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A new protein fractionation technique presented transfers ammonium sulfate to cre-
aie a gradient of ammonium sulfate inside a membrane unit for differential precipita-
tion of proteins called “centrifugal precipitation chromutography.” Because it does not
requiire any solid suppor, it should provide a better alternative to the conventional chro-
matography with solid stationary phase. To understand the phenomena and achieve a
better separation, @ mathematical model explaining the ammonium sulfate gradient for-
mation inside the stationary membrane unit is investigated. The ntodel 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-
wrifugal unies. Upon using the model to calculute the ammonium sulfate gradient forma-
tion in a membrane unit, this new technique can be useftd in separating a mixture of
proteins whose solubility in ammonium sulfate solution differs. To demonstrate the
technigue experimentally, mixtures of proteins are loaded into the column; the partial
resolution between proteins is achieved with the step concentration switch of the inlet

ammonium sulfate solution.

Introduction

Although several new techpiques in protein purification
have evolved over the past three decades, ammonium sulfate
precipitation is still the preferable method for crude protein
purification, especiaily 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 1o operate, and yet does not harm most
proteins and enzymes {Scopes, 1994). These advantages, com-
bined with a relatively high degrec of recovery, make the
technique very favorable. Unfortunately, because the solubil-
ity of proteins is slightly different, 3 common batch-process
ammonium sulfate precipitation usually does not vield a
nigh-purity protein.

Scveral groups of researchers thus attempred to improve
the protein purity by performing a differential ammonium
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sulfate precipitation in a batch, continuous stirred-tank (Fos-
ter et al., 1976) and continuous tubular mixer (Virkar et al.,
1982) [for a review of the subject, consult Rothstein (199431
Although, in principle, performing the precipitation in this
manner could yicld high-purity proteins, it was very tedious
and complicated, especially when it was desirable (o purify
several proteing, which had similag solubility, from crude mix-
tures, In order to avercome the complexity, Porath {1962) and
King {1972} devetoped a method of ammonium sulfate pre-
cipitation in a chromatographic column, sometimes called
“zone precipitation.” In general, a concentration gradient of
ammonium suifate was first formed in the column by relard-
ing salt with a solid support. for example, Sephadex or Celite.
When proteins were loaded into the celumn, they precipi-
tated according to their solubility, Then a gradient of ammo-
miu sulfate was shifted toward the outlet by lowering the
ammonium sul{ate concentration fed into the column, As a
gradicnt was shifted, proteins dissolved, reprecipitated, and
were finally eluted (rom the column in the order correspond-
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ing to their solubility. This procedure, however, had the
drawhack that prowing were adsorbed on the solid support.
In adedition, the efficiency ol the separation in this procedure
was reduced by the ditference in the abitity of small and large
precipilates to wavel ina column (Porath, 1962),

Recently, [to (1999) proposed the alternative technique of
inducing the ammonium sulfate gradient inside the mem-
brane unit by using the transfer of ammonium sulfate scross
the membrane. Because the membrane’s surface area was
much smaller than the surface area of the Sephadex or Celie
used previously, the problem of interaction berween the solid
phase and the proteins would be minimized. Morcover, the
ammonium sulfate gradient inside a membrane unit was cas-
icr to predict and control, comparcd 10 that in the packed
column: henee, the results became mare reproducible. In ad-
dition, it was possible to apply an additional foree, such as
the centrifugal force. to improve the sedimentation and frac-
tienation of smaller precipitates.

Conceptually. the technique, which is called *centrifugal
precipitation chromatography™ by [to, 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 vnit s
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 containg an armmonium sulfate solution at high flow rate.
while the watcr and protein soiution 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.
Duc to the transfer of ammoninm suifate 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 waler channel. Proteins travel in the water
channel untii the salt concentration in the water channel
reaches the critical solubility of cach protein; then the pro-
teins precipitate. To improve the sedimentation of precipi-
tates, centrifugal focce is applied. After the proteins precipi-
tate, the ammonium suifaic 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-

Salt chaanel (S) (NH.J:80,

K,
ﬁ J Mgmbrane

EN Water channel (W)

Water ——=

Figure 1. Parallel flow membrane unit to form an ammo-
nium sullate gradient in the water channel to
facilitate the precipitation of the protein mix-
ture.
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Figure 2. Instrument for centrifugal precipitation chro-
matography.

{u} The actual column, (b) Chromatographic svstem for cen-
trifupal precipitation chromatography fatter lto, 199%)

ward the outlet, just as is described in Porath (1962} and King
(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 actugl instrument consists of a separation column made
af a pair of flat disks (high-density polyethylene, 13.5 em in
diameler and 1.5 cm in thickness) with a spiral-shaped groove
(1.5 mm wide and 2 mn deep) at the peripkery, as shown in
Fipure 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 thesc two spiral grooves can be made to form a single
spiral channcl. The regencrated-cellulose dialysis membrane
sheet is sandwiched between them to form two channels, as
shown in Figure 2a. The disks arc tightly pressed in order to
scal aganst teakage. The column assembly 38 moumed on a
scalless continuous flow centrifuge that allows continuous
elution through the multiple flow lines of the rotating column
without the use of rotary scals (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 numecrically 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 lwo important pa-
rameters involved in the mass transfer, mass-transfer coeffi-
cient {£,,), and coefticient of the convective flux (L ) across
a membrane by filling the numerical results with the experi-
mental data for the stationary membrane unit. After having
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cstabtisned the model for the stationary membranc unit, we
propose an empirical coreelation (o extend the model to the
centrifugal membrane unit, which is the unit used for protein
fractionation by precipitation. Then the cxamples of gradi-
enis forming in the membrane unit under the actual operat-
ing condition are provided along with 3 discussion on using
the gradients to facilitate the separation of proteins, Finaily,
we use the technigue to separale the myoglobin, hemoglobtn,
and y-globulin mixture, and the myoglobin, hemoglettin, and
fibrinogen mixture with a step concentralion switch of the
{nlet ammoenium sulfate solution.

Method and Materials
Apparatus

An HPLC gradient pump was used to provide a step con-
centration switch of ammonium suifate solution fed into the
sali channel. The centrifugal precipitation chromatography
was performed in the unit described by [to {1999), as shown
in Figure 2. A UV maonitor and a strip-chart recorder were
used to measurc the absorbance of the eluent at 280 nm,

Materials

Ammoenium sulfate, monobasic and dibasic potassiom
phosphates were all of reagent grade (Mallinckrodt Baker,
Paris, KY). Water of a chromatographic grade (Fisher Scien-
tific, Fair Lawn, NJ) was used for preparing 50 mM potas-
sium phosphate buffer, with a pH 6.8. Myoglobin (horse
heart), human scrum albumin (HSA), fibrinogen (bovine
plasmal, and bovine y-globulin were obtained from Sigma (St
Louis, MO).

Centrifugal precipitation chromatography of proteins

A 50-mM potassivm phosphate, pH 6.8, and 935% satu-
rated ammonium sulfate aqueous solution was prepared. Pro-
teins were weighed and dissolved in a potassium phosphate
buffer. The desired concentrated ammonium sultate solution
was initially fed into the salt channel by mixing the 939 sau-
rated ammonium sulfate solution and water with a HPLC
gradicnt pump, while the 50-mM potassium phosphate buffer,
pH 6.8, was fed into the water channe) under centritugation
at 2,000 rpm. Aftec supplying the desired concentrated am-
monium suifate to the sait channel for 4 h, 1 mL of a protein
soluticn was injected into the water channel in order to ¢s-
tablish the gradient formmion for prolein precipitation. After
30 min, the centrifugation was terminated and the precipi-
tates in the water channe! were flushed out by switching from
the ammonium sulfate solution in the salt channel o water.
The chremategram was recorded using a UV moniter and a
chart recorder. The ciuent was collected by the fraction col-
lector every 10 min. To analyze the fractionated cluent, the
desired fractions were desalted by ultracentrifuge, After that,
the desalted samples were analyzed by sadium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) on a
4=20% gel.

Model Development

The mathematical model discussed here follows the ap-
proach of Jaffrin et al. (1990 for simuitaneous hemodialysis
and ultrafiliration, with some modifications. We incorporated
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the pressure variation, velocity, and the effeet of frictional
foree, which were not mentioned in the original model. The
mode! is described os foliows,

In generai, 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 2 resuit of the differences
in osmotic pressures between the salt and water chanacls,
while the diffusion flux of ammonium sulfate is a result of
the dilferences in ammenium suifate concentration in the salt
and water channels. Mathematically, the mass transfer of am-
monium sulfate across @ membranc from the salt channel to
the water channel for small convective flux {J,.), in which
concentration polacization is considered, can be expressed as
(Jaffrin et al., 1990)

1 1
KO(CS_\‘-CI\‘”,')_J!VAI”[(,)k + E‘)Css
- 5

m

1 l )
+(m+a)csw} (1)

where K is the overall mass transfer coefficient across the
membrane; %, is the mass-transfer cocfficient of ammonium
sulfate in the memprane; kg and k. are the mass-transfer
cocfficients of ammonium sulfate in the salt and water chan-
nels, respectively, Cgg and Cgyy are the salt conceantration in
the salt and water channels, respectively; and J,, is the con-
vective flux of water across the membrane. Note that J;, is
positive when the net convective flux is from the water chao-
nel 10 the salt channel and is negative when the net convec-
tive flux is from the sult channel to the water channel.

Bascd on Eq. 1, the mass balance of salt and the eguation
of continuity in both channels are as foilows,

Mass Balance of Salt in Salt and Water Channels.
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Note that, because of the very high Peclet number in bath
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channels { Pe = LO00), dispersion is neglected in Egs. 2a and
2h. Also, in order to make the model work in both the cocur-
rent and countercurrent membrane units, we introduce the
new parameter ®. This parameter depends on the direction
of the flow: b 15 1 for cocurrent and — | for countercurrent,
respectively, Moreover, it should be pointed out that the
Cartesian coordinate could be used, because the width of the
channel s 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 (o be considered in or-
der 10 explain the etfect of friction and the variation in pres-
sure aiong the channels. Assuming that the transfer of mo-
mentum due to the mass transfer across the membranc is
small when compared to the frictional losses and the convec-
tion, as suggested by Bird et al. (1960}, the equations of mo-
tion can be written as follows,

Equations of Motion.

J F P vedy P
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Boundary conditions

Because the pressures at the outlets were the atmospheric
pressure, Eqs. 2 o 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 10 know the correlation of the overall mass transfer
of ammonium sulfate across the membrane (K,), the volu-
metric flux across the membrane (J,), and the momentum
losses due to frictional force (1)

Correlation for Ky, J,,, and =,

The following correlations, obtained from the literature,
were used to caleulate K, (Jakob, 1949}, J,. (Kessler and
Klein, 1992), and ~, (Bird et al.,, 1960).

1 I
Ky  l/kg+ Lk, +1/k,
Jyo= = Lp[(Ps = Py)y— o (Tis - T1,)] {(5b)
1 (Wlm + hi)

Tw = BV
H’mhr

(5a)

[, subscript i is Sand W, (5c)

where o is the Staverman reflection coefficient, and kg (mass
transfer cocfficient in the salt channel) and &, {mass trans-
fer coefficient in the water channel) can be caleulated from
Jakob {1949} as suggested by Jaffrin et al. (1990)

Do (W + h1)

where
A=22 and n=0.32 for Gz>330
A=44 and n=020 forld5<Gz <330
A=T76 and n=1) 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 Egs. 2to 4
simultaneously. First, for the countercurrent membrang 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 inlct 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 werc needed. The toler-
ance was set at 10 7% 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 unit

Using the mathematical model just discussed with the pa-
rameter valucs listed in Table 1, two important parameters,
k. (mass-transfer coefficient of ammonium sulfate in a mem-
brane) and L, (coefficient of the convective across a mem-
brane), were obtained by fitting the computed concentration
of ammonium sulfate and the computed flow rate at the out-
lct of the water channel with the experimental data, reported
by Tte {1999). From the computation, %, and L, that gave
the best agreement between the numerical and experimental
results for the fed water flow rate of 0.2 mL/min and the
feed ammonium sulfate flow rate of 1.0 mL/min for the re-
generated ccllulose membrane were shown in Table 2. As
seen in Table 2, k_ and F, depended on the location of the
water and salt channels and also on the moiecular weight
cutoff (MWCQ) of the membrane. The differences in 4, and
L, due 10 the MWCO were expecied sinte differemt mem-
brancs had different average pore sizes.

In order to evaluate the estimated &, and Lp, the volu-
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 4, and L, from Table
2. As shown in Figures 3 and 4, the numerical results agreed
well with the experimental results. Hence, the model and the
estimated &, and L, c¢an be used to explain the transport
processes across the membrane and the transport processes
in both ammonium sulfate and water channels for a station-

k=4 Gzl =d ary membrane unit.
2w, A, (5d) ) I
s b A2 Estimation of k_, and Ly for centrifugal membrane unit
¥ Winfl; . s . .. .
Gz= DL (m—;‘—) {(5¢) In order to facilitate the protein precipitation in water
swle } Won T H; (lower) channel, centrifugal foree is normally applied. With
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Table 1. Parameters and Physical Properties Used in the Numerical Analysis

Parineters Values Remarks
o kg s AL Bird o1 al, (1960
. Assume that w, is equal to u of water
e fkgem sy i L Bird <t al, (1060}

Assume that ey is equal o w of water
Perry and Green (1973}
Perry and Green {1973)
Perry and Green (1973}

Function of salt
Functjon of salt
Function of salt

oy tkgem )
o hg-m” y
o tkgem ™)

o .03 Approximated from Bailey and Ollis (1986)
D im s py2x I’ Int. Criticad Tuble, Vol. 5. p. 65 (1930}

Jr, tm 1062 fto (1994}

i () XV Tto {1999)

Lint) 170 [t (1999}

w,, (il Lsnx i’ Ito (1994)

Table 2. Mass-Transfer Coefficient in the Membrane, k,,, and Coefficient of the Convective Flux Across a Membrane, L, for
Different Moleeular Weight Cutoff of the Membrane and Flow Configuration™
MWCO Upper Chanpei Lower Channel k, fm-s™t) Le{m*rskg™ D)
6.000-8.4000 Ammonium sulfate Water 6.505X 107 1.716% 10712
£,H00-8.000 Water Ammanium suifate 4.347x1077 1090 X 10712
12,000 14,000 Ammonium sulfate Water 1L110x 107" 2.060x 1077
120600~ 14,000 Water Ammonium suifate 5925 %1977 13731107 ¢
*f.pand k. were obtained by fitting the numerical result with experimental data of the stationary membrane umit.

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 mode! discussed earlicr to include the effect of
the centrifugal force.

i —
i + Ammpnium Sulfatentater, MWCO 6000

? _. A WaledAmmoniurm Sulfate, MWEO 6000 |

i |

| & Ammenum Sultaretfater. MWCQ 12000

| .&Walerh‘\rnmomurn Sulfate, MWCO 12000 ||

|

Ammonium Sulfata Transter Rate[Caw{L}CssiLi]

Inigl Water Flaw Rate {mlfmin)

Figure 3. Experimental (symbois) and calculated (lines)
ammonium suHate transfer rate through ihe
membrane, defired as the ratio of the outlet
concentration of ammonium sulfate in the wa-
tar channel to the teed concentration ot am-
monium sulfate in the salt channel as a func-
tion of feed flow rates in the water channei.

Ninety-five % saturation ammonium sulfate solution was fed
into the salt channel. Mo rowtion was applied. The leagth of
the channels (4308 1.7 m. The legend indicates the solution
fed in the uppessclution fed in the lower channel and mem.
hrane MWCO, The solid lines represent the numerical re-
subts of membrane with 6,000 MWCO, and the Jdashed lines
represent the numerical result of membrane with 12,000
MWCO, Exporimental datx were obtained {romm Mo {19991
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While a rigorous analysis of the effect of centrifugal force
on the membrane unit in 2-D or 3-D is extremely difficuly, we
can deduce some important observations from the experi-
ments. With the introduction of centrifugal force, it can be
scen from a comparison of Figures 3 and 4 with Figures 3
and 6 that both diffusion flux and convection flux were cn-

1
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N
|
|
|
|

'
L
5
|

50 |

L * Ammonim SuifatewWater, BGCD G000 |
1

| & Waler:Ammonium Sulfate, MWC O 6000

Ouiput Water Flow Rata [% of inlei rate)

|
|
|

25

I ! & dmrroriom Sulfateddater, WACD 12000 |\
\ ] AWaleriammonum Sullate, MWCO 12000

S s S S S
s} .28 0% 0.75 1

Infgt Water Flow Rate{mi/min)

Figure 4. Experimemal {symbois} 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 % satutation ammonium sulfate solution was fed
into the salt channel, No rotation was applied. The lepgth of
the channels (L) is 1.7 m. The legend indicates the salution
fed in the uppersclution fed i the lower channel anul mem-
hrane MWCO, The solid lines represent the numerical re-
sults of membrane with 6,000 MWCO, and the dashed lines
represent the numerical reselt of membrane with 12,008
MWCO. Experimenial data were obtained from o (19931
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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 ammaonium sulfate in the wa-
ter channel to the feed concentration of am-
monium suifate in the salt channel as a func-
tion of feed flow rates in the water channel and
the revolution of a membrane unit.

Minety-five %h saturation ammonium sutfate solution was fed
inte the upper chanoel and water was feil into the luwer
channel. The length of the channels (L1 is 1.7 m. The ley-
end indicates the revolution specd (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 represcent the numerical result of membrane
with 120080 MWCO. Expenimental data were obtained from
Tto (1599}

w0 : B -

50 .

’ + 1000 rpm, MWCO 6000

o, &

A 2000 rpm, MWCD 6000

Oulput Water Flow Rale (% of Inlal rate)

<1000 rpm, MWCE 12000

A2000 rpm. MWCO 12000 |

L] 025 L 075 1
Inlat Watar Flow Rate{mifmin}

Figure 6. Experimental {symbols) and calculated {fines)
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 revoiution of a mem-
brane unit.

Ninely-five % saturation ammonium sulfare solution was fed
it the upper channel and water was fed into the lower
channel. The length of the channels (L) is 1.7 m. The leg-
end indicates the revoiution speed {rpm) of the membrane
umit 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 12000 MWCO. Experimental dia were obtained from
Tty (1999).
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hanced hy the centrifugal force. Based on the investigations
of Muid Mowing in a rotating pipe in which it is concluded
that centrifugal force would induce the secondary flow in the
pipe (Ito and Nanbu. [971; Launder and Tsclepidakis, 1994),
it is believed that the centrifugal toree also induces a similar
secondary tlow in the channels of centrifugal precipitation
chromalography. As a result, this secondary flow will likely
inftuence 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-
tion chromatography, [ and Nanbu (1971) suggested that
the frictional losses would depend more strongly on the revo-
lution than the Reynolds number. Therefore, we propoesed
that the overull mass-transfer cocfficicnt and the frictional
losses inside the channels could be modified and expressed
as

1 1
KU a(rpm" v.‘)‘)/k.ﬁ' + 1/krrr + B(rpm, VW)/kW ( d)

For salt channel: 7 (i = As{IPIL 24 X T g rotation

W

(6b)
For water channel: Tl rntation )‘Il" (rpm! VH’)

x Tww,nu Toatatan (68)

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 8,
a, Ag, and Ay by fitting the numerical results with the exper-
imental data at revolutions of 1,000 rpm and 2,000 rpm, an
inlct water flow rate of (.2 mL/min, and an inlet ammonium
sulfate flow rate of 1.0 mL/min. From the computation, 8/&,,
was found to be very small, on the order of 107%, while a
was found to be equal to 1 in both revolutions. Thercfore,
the term B/, could be deleted from the expression for the
overall mass-transfer coefficient across a membrane. This
finding, in turn, implicd 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 A; was equal to | at all revolutions, Ay
depended on the revolution. The dependence of A, on the
revolution is shown in Figure 7. From Figure 7, we saw that
the values of Ay, were strongly dependent on the revolution;
Ay was higher when the revolution (rpm) increascd. It is in-
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. Pechaps, 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 proposced correlation for the cen-
trifugal membranc unit, the numerical analysis at different
flow rates was madc and compared with the experimental re-
sults. As scen 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. A, dependence on the revolution (rpm) of a
membrane unit.

inlet water flow rate probably indicate the weak dependence
of vy, on B and Ay, which were neglected in the correlation,

Steady-state gradient formation in a centrifugal membrane
unit

In order to oblain an insight into what happened in both
the ‘water and salit channels under the actual operating condi-
tions, the numerical analysis of the steady-state gradient for-
mation in the countercurrent membrane (MWCO
6,000-8,000) unit was evaluated using the model discussed
earlier and the parameters listed in Tabies 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 bc secn that the ammonium suifate
concentration in the upper channel does not change much
with respect to the distance from the inlet, except when the
higher degree of saturated amumaonium sulfate sotution 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 gencrally greater, and so a
larger amount of ammonium sulfate is permeated out of the
salt channcl.

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 8h, the concentration of ammanium sulfate
in the water channel increascs rapidly, especially when highly
concentrated ammonium suifate is fed into the salt channcl.
When highly concenifated ammonium suifate is {ed 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
trom the water channel to the salt channel, duc to the greater
diffcrences in osmotic pressure, is the main cause of the re-
flection point.

An analysis of the velecity and pressure profiles was also
performed {data not shown}. Generally, we found that large
convective flux across the membrane from the water channel
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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 differcnt ammoniom sulfate solutions were led into the
upper chansel as indicated in the legend (% saturation).
Empirical correlation discussed in the text was used in the
nemerical analysis. Ammonium sulfute flow yate was LD
ml/min and water flow rate was 0.06 mi/min,

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 imio the salt channel, since the convective flux from the
water channel Lo the salt channcl was higher in that case. As
for the pressure profiles (data not shown), there gencrally
were no significant changes when a different ammoniam sul-
fate concentration solution was fed into the channels, cspe-
cially the salt channe!l. For the pressure in the water channel,
the greatest change was less than 5% for the geometry of the
unit considered here, Mote that if the channels were longer
or if the process was scaled up, the pressure could play an
important role,

Stmilar numerical results were algo obtalned tor the cocur-
rent membrane uait (data not shown). The important differ-
cnce between these two different flow dircetions was that less
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Figure 9. (a} Chromatogram of myoglobin (A}, hemogicbin (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.

RO ammonium sulfate solution was fed in the salt channel for 4 h, after which the precipitates were cluted out by feeding water into the

sait 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. En 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 proweins, the solubility of proteins in ammoaium sul-
fate solution also has to be considered.

Separation of protein mixtures by centrifugal precipitation
chromatography

To demonstrate the ability of the technique to scparate
proteins, a mixture of myoglobin (horse heart), hemoglobin
(human), and fibrinogen (bovine plasma) and a mixture of

1198 June 2000 Vol. 46, No. 6

myoglobin (horse heart), human serum albumin (HSA), and
bovine y-globulin were injected into the water channel, while
an appropriatc degree of saturated ammonium suifate solo-
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 thesc
sepurations are shown in Figures 9 and (). 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 fibrinovgen, as indicated in Figure %a. 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-
sall (1943), in which myogiobin 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}, tuman serum albumin (8), and y -globulin (C}; (b} SDS-PAGE of the

fractionated sampies.

5 mg of each protein was dissolved in | mL phosphate buffer and injected into the warer channel; 75% ammaonium sulfale solution was
ted in the salt channel fur 4 h, after which the precipitsies were eluted out by feeding water into the salt channel and siopping the

cantrifygation.

held for the mixture of myoglobin, hernoglobin, and y-globu-
lin.

As seen in Figures 9 and 10, the partial resolution of pro-
1eins was generally achieved. The parial 1esolution of pro-
teins jndicated that the ammonium sulfate gradient existed
inside the water channel. Moreover, we obscrved that thg
resolution of human serum albumin (HSA) and yglobulin
depended on the ammonium sulfate gradient in the water
channel. Conscquently, by utilizing the optimum ammonium
sulfate pradieat inside the water channel, a better resolution
of these mixtures of protein shouid be possible. For exampie,
in order to obtain a better resolution of the myoglobin, hu-
man serum albumin, and y-globulin mixture, a gradual reduc-
tion of the ammonium sulfate solution at the inlet of the salt
thannel should he pursued, instead of a step concentration
switch of the iniet ammonium sulfate solution.

Conclusions

In this anicle, a new technigque utilizing the mass 1ransfer
of ammonium sulfate across a membrane to establish the gra-
dient profiic of ammoaium sulfate in the water channel and
to facilitate the separation of protein by ammeonium sulfate
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ptecipitation as proposed by Ito (1999) was discussed. We
have solved the mathematical model 10 explain the ammo-
nium suifate gradient formation, which is one of the impor-
tani factors of ihe technigque. From the pumerical awnalysis,
the technique should operate well for the fractionation of a
mixture of proteins whose solubility in ammonium sulfate so-
lution differs from ecach other. This article offers the plat-
form for the mathematical model to predict the resolution
and the retention of proteing by this technique. A model that
can be uscd to predict the retention time of protein by incor-
porating the solubility of proteins with the ammonium suMaic
gradient profile in the water channcl 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 concenlra-
tion switch of inlet ammonium sulfate in the salt channel was
applied, From the cxperimental results, the resolution was a
function of the degree of saturation of ammonium sulfate so-
lotion fed imo the sahi channel. Therefore, the resolution
could be improved significantly if the gradual decrease of
ammonium sulfate concentration at the inlet of the salt chan-
nc! was applied.
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Adthough most of the discussions in the article were about
ammonium sulfate precipitation, the techmique should he
feasihle for dilfering precipitating agents, such as polyeth-
viene 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 hiomolecules by differential precipitation.
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Notation

A =parameter correlating Sherwood number with Graetz
numher
A g el gy =crosssectional flow of the salt and water channel, m®
b, =diftusivity of salt in water, m*-5~!
f=lIrictional factor
iz = Gractz number
B by =depth of the salt and water channels, m
L =rotal length of membrane, m
n =parameter correlating Sherwood number to Graetz
number
Py =wet penmeter, m
£, Iy =pressure in the salt and water channel, Pa
r=time, s
g oy = fTuid velogity in the salt and water channel, m-s-
w,, =nmembrane width, m
z =distance from the infet, m
e gy :\'Esc?sily of fluid in the salt und water channels, kg-m~
5

1

1

P, =average density of fluid inside the membrane, kg-m"j

ps. pp =density of fleid in the salt and water channels, kg+m ™"
¢, Iy =usmotic pressure in the salt and water channel, Pa
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