed in the lower channel and mem-
brane MWCO. The solid lines represent the numerical re-
sults of membrane with 6,000 MWCO, and the dashed lines
represent the numerical result of membrane with 12,000

Ž .MWCO. Experimental data were obtained from Ito 1999 .
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( ) ( )Figure 5. Experimental symbols and calculated lines
ammonium sulfate transfer rate through the
membrane, defined as the ratio of the outlet
concentration of ammonium sulfate in the wa-
ter channel to the feed concentration of am-
monium sulfate in the salt channel as a func-
tion of feed flow rates in the water channel and
the revolution of a membrane unit.
Ninety-five % saturation ammonium sulfate solution was fed
into the upper channel and water was fed into the lower

Ž .channel. The length of the channels L is 1.7 m. The leg-
Ž .end indicates the revolution speed rpm of the membrane

unit and membrane MWCO. The solid lines represent the
numerical results of membrane with 6,000 MWCO, and the
dashed lines represent the numerical result of membrane
with 12,000 MWCO. Experimental data were obtained from

Ž .Ito 1999 .

( ) ( )Figure 6. Experimental symbols and calculated lines
output flow-rate percentage of the water
channel, defined as the percentage of the flow
rate at the outlet to that at the inlet of the wa-
ter channel as a function of flow rates in the
water channel and the revolution of a mem-
brane unit.
Ninety-five % saturation ammonium sulfate solution was fed
into the upper channel and water was fed into the lower

Ž .channel. The length of the channels L is 1.7 m. The leg-
Ž .end indicates the revolution speed rpm of the membrane

unit and membrane MWCO. The solid lines represent the
numerical results of membrane with 6,000 MWCO, and the
dashed lines represent the numerical result of membrane
with 12,000 MWCO. Experimental data were obtained from

Ž .Ito 1999 .

hanced by the centrifugal force. Based on the investigations
of fluid flowing in a rotating pipe in which it is concluded
that centrifugal force would induce the secondary flow in the

Ž .pipe Ito and Nanbu, 1971; Launder and Tselepidakis, 1994 ,
it is believed that the centrifugal force also induces a similar
secondary flow in the channels of centrifugal precipitation
chromatography. As a result, this secondary flow will likely
influence both mass and momentum transfers in the channels
of centrifugal precipitation chromatography. For a moder-
ately fast rotating pipe and low Reynolds number, as in the
case of fluid flowing in both channels of centrifugal precipita-

Ž .tion chromatography, Ito and Nanbu 1971 suggested that
the frictional losses would depend more strongly on the revo-
lution than the Reynolds number. Therefore, we proposed
that the overall mass-transfer coefficient and the frictional
losses inside the channels could be modified and expressed
as

1 1
s 6aŽ .

K a rpm, n rk q1rk q b rpm, n rkŽ . Ž .0 S S m W W

For salt channel: t s l rpm, n =tŽ .wS, rotation S S wS , no rotation

6bŽ .

For water channel: t s l rpm, nŽ .wW , rotation W W

=t . 6cŽ .wW , no rotation

Equations 6a to 6c imply that the centrifugal force en-
hances the mass transfer and increases the frictional losses in
the channels in ways similar to those generally observed in
the fluid flowing in the rotating pipe.

With these assumptions, we investigated the values of b ,
a , l , and l by fitting the numerical results with the exper-S W
imental data at revolutions of 1,000 rpm and 2,000 rpm, an
inlet water flow rate of 0.2 mLrmin, and an inlet ammonium
sulfate flow rate of 1.0 mLrmin. From the computation, brkW
was found to be very small, on the order of 10y6, while a
was found to be equal to 1 in both revolutions. Therefore,
the term brk could be deleted from the expression for theW
overall mass-transfer coefficient across a membrane. This
finding, in turn, implied that the centrifugal force dramati-
cally enhanced the mass transfer in the water channel, as dis-
cussed before. For the frictional losses we found from the
analysis that while l was equal to 1 at all revolutions, lS W
depended on the revolution. The dependence of l on theW
revolution is shown in Figure 7. From Figure 7, we saw that
the values of l were strongly dependent on the revolution;W

Ž .l was higher when the revolution rpm increased. It is in-W
teresting to note that while the centrifugal force effect on the
transport processes in the water channel is quite strong, the
centrifugal force effect on the transport processes in the salt
channel is insignificant. Perhaps, these wide differences are
caused by the different directions the fluid flows in the water
and salt channels with reference to the centrifugal force.

In order to evaluate the proposed correlation for the cen-
trifugal membrane unit, the numerical analysis at different
flow rates was made and compared with the experimental re-
sults. As seen in Figures 5 and 6, the numerical results agreed
well with the experimental data. Some deviations at the high
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( )Figure 7. l dependence on the revolution rpm of aW
membrane unit.

inlet water flow rate probably indicate the weak dependence
of n on b and l , which were neglected in the correlation.W W

Steady-state gradient formation in a centrifugal membrane
unit

In order to obtain an insight into what happened in both
the water and salt channels under the actual operating condi-
tions, the numerical analysis of the steady-state gradient for-

Žmation in the countercurrent membrane MWCO
.6,000]8,000 unit was evaluated using the model discussed

earlier and the parameters listed in Tables 1 and 2. The nu-
merical results were shown in Figure 8. Note that in the nu-
merical analysis, ammonium sulfate was pumped into the up-
per channel and water was fed into the lower channel, since
this countercurrent flow configuration enhanced the transfer
of ammonium sulfate across the membrane.

From Figure 8a, it can be seen that the ammonium sulfate
concentration in the upper channel does not change much
with respect to the distance from the inlet, except when the
higher degree of saturated ammonium sulfate solution is fed
into the upper channel. With the more concentrated ammo-
nium sulfate solution fed into the upper channel, the mass
transfer across the membrane is generally greater, and so a
larger amount of ammonium sulfate is permeated out of the
salt channel.

On the other hand, the salt concentration in the water
channel is a strong function of the distance from the inlet. As
shown in Figure 8b, the concentration of ammonium sulfate
in the water channel increases rapidly, especially when highly
concentrated ammonium sulfate is fed into the salt channel.
When highly concentrated ammonium sulfate is fed into the
salt channel, the reflection point in the early portion of the
curves can be seen, possibly reflecting the changes in the
transport mechanism. Perhaps, the greater convective flux
from the water channel to the salt channel, due to the greater
differences in osmotic pressure, is the main cause of the re-
flection point.

An analysis of the velocity and pressure profiles was also
Ž .performed data not shown . Generally, we found that large

convective flux across the membrane from the water channel

Figure 8. Steady-state concentration profile of ammo-
nium sulfate concentration in the salt channel
( ) ( )a and in the water channel b of a counter-
current unit with rotation of 2,000 rpm.
The different ammonium sulfate solutions were fed into the

Ž .upper channel as indicated in the legend % saturation .
Empirical correlation discussed in the text was used in the
numerical analysis. Ammonium sulfate flow rate was 1.0
mLrmin and water flow rate was 0.06 mLrmin.

to the salt channel decreased the velocity in the water chan-
nel and increased the velocity in the salt channel. This effect
was higher when more concentrated ammonium sulfate was
fed into the salt channel, since the convective flux from the
water channel to the salt channel was higher in that case. As

Ž .for the pressure profiles data not shown , there generally
were no significant changes when a different ammonium sul-
fate concentration solution was fed into the channels, espe-
cially the salt channel. For the pressure in the water channel,
the greatest change was less than 5% for the geometry of the
unit considered here. Note that if the channels were longer
or if the process was scaled up, the pressure could play an
important role.

Similar numerical results were also obtained for the cocur-
Ž .rent membrane unit data not shown . The important differ-

ence between these two different flow directions was that less
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( ) ( ) ( ) ( )Figure 9. a Chromatogram of myoglobin A , hemoglobin B , and fibrinogen C : 10 mg of each protein was dis-
( )solved in 1 mL phosphate buffer and injected into the water channel; b SDS-PAGE of the fractionated

samples.
80% ammonium sulfate solution was fed in the salt channel for 4 h, after which the precipitates were eluted out by feeding water into the
salt channel and the centrifugation was stopped.

ammonium sulfate was generally permeated with the cocur-
rent membrane unit.

As shown in Figure 8b, the ammonium sulfate gradient
profiles were formed inside the water channel. These gradi-
ents could be used to facilitate the fractionation of proteins
by precipitation and dissolution. In fact, the gradient of am-
monium sulfate inside the water channel was one of the im-
portant factors that determined the retention time and the
resolution of proteins in this technique. However, in order to
predict the resolution of protein mixtures and the retention
time of proteins, the solubility of proteins in ammonium sul-
fate solution also has to be considered.

Separation of protein mixtures by centrifugal precipitation
chromatography

To demonstrate the ability of the technique to separate
Ž .proteins, a mixture of myoglobin horse heart , hemoglobin

Ž . Ž .human , and fibrinogen bovine plasma and a mixture of

Ž . Ž .myoglobin horse heart , human serum albumin HSA , and
bovine g-globulin were injected into the water channel, while
an appropriate degree of saturated ammonium sulfate solu-
tion was continuously fed into the salt channel for 4 h to
facilitate the precipitation of proteins. After that, the protein
precipitates were flushed out. The chromatograms of these
separations are shown in Figures 9 and 10. To analyze the
fractionated sample qualitatively, the fractionated samples
were desalted and subjected to SDS-PAGE. The results of
SDS-PAGE are also shown in Figures 9 and 10.

After injecting the mixture of myoglobin, hemoglobin, and
fibrinogen into the centrifugal precipitation chromatography,
myoglobin was the first protein to elute out, followed by
hemoglobin and fibrinogen, as indicated in Figure 9a. The
elution sequence of these three proteins from centrifugal
precipitation chromatography are in agreement with the solu-
bility properties of these proteins reported by Cohn and Ed-

Ž .sall 1943 , in which myoglobin is the most soluble protein in
an ammonium sulfate solution, while fibrinogen is the least
soluble protein in that solution. The same agreement is also
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( ) ( ) ( ) ( ) ( )Figure 10. a Chromatogram of myoglobin A , human serum albumin B , and g -globulin C ; b SDS-PAGE of the
fractionated samples.
5 mg of each protein was dissolved in 1 mL phosphate buffer and injected into the water channel; 75% ammonium sulfate solution was
fed in the salt channel for 4 h, after which the precipitates were eluted out by feeding water into the salt channel and stopping the
centrifugation.

held for the mixture of myoglobin, hemoglobin, and g-globu-
lin.

As seen in Figures 9 and 10, the partial resolution of pro-
teins was generally achieved. The partial resolution of pro-
teins indicated that the ammonium sulfate gradient existed
inside the water channel. Moreover, we observed that the

Ž .resolution of human serum albumin HSA and g-globulin
depended on the ammonium sulfate gradient in the water
channel. Consequently, by utilizing the optimum ammonium
sulfate gradient inside the water channel, a better resolution
of these mixtures of protein should be possible. For example,
in order to obtain a better resolution of the myoglobin, hu-
man serum albumin, and g-globulin mixture, a gradual reduc-
tion of the ammonium sulfate solution at the inlet of the salt
channel should be pursued, instead of a step concentration
switch of the inlet ammonium sulfate solution.

Conclusions
In this article, a new technique utilizing the mass transfer

of ammonium sulfate across a membrane to establish the gra-
dient profile of ammonium sulfate in the water channel and
to facilitate the separation of protein by ammonium sulfate

Ž .precipitation as proposed by Ito 1999 was discussed. We
have solved the mathematical model to explain the ammo-
nium sulfate gradient formation, which is one of the impor-
tant factors of the technique. From the numerical analysis,
the technique should operate well for the fractionation of a
mixture of proteins whose solubility in ammonium sulfate so-
lution differs from each other. This article offers the plat-
form for the mathematical model to predict the resolution
and the retention of proteins by this technique. A model that
can be used to predict the retention time of protein by incor-
porating the solubility of proteins with the ammonium sulfate
gradient profile in the water channel will be presented in the
subsequent paper.

To demonstrate the ability of the technique to purify pro-
teins, mixtures of proteins were injected into the water chan-
nel. Partial resolutions were obtained when a step concentra-
tion switch of inlet ammonium sulfate in the salt channel was
applied. From the experimental results, the resolution was a
function of the degree of saturation of ammonium sulfate so-
lution fed into the salt channel. Therefore, the resolution
could be improved significantly if the gradual decrease of
ammonium sulfate concentration at the inlet of the salt chan-
nel was applied.
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Although most of the discussions in the article were about
ammonium sulfate precipitation, the technique should be
feasible for differing precipitating agents, such as polyeth-
ylene glycol and acid, assuming the precipitating agent could
permeate across the membrane. As a result, the separation of
proteins using this technique can be applied to the fractiona-
tion of other biomolecules by differential precipitation.
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Notation
Asparameter correlating Sherwood number with Graetz

number
A , A scross-sectional flow of the salt and water channel, m2

xS xW
D sdiffusivity of salt in water, m2 ? sy1

sw
f sfrictional factor

GzsGraetz number
h , h sdepth of the salt and water channels, mS W

Lstotal length of membrane, m
n sparameter correlating Sherwood number to Graetz

number
P swet perimeter, mf

P , P spressure in the salt and water channel, PaS W
tstime, s

® , ® sfluid velocity in the salt and water channel, m ? sy1
S W

w smembrane width, mm
zsdistance from the inlet, m

m , m sviscosity of fluid in the salt and water channels, kg ?my1
S W

? sy1

r saverage density of fluid inside the membrane, kg ?my3
m

r , r sdensity of fluid in the salt and water channels, kg ?my3
S W

P , P sosmotic pressure in the salt and water channel, PaS W
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