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Abstract: Preferential transport in adsorptive mem- perative parametric pumping (Grevillot, 1986; Huang
branes can be used to selectively remove biochemicals and Hollein, 1988; Sweed and Rigaudeau, 1975; Wankat,
directly from fermentation broths. During preferential 1978; Wilhelm et al., 1966) can be used to selectively
transport, an adsorbing solute is selectively transported

remove one solute from a solution containing manyacross the membrane while nonadsorbing solutes and
solutes. If an oscillatory flow is used in conjunction withcells are retained by the membrane. This technique was

used to separate lysozyme directly from a feed containing a macroporous adsorptive membrane, selective or pref-
lysozyme, myoglobin, and yeast cells. We found that be- erential transport of the adsorbing species can occur
cause the oscillatory flows used in preferential transport through the membrane. Nonadsorbing solutes are re-involve strokes that are close to symmetric, they are very

jected by the membrane along with particles larger thanefficient in alleviating cake formation due to cell deposi-
the membrane’s pore size. The mechanism of cell rejec-tion on the membrane surface. Theoretical results sug-

gest that, by optimizing process variables, preferential tion is simple filtration while the rejection of nonad-
transport can lead to a continuous concentrated stream sorbing solutes is due to the cyclical convective flow.
of the adsorbing protein.  1997 John Wiley & Sons, Inc. The separation of the adsorbing solute from a nonad-Biotechnol Bioeng 55: 581–591, 1997.

sorbing solute during preferential transport is shown inKeywords: adsorptive membranes; oscillatory flow; in-
Figure 1. In the first half of a cycle, an adsorbing solutiontegrated processes; in situ product recovery
containing an adsorbing solute, A, and a nonadsorbing
solute, B, is fed into the membrane. During this half-
cycle, A adsorbs to the surface of the membrane whileINTRODUCTION

B remains in the membrane void. In the second half of
In situ product removal (ISPR), the removal of a bio- the cycle, a solute-free desorbing solution is fed into
chemical product from the vicinity of a cell as it is being the membrane in the reverse direction. In this half-cycle,
produced by that cell, can be advantageous in a number B is transported back to the membrane’s left side while
of situations. For example, ISPR can be used to continu- A desorbs but stays within the interior of the membrane.
ously remove a toxin that either inhibits cell growth or This desorbed A is transported across the membrane in
degrades an extracellular product. Additionally, ISPR the first half of the next cycle. In this way, the nonad-
could be employed for the removal of a product that is sorbing solute is ‘‘rejected’’ by the membrane while the
labile in a cell broth or exhibits feedback regulation on adsorbing solute is preferentially transported through
product yield. Freeman et al. (1993) pointed out that the membrane.
there is a need for further development of ISPR tech- Our previous studies on preferential transport fo-
niques for the recovery of high molecular weight prod- cused on studying the separation of an adsorbing protein
ucts such as proteins. from a nonadsorbing protein in a semicontinuous appa-

An integrated separation process that combines cell ratus. However, preferential transport has the potential
separation (microfiltration) and selective solute separa- of continuously removing a protein from a feed con-
tion (ion exchange, affinity, etc.) can be used for ISPR. taining not only other solutes but also suspended parti-
In previous studies (Agrawal and Burns, 1996a,b) we cles. A continuous separation system can be constructed
proposed that one of the two separation modes of recu- using two stirred reservoirs separated by an adsorptive

membrane stack (Fig. 2). In such a configuration, the
*Present address: Merck & Co., Inc., P.O. Box 4, WP28-70, West oscillatory flow exposes the membrane to alternately

Point, PA 19486. adsorbing and desorbing conditions, leading to separa-
Correspondence to: M. A. Burns tion as described in Figure 1. The oscillatory flows usedContract grant sponsor: National Science Foundation

in this type of separation have the added advantage ofContract grant numbers: CTS-9216078 and CTS-9096185
Contract grant sponsor: University of Michigan alleviating the cake formation and decreased permeate
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Figure 1. Preferential transport in an adsorptive membrane. In the first half of a cycle, the adsorbing solute A adsorbs to the membrane
surface while the nonadsorbing solute B remains in the membrane void. In the second half of the cycle, B is ‘‘rejected’’ by the membrane
while A desorbs but stays within the desorption front. In the first half of the next cycle, this desorbed A is preferentially transported across
the membrane.

Figure 2. Proposed configuration for in situ product recovery using preferential transport. Using preferential transport through adsorptive
membranes, an adsorbing solute A can be selectively and continuously removed from a feed containing cells and other nonadsorbing
contaminants such as B. The oscillatory flow used to accomplish preferential transport performs a dual role. First it generates alternating
adsorbing and desorbing conditions for the selective transport of A through the membrane; second it causes turbulence close to the membrane
surface and alleviates cake formation.
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flux typically encountered when processing cell suspen-
Qi 5

Qm,iKm,iCi

1 1 Km,iCi
, (3)sions (Belfort, 1989; Kroner et al., 1984; Matsumoto et

al., 1987; Redkar and Davis, 1995).
where the adsorbent capacity, Qm,i, and equilibriumThe purpose of this study was to determine the effect
constant, Km,i, are functions of the desorbent concentra-of suspended cells in the feed stream on the performance
tion. These functions can be written (Antia and Hor-of a continuous protein recovery system based on pref-
vath, 1989) aserential transport. We experimentally investigated the

effect of oscillatory flows on the filtration of suspended Km,i 5 Kmax
m,i f(Cd), (4a)

cells. We analyzed a continuous selective separation
Qm,i 5 Qmax

m,i g(Cd), (4b)system, experimentally and mathematically, and deter-
mined the key parameters that influence the perfor- where Cd is the concentration of the desorbent,
mance of such a device. Kmax

m,i and Qmax
m,i are the values of equilibrium constant

and membrane capacity of solute i, respectively, at zero
desorbent concentration, and f and g are experimentally

MATHEMATICAL MODEL determined functions.
Equations (1)–(4), combined with the appropriateThe model consists of internal mass balances (mass bal-

initial and boundary conditions, were dedimensiona-ances within the membrane) and external mass balances
lized and yielded the following dimensionless parame-(mass balances on the continuous contactor).
ters: ai 5 Kmax

m,i Ci,0, which is the isotherm linearity param-
eter for species i; di 5 Qmax

m,i /«Ci,0, which is the
dimensionless membrane capacity for species i; andInternal Mass Balances
Pei 5 uaL/Ei, which is the Peclet number for species i.

The internal mass balances for recuperative parametric
pumping in adsorptive membranes were presented in External Mass Balances
detail elsewhere (Agrawal and Burns, 1996a) and will

First the volumetric balances are given in Equationsbe discussed only briefly in this section. In the model,
(5)–(10) followed by the mass balances in Equationsthe membrane is considered to be isothermal and homo-
(11)–(14). Next, the reservoir volumes that vary withgeneous with a uniform cross-sectional area, A, porosity,
time due to the oscillatory flow are mathematically de-«, and thickness, L. The mass balances of a solute, i,
scribed in Equations (15)–(18). Finally, the key dimen-and of the desorbent, d (if the adsorption of the desor-
sionless parameters that form the basis of design arebent onto the membrane is negligible), for the adsorbing
given; design results are presented in the next section.stroke (first half of a cycle) are given by Equations (1)

The oscillatory flow in the continuous contactor isand (2), respectively.
given by

qs 5 hVs, (5)
Ci

t
1

1
«

Qi

t
5 Ei

2Ci

2l
2 ua

Ci

l
, (1)

where h is the frequency of oscillations and Vs is the
stroke volume. As we mentioned in earlier studiesCd

t
5 Ed

2Cd

2l
2 ua

Cd

l
, (2)

(Agrawal and Burns, 1996a,b), an asymmetric oscilla-
tory flow is required for optimal separations. Such anwhere Ci and Qi are the concentrations of the species i
asymmetric flow can be obtained by superimposing ain the pore and on the surface, respectively; Cd is the
net convective flux (qc) through the membrane on top ofconcentration of the desorbent in the pore, Ei and Ed the oscillatory flow. The magnitude of the net convectiveare the axial dispersion coefficients for species i and
flux is obtained from the value of the ratio of the ad-desorbent, respectively; and ua is the interstitial velocity
sorbing stroke volume to the desorbing stroke volumeduring the adsorbing stroke. The mass balances for the
(Vs,a/Vs,d).desorbing stroke are also given by Equations (1) and

(2), except that the velocity during the adsorbing stroke,
ua, is replaced by the velocity during the desorbing

qc 5 qs 1
Vs,a

Vs,d
2 1

Vs,a

Vs,d
1 12. (6)stroke, ud, and the dispersion coefficients are evaluated

at ud.
If local equilibrium is assumed and multicomponent

After fixing the value of qc, the flow rates are all fixedeffects are neglected (both reasonable assumptions;
by simple volumetric balances given by the followingAgrawal and Burns, 1996a), the concentrations of the
equations:species i in the pore, Ci, and on the surface, Qi, can

be related using single component Langmuir isotherms qs,a 5 qs 1 qc, (7)
obtained at various desorbent concentrations. Such a

qs,d 5 qs 2 qc, (8)Langmuir isotherm formalism is given by

AGRAWAL AND BURNS: MEMBRANE-BASED PREFERENTIAL TRANSPORT 583



ratio of desorbent flow to feed flow, V0
L/Vm is the ratio

qL 5 q0 2 qc, (9)
of initial left reservoir volume to membrane void vol-
ume, and V0

R/Vm is the ratio of initial right reservoirqR 5 qD 1 qc, (10)
volume to membrane void volume.

where q0, qD, qL, and qR are the flow rates of feed, Equations (1)–(18) were solved using finite difference
desorbent, left product, and right product streams, re- techniques with the appropriate boundary conditions.
spectively. Note that all parameters used in the model were deter-

After determining the volumetric flow rates, the fol- mined independently.
lowing mass balances are solved. Note that the mass
balances change for each half-cycle because the direc-

MATERIALStion of flow is reversed. Mass balances during the ad-
sorbing stroke for the left and the right reservoirs, re- Lysozyme (L 6876), myoglobin (M 1882), Saccharo-
spectively, are given by myces cerevisiae (Bakers Yeast, YSC-2), and sodium

azide (S 2002) were purchased from Sigma Chemical
Ci,0q0 2 Ci,LqL 2 Ci,Lqs,a 5

VLCi,L

t
, (11) Company (St. Louis, MO). Potassium chloride (3040-

01), dibasic anhydrous sodium phosphate (3828-01), and
concentrated hydrochloric acid (9535-01) were pur-Ci,DqD 2 Ci,RqR 1 Ci(z 5 L)qs,a 5

VRCi,R

t
, (12)

chased from J. T. Baker Inc. (Phillipsburg, NJ). Water
was distilled in a Barnstead (Boston) glass still (A 1040)where Ci,0, Ci,D, Ci,L and Ci,R are the concentrations of
and deionized in a Barnstead Nanopore II deionizer (Dsolute i in the feed, desorbent, left product, and right
3700). The buffer used in all the experiments was 0.02Mproduct, respectively, and VL and VR are the volumes of
Na2PO4 at pH 7.5. The membrane chromatography car-the left and the right reservoirs, respectively. Similarly,
tridge (CICM10H01) was purchased from Milliporemass balances during the desorbing stroke for the re-
Corporation (Bedford, MA). This cartridge is a stackspective left and the right reservoirs are given by
of cation-exchange membranes with a bed volume of
1.4 mL (0.5 3 1.9 cm i.d.) and a porosity of 0.825. The

Ci,0q0 2 Ci,LqL 1 C(z 5 0)qs,d 5
VLCi,L

t
, (13) cartridge provides a 1.2-mm macroporous network of

cellulose modified with carboxymethyl groups with an
ion-exchange capacity of about 0.68 meq (manufactur-Ci,DqD 2 Ci,RqR 2 Ci,Rqs,d 5

VRCi,R

t
. (14)

er’s data). The 0.22-mm Millex-GV filters (SLGV 025
LS) were purchased from Millipore. Prior to use in ex-The sum of the reservoir volumes at a given time is
periments, all solutions were filtered using 0.22-mm Dur-fixed; however, the individual reservoir volumes, VL and
apore filters (GVWP 047 00), which were also purchasedVR, vary with time. For example, during the adsorbing
from Millipore.stroke, solution flows from the left reservoir to the right

reservoir and so VL decreases while VR increases. It is
important to note that the reservoir volumes do not METHODS
change from one cycle to the next even though they
change within each cycle. If the pump that generates

Solute Concentration Measurementsthe oscillatory flow gives rise to a square wave and
the oscillations start with an adsorbing stroke, then the The concentrations of lysozyme and myoglobin were
reservoir volumes during the adsorbing stroke are determined by measuring the absorbance at 280 and
given by 410 nm, respectively, whereas the concentrations of KCl

were determined by measuring conductivity on a VWRVL 5 V0
L 2 qst, (15)

Scientific Digital Conductivity Meter (model 604). The
VR 5 V0

R 1 qst, (16) spectrophotometer used for measuring protein concen-
tration in batch quantities was an HP 8452A diode arraywhere V0

L is the initial volume of the left reservoir and
spectrophotometer equipped with a cell of path lengthV0

R is the initial volume of the right reservoir. Similarly,
10 mm and chamber volume of 1 mL. The monitors usedthe reservoir volumes during the desorbing stroke are
for continuous measurements of protein concentrationgiven by
were Pharmacia UV-1 monitors equipped with flow cells

VL 5 V0
L 2 qs(Tc/2 2 t), (17) of path length 10 mm and chamber volume of 8.7 mL.

VR 5 V0
R 1 qs(Tc/2 2 t). (18)

Preferential Transport Apparatus
The key dimensionless parameters that emerge after

dedimensionalization of Equations (5)–(18) are: qs/q0 The apparatus used to conduct preferential transport
separations is shown in Figure 3. The apparatus con-is the ratio of oscillatory flow to feed flow, qd/q0 is the
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Figure 3. Preferential transport apparatus. During the first half-cycle, feed flows through the membrane and the right UV monitor into a
beaker, while the desorbent flow is diverted into a waste beaker (shown by dark lines). During the second half-cycle, desorbent flows through
the membrane and past the left UV monitor into a beaker, while the feed flow is diverted into a waste beaker.

sisted of the following: the membrane cartridge, two left UV monitor and into a beaker while the protein
flow was diverted to a beaker (effectively shutting offHPLC pumps (HPX), two 3-way solenoid actuated

pinch valves (G-98301-22), two 2-way solenoid actuated the protein pump). These cycles were continued until
there was no change in the amounts of protein collectedpinch valves (G-98301-01), a time delay relay (G-20602-

30) connected to a DC power supply (6284A, Hewlett from one cycle to the next in the two effluent streams.
The experiments described above were conducted un-Packard), two UV monitors connected to a computer,

and four beakers. Two 75 psi (518 kPa) back-pressure der several different conditions, depending on whether
the experiment was used to study filtration, integratedregulators (P-749), two 100 psi (690 kPa) pressure relief

valves (U-456), and two 0–100 psi (0–690 kPa) pressure separation, or continuous separation. For the integrated
separation experiments, the feed solution consisted ofgauges (9225) were attached in between the HPLC

pumps and the 3-way solenoid actuated pinch valves lysozyme, myoglobin, and yeast; the membrane system
consisted of a 0.22-mm Millex-GV filter attached in se-(not shown in Fig. 3). All tubing used in the apparatus

was 1/16 in. o.d. The HPLC pumps, back-pressure regu- ries onto the feed side of the membrane cartridge. For
filtration experiments, the feed solution consisted oflators, and pressure relief valves were purchased from

Rainin Instrument Co. (Emeryville, CA). The solenoid yeast and only the 0.22-mm Millex-GV filter. In addition,
for the filtration experiments peristaltic pumps rathervalves and the time delay relay were purchased from

Cole–Parmer Instrument Co. (Chicago). The pressure than HPLC pumps were used to generate the oscillatory
flows and the UV monitors were disconnected from thegauges were purchased from Alltech Associates, Inc.

(Deerfield, IL). apparatus. The Millex-GV filters were discarded after
each integrated separation or filtration experiment.

Continuous separation experiments were also con-
Preferential Transport Experiments

ducted in the same way as described earlier except
for the following modifications. The reservoirs con-The membrane, UV monitors, and all the tubing were

initially equilibrated with the buffer solution and the taining the feed solution and the desorbent solution
had flows into and out of each reservoir. Also, thedesired cycle time was set on the timer. The experiment

then proceeded as follows. During the first half-cycle, tubes carrying the waste from the feed pump and the
effluent from the desorbent pump were immersed intothe feed solution was pumped through the membrane

and the right UV monitor into a beaker while the desor- the feed solution reservoir, while the tubes carrying
the waste from the desorbent pump and the effluentbent flow was diverted into a beaker (effectively shutting

off the desorbent pump). During the second half-cycle, from the feed pump were immersed into the desorbent
solution reservoir.desorbent was pumped through the membrane and the
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Membrane Cartridge Cleaning and Storage transport are investigated to determine the quality of
separation that can be obtained. It is important to noteAfter each experiment the membrane chromatography
that although two different membranes were used incartridge was rinsed with 0.5M KCl until there was no
this study, the membrane filter and the membrane car-detectable protein in the eluent. Typically, this occurred
tridge, the results of this study also apply to a singleafter flowing about 30 mL of 0.5M KCl. At the end of
adsorptive membrane stack designed for processingthe day, the membrane cartridge was flushed with 25
feeds containing suspended particles.mL distilled and deionized water and then with 10 mL

of a 0.02% sodium azide solution in deionized water
before storage at 48C. Filtration with Oscillatory Flow

Filtration with oscillatory flow involves asymmetric
strokes in which a volume of feed solution (Vs,a) con-RESULTS AND DISCUSSION
taining suspended particles is fed into a membrane fol-

In an earlier study on a semicontinuous apparatus lowed by a volume of particle-free solution (Vs,d) fed
(Agrawal and Burns, 1996b), we found that by using in the reverse direction. The reverse stroke removes
preferential transport, lysozyme is selectively removed the suspended particles that may have collected on the
from a mixture of lysozyme, myoglobin, and yeast cells membrane surface during the forward stroke, thereby
(Fig. 4). Note that the membrane system used for the alleviating cake formation. This phenomenon has been
separation shown in Figure 4 consisted of a 0.22-mm shown in previous work and is illustrated by the results
filter placed in series with the ion-exchange membrane shown in Figure 5. When a solution containing 1% dry
cartridge. We found that this decoupling of the filtration weight yeast is filtered with unidirectional flow (or
and selective transport operations increased the lifetime Vs,a/Vs,d 5 infinity), the pressure drop across the mem-
of the adsorptive membrane cartridge without signifi- brane increases very rapidly. In contrast, when oscilla-
cantly affecting the flux of solute; for the preferential tory asymmetric strokes are used with Vs,a/Vs,d 5 4, the
transport of lysozyme, experiments with and without rate of increase in pressure drop is significantly less.
the 0.22-mm filter produced similar results. During oscillatory flow, the effect of shear rate tangen-

This study explores two specific areas of this separa- tial to the membrane surface on the pressure drop across
tion system. First, the effect of the oscillatory flow on the membrane is small relative to the effect of parame-
solute and convective flux in the presence of suspended ters such as the ratio of forward to reverse strokes
cells and the ability of this type of flow to alleviate cake (Vs,a/Vs,d).
formation is investigated. Second, design considerations Oscillatory flow filtration and preferential transport
for a continuous separation system based on preferential both rely on an oscillatory flow field to enhance the

Figure 4. Semicontinuous integrated separation. Preferential trans-
port through adsorptive membranes leads to simultaneous adsorption-
based and size-based separation. Lysozyme, the adsorbing protein,
can be continuously removed from a mixture of lysozyme, myoglobin Figure 5. Oscillatory flow alleviates cake formation. When an oscilla-

tory flow is used, the increase in pressure drop per volume of permeate(the nonadsorbing protein), and yeast cells. Note that coherence is
obtained in approximately 50 cycles. is lower than that for unidirectional flow.
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performance. Therefore, we can apply the cake-reduc- 7 shows experimental results in which solutions of 1–
10% dry weight yeast were processed using oscillatorying technology of oscillatory filtration with the selective

extraction properties of preferential transport to form flows with Vs,a/Vs,d 5 1. As expected, the pressure drop
across the membrane increases with increasing cell con-an integrated separation process. The most significant

difference when considering combining these two sys- centration. However, for all cell concentrations, the in-
crease in pressure drop is not substantial. For the highesttems is found in the magnitude of Vs,a/Vs,d. In typical

oscillatory flow filtration studies, the ratio of the forward cell concentration studied, the pressure drop rapidly
increases to 7 psi (48 kPa), but after reaching 7 psi thestroke to the reverse stroke is on the order of 10–100

(Redkar and Davis, 1995). On the other hand, in prefer- rate of increase is low. The slow rate of increase suggests
that a relatively large volume of solution containing 10%ential transport this ratio is on the order of 1 (a typical

value is 1.02; Agrawal and Burns, 1996a). cells could be processed by preferential transport. Note
for comparison that the oscillatory flows used in filtra-In preferential transport, the low net convective flux
tion studies are typically conducted with 1% cell solu-through the membrane allows large volumes of solution
tions (Redkar and Davis, 1995).to be processed (i.e., fed to the membrane unit) without

In addition to Vs,a/Vs,d and cell concentration, anotherdramatically increasing the pressure drop across the
important variable that controls the rate of increase inmembrane. This fact is illustrated in Figure 6; the figure
pressure drop is the amplitude of the oscillations (Vs,a).includes the data shown in Figure 5 except that the data
Figure 8 shows that the rate of increase of pressure dropis expressed in terms of processed volume rather than
increases as the amplitude of oscillations increases. Forpermeate volume. Figure 6 shows that even with
example, for a processed volume of 60 mL, for Vs,a 5Vs,a/Vs,d 5 4, the rate of increase of pressure drop is
5.1 mL, the pressure drop increase is 9 psi (62 kPa); forlarge (P0.25 psi/mL, 1.73 kPa/mL). On the other hand,
Vs,a 5 0.85 mL, the increase is only 0.5 psi (3.4 kPa).when Vs,a/Vs,d 5 1, the rate of increase in pressure drop is
The amplitude of oscillation (Vs,a) is important in prefer-drastically lower (P0.01 psi/mL; 0.07 kPa/mL), implying
ential-transport separations because for a given systemthat with Vs,a/Vs,d 5 1, large volumes of cell-containing
there is an optimum ratio of oscillation amplitude tosolutions can be processed. Note that this ‘‘processing’’
membrane void volume (Vs,a/Vm) that leads to maxi-refers to selective extraction and not total cell filtration;
mum adsorbing solute flux (Agrawal and Burns, 1996a).for solute recovery with efficient extraction, cell removal

Filtration experiments were conducted with feed solu-is not necessary.
tions containing lysozyme and myoglobin in addition toUsing oscillations in which the forward stroke volume
cells. These experiments were conducted because pastis close to the reverse stroke volume, we can process
studies (Marshall et al., 1993) indicated that membranesolutions that contain high cell concentrations. Figure
fouling can occur by adsorption or precipitation (Bel-

Figure 7. Effect of cell concentration. Using oscillations in whichFigure 6. Feed processing capacity. As Vs,a/Vs,d is decreased, the
rate of increase in pressure drop is much slower. Additionally, when Vs,a/Vs,d P 1, higher cell concentrations can be processed. For example,

for 10% cells the pressure drop is only 7 psi and its slow rate ofVs,a/Vs,d 5 1, the rate of increase in pressure drop is almost negligible,
implying that with Vs,a/Vs,d 5 1 large volumes of cell-containing solu- increase suggests that a large volume of cell solution can also be

processed. For these experiments, Vs,a/Vs,d 5 1.0, cycle time 5 20,tions can be processed. For this plot, cell concentration 5 10 mg/mL
(1% dry weight), flow rate 5 5.1 mL/min, cycle time 5 20 s. feed flow rate 5 5.1 mL/min.
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void volume (Vs/Vm) and the ratio of adsorbing stroke
volume to the desorbing stroke volume (Vs,a/Vs,d). This
section focuses on examining a continuous contactor
[described by Equations (5)–(18)] that uses preferential
transport and presents the effects of process variables,
such as flows into and out of the reservoirs and the
reservoir volumes, on the quality of the separation ob-
tained.

The effects of process variables on the continuous
separation are measured in terms of concentration, se-
lectivity, and recovery. Concentration is defined as the
ratio of the concentration of adsorbing solute in the right
product stream to that in the feed stream. Selectivity is
defined as the ratio of the amount of adsorbing solute
issuing from the right reservoir to the amount of nonad-
sorbing solute issuing from the right reservoir. Finally,
recovery is defined as the ratio of the amount of ad-
sorbing solute contained in the right product stream to
the amount of adsorbing solute fed into the left reser-

Figure 8. Effect of amplitude of oscillations. Increase in pressure voir. It is important to note that this definition of recov-
drop is lower at lower amplitudes of oscillations (Vs,a). For example, ery is a percent removal rather than recovery in the
for a processed volume of 60 mL, the increase in pressure drop is

classical sense, because recovery here implies theabout 9 psi (62 kPa) at Vs,a 5 5.1 mL, while the increase in pressure
amount fed minus the amount recycled.drop is only 0.5 psi (3.4 kPa) at Vs,a 5 0.85 mL. For this plot, cell

concentration 5 10 mg/mL (1% dry weight), Vs,a/Vs,d 5 1.0, cycle Perhaps the most interesting theoretical result that
time 5 20 s, flow rate 5 5.1 mL/min. we obtained is that, by using a low desorbent flow rate,

the adsorbing solute can be obtained in a concentrated
product stream. In other words, the concentration offort, 1989). Our experiments with lysozyme and myo-
the adsorbing solute in the product stream can be higherglobin showed that the increase in pressure drop due
than that in the feed stream. Figure 9 shows that whento fouling by adsorption or precipitation is small relative
the dimensionless desorbent flow rate (qd/q0) is aboutto the increase in pressure drop due to yeast. For exam-
0.01, a product stream about 2.5 times as concentratedple, upon filtering 100 mL of solution containing lyso-
as the feed stream in the selectively transported solute iszyme and myoglobin without cells, we found that pres-
obtained. Additionally, if the media has a Peclet numbersure drop increased by only 2 psi (13.8 kPa). On the
(Pe) of 2 3 104, a product stream about 7 times asother hand, upon filtering 100 mL of the solution con-

taining cells and protein, we found that pressure drop
increased by 16 psi (110 kPa). These results suggest
preferential transport can be used for the continuous
separation of a single protein from a solution that con-
tains other proteins as well as cells.

Process Variables Affecting
Continuous Separation

The semicontinuous apparatus shown in Figure 3 was
converted to a continuous apparatus similar to that
shown in Figure 2 (see Materials and Methods). Our
previous studies (Agrawal and Burns, 1996a,b) focused
on the internal phenomena occurring in preferential
transport [described by Equations (1)–(4)] and deter-
mined the effects of process variables, such as stroke
volumes and solute concentrations on either side of the
membrane, on the flux of solutes through the mem-
brane. Our previous studies also showed that theoretical
results obtained from the internal mass balances agreed Figure 9. Effect of desorbent flow. Using low desorbent flow rates,
with experimental results and that they predict the opti- we can obtain a continuous concentrated stream of the adsorbing

solute. All parameters used to generate this figure are given in Table I.mal values for the ratio of stroke volume to membrane
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concentrated as the feed stream is obtained. Note that
for Pe 5 2 3 104, the value of Vs/Vm was kept at 0.95
rather than 0.8 because as Pe increases, the optimum
value of Vs/Vm that gives the highest adsorbing solute
flux also increases (Agrawal and Burns, 1996a).

To obtain a concentrated stream, the desorbent con-
centration fed into the right reservoir must be adjusted
so that the concentration in the right reservoir is close
to the optimal concentration. For example, for qd/q0 5
0.01, the concentration of KCl fed continuously into the
right reservoir was 1.05M so that the concentration in
the right reservoir was maintained close to the optimal
0.35M. We showed earlier (Agrawal and Burns, 1996b)
that an optimal concentration exists, because at high
desorbent concentration the entire membrane is nonad-
sorbing; alternatively, for low desorbent concentration
the entire membrane is adsorbing. The appropriate de-
sorbent concentration fed into the right reservoir can
be determined a priori by conducting a simple mass

Figure 10. Effect of oscillatory flow. High recoveries can be obtainedbalance on the right reservoir.
using high oscillatory flows. However, as the oscillatory flow is in-It is important to note that the backflux of desorbent
creased, a lower selectivity is obtained; therefore, the oscillatory flowfrom the right to the left side of the membrane would
has to be optimized according to process requirements. All parameters

eliminate any concentration effect. However, the con- used to generate this figure are given in Table I.
centration of the product in the separations discussed
above is possible because there is negligible backflux of
the desorbent; i.e., there is negligible flux of desorbent
from the right reservoir to the left reservoir. The concen- cartridge used in this study. Packed beds typically have

Peclet numbers that are higher than adsorptive mem-tration of KCl in the left reservoir is only between 1024

and 1026 times the concentration of desorbent fed to branes (Coffman et al., 1994) and are in the range 3 3
104 to 106 (Phillips et al., 1988). Therefore, packed bedsthe right reservoir. The negligible backflux of desorbent

is advantageous because it does not lower the membrane could lead to better separations than adsorptive mem-
branes. A packed bed can also be used in an integratedcapacity. Additionally, because of negligible backflux,

the required volume of desorption buffer could be re- separation process by attaching a filter in series with
the packed bed so that the cells do not clog the bed.duced by recycling the desorbent to the right reservoir

in the configuration shown in Figure 2. However, such a filter can be expected to increase the
dispersion in the packed bed but will not significantlyThis concentration of solute in the product stream

obtained at low desorbent flow rates does not affect the affect the separation. To estimate this increased disper-
sion effect, we modeled the filter as a continuouslyselectivity and recovery significantly. For the simulation

results shown in Figure 9 in which the dimensionless stirred tank reactor (worst case). From our modeling
results we found that as long as the filter volume is lessoscillatory flow was fixed, the selectivity for Pe 5 103

was 2.5, while the recovery was 5%; also, the selectivity than 1% of the packed bed volume, there is negligible
decrease in the adsorbing solute fractional flux and afor Pe 5 104 was 6.8 and the recovery was 13%.

Higher recoveries can be obtained by using high di- negligible increase in the nonadsorbing solute frac-
tional flux.mensionless oscillatory flow rates (Fig. 10). For example,

by using a dimensionless oscillatory flow (oscillatory The dimensionless left and right reservoir volumes
do not affect recovery, selectivity, or concentration sig-flow/feed flow) of about 10, the recovery is about 39%.

Also, for Pe 5 2 3 104, recovery is much higher (p61%). nificantly. However, the dimensionless reservoir vol-
umes significantly affect the number of oscillationsNote that the high recoveries obtained at the high oscil-

latory flows come with a slight decrease in selectivity. taken to attain coherence. For example, the number of
oscillations taken to attain coherence is about 35 whenFor example, for Pe 5 2 3 104, as we increase qs/q0

from 0.1 to 10, recovery increases from 1.6 to 61%, while VL/Vm is 1 and about 70 when VL/Vm is 20 (qs/q0 5 1,
qd/q0 5 0.1, V0

R/Vm 5 1, all other parameters are giventhe selectivity decreases from 8.0 to 3.7. Therefore, the
ratio qs/q0 has to be optimized according to process in Table I) implying that the time taken to attain coher-

ence can be kept small by keeping the dimensionlessrequirements.
Figures 9 and 10 show that higher concentration, se- reservoir volumes as low as possible. Commercially ob-

tained membranes can be stacked so that membranelectivity, and recovery can be obtained by using media
that have a higher Peclet number than the membrane void volumes can easily be on the order of 10 mL;
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Table I. Typical parameters. desired values (,0.01), which could not be obtained due
to limitations in the available equipment. The oscillatoryExperimental parameters
flow to feed flow ratio was fixed at a value of 1 inLysozyme concentration in feed CA,0 5 4.0 mg/mL
order to give high selectivity and recovery (Fig. 10). TheIonic strength desorbent stream CD,0 5 0.37M

Ratio of reservoir volume to membrane void volume was fixed
Oscillatory flow to feed flow qs/q0 5 1 at 4, which was the lowest practical value in our setup.
Desorbent flow to feed flow qd/q0 5 0.2 Figure 11 shows a typical experimental result in whichInitial left reservoir vol. to V0

L/Vm 5 4.0
lysozyme was continuously removed from a mixture ofmembrane void vol.
lysozyme and myoglobin. The flux of lysozyme at steadyInitial right reservoir vol. to V0

R/Vm 5 4.0
membrane void vol. state is 1.94 mg/h/cm2 and the selectivity of the separa-

Stroke vol. to membrane void vol. Vs/Vm 5 0.8 tion at steady state is 11.4. These experimental measure-
Adsorbing stroke vol. to desorbing Vs,a/Vs,d 5 1.02 ments were found to be reproducible within experimen-stroke vol.

tal error. Note that for the results shown in Figure 11,Parameters determined independently
the concentration of lysozyme obtained in the productMembrane void vol. Vm 5 1.16 mL

Peclet number Pe 5 2100 stream was low (about 2% of feed concentration). In a
Equilibrium constant at 0M KCl Kmax

m 5 69.8 mL/mg separate experiment we found that the concentration
Membrane saturation capacity at Qmax

m 5 18.2 mg/mL of lysozyme was increased 3 times by using a lower0M KCl
desorbent flow rate (20% of that used in Fig. 11). AFunction relating
comparison of these results with theoretical predictionsEquilibrium constant to ionic f 5 0.0024 p I21.55

strength showed qualitative but not quantitative agreement, most
Membrane capacity to ionic g 5 0.0046 p I21.38

likely due to the limitations of our experimental appa-
strength ratus.

Unless otherwise indicated, these parameters were used in all exper-
iments and simulations.

CONCLUSIONS

Preferential transport can lead to an integrated separa-therefore, the reservoir volumes should be set at
1–100 mL, values that are plausible. tion process that combines the steps of filtration, adsorp-

tion, and desorption. This integrated process was usedModeling results were used to chose parameters for
the experimental continuous separations. The desorbent to separate lysozyme directly from a feed containing

lysozyme, myoglobin, and yeast. In separate experi-flow to feed flow ratios were fixed at low values (P0.1)
in order to give a concentrated product stream (Fig. 9). ments we found that because the oscillatory flows used

in preferential transport involve strokes that are closeThese values, however, were still much higher than the

Figure 11. Continuous separation: typical experimental results. Lysozyme is continuously and selectively removed from a mixture of lysozyme
and myoglobin.
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Greek lettersto symmetric (forward and reverse stroke volumes are
similar in magnitude), they are very efficient in alleviat-

a affinity parameter of the Langmuir isotherm (dimensionless)ing cake formation.
d feed concentration/maximum capacity

Theoretical results suggest that continuous preferen- « membrane porosity
tial transport can lead to high selectivity and recovery if h frequency of oscillations
the ratio of the oscillatory flow to feed flow is optimized.
Additionally, by using low desorbent flows a concen-

Referencestrated stream of the adsorbing solute can be obtained.
A possible application of continuous preferential trans- Agrawal, A., Burns, M. A. 1996a. Recuperative parametric pumping
port is in situ product removal. For example, preferen- in adsorptive membranes. AIChE J. 42: 131–146.
tial transport can be used to continuously remove a toxin Agrawal, A., Burns, M. A. 1996b. Selective extraction using preferen-
from a fermentation broth using an affinity membrane tial transport through adsorptive membranes. Biotechnol. Bioeng.

52: 539–548.specific to the toxin with the treated feed being recycled
Anita, F. D., Horvath, C. 1989. Gradient elution in non-linear prepara-back to the broth (see Fig. 2).

tive liquid chromatography. J. Chromatogr. 484: 1–27.
Belfort, G. 1989. Fluid mechanics in membrane filtration: RecentThis work was partially funded by the National Science Foun-

developments. J. Memb. Sci. 40: 123–147.dation (CTS-9216078 and CTS-9096185) and the University
Coffman, J. L., Roper, D. K., Lightfoot, E. N. 1994. High-resolutionof Michigan.

chromatography of proteins in short columns and adsorptive mem-
branes. Bioseparation 4: 183–200.
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